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Summary

Introduction and description of problem

A reliable and affordable electricity supply system is of the upmost importance

to enable contemporary societies and economies to function. One of the biggest

challenges from a societal and technical perspective is averting the impact of

global warming and climate change caused by generating electricity from fossil

fuels on the environment. Public awareness of this global challenge has

sparked a transition away from the traditional energy supply system towards a

more sustainable one. There are four trends that are particularly important

drivers for the transition of the electrical energy sector: 1) a paradigm shift

from a demand-driven energy system towards supply-driven; 2) the associated

need for flexible consumption profiles; 3) more local solutions in which

individual users of the power (electricity) system cooperate on sustainability

and/or economic objectives; and 4) a large-scale introduction of IT/ICT to the

sector. All of these trends are evident in local energy communities that are

facilitated by smart microgrids. The electricity sector’s consumers can be

broadly classified as follows: households, industry and remaining energy

consumers (such as agriculture, horticulture, the construction sector,

electricity trade, technical services and government). This thesis will focus on

the latter two types of consumer, which together may be referred to as the

business sector.

However, project developers of smart microgrids are confronted with complex

technical, financial and regulatory barriers, which often see projects fail. In this

thesis, we propose a framework for developing smart microgrids for industrial

and commercial sites. The framework provides the actors involved with insight

into the complexity of smart (micro)grids and direction for developing these

grids in a holistic manner. We also propose a business analysis model (BAM) to

examine the financial feasibility of smart microgrids and to identify the most

important barriers to successful roll-out.

Research approach and methods

We first examined the electricity supply system as a whole in order to

comprehend its technical and economic requirements to function effectively,

taking account of the ongoing energy transition and the role smart microgrids

may play in current and future power systems. We then reviewed existing

system development methods to determine whether they are applicable to the

development of smart microgrids. On this basis, we developed an innovative

Smart Microgrid Development Framework and applied it within a large-scale

smart grid pilot project to analyze its applicability. Finally, we created a BAM

to check the financial feasibility of the smart microgrids concept in general and

applied it to the same pilot project.



Smart Microgrid Development Framework

Smart microgrids are complex, multi- and interdisciplinary systems with a long

life cycle that are deployed in a rapidly changing environment. Traditional

design approaches using existing concepts, standards and technologies are

better suited to a more a stable environment, and the assumptions of such

approaches come under pressure when applied to smart microgrids. We argue

that the development of smart microgrids should commence at the earliest

phase of the life cycle and at a more conceptual level than traditional

engineering approaches. Our smart microgrid development framework is a

methodology that describes the entire development process and the activities

in each step. It focuses on high-level systems architecture and involves as

many stakeholders as possible from the outset. System architects should start

the development process at an abstract level and first identify the intended

goals and desired functionalities rather than immediately applying technical

and non- technical solutions. Designs for smart microgrids must incorporate a

holistic vision of the functioning of local smart microgrids and the concepts

which form the foundation of the final design. Developing smart microgrids is

simply too complex and changeable a process to be able to quickly deliver

complete, static designs. Smart microgrid designs should evolve step by step in

line with our proposed framework. The framework does not provide specific

tools for actual designs. This will make the framework more powerful and

robust, since there is such a wide variety of design tools, models and

techniques available that are well suited to developing innovative smart grid

systems, we elected to leave it to system architects to choose the most

appropriate design tools for their specific (sub) system, design step and/or

discipline.

The description of our smart microgrid development framework is presented

in two parts. The first part focuses on the "design wheel", which defines a

number of interrelated steps (activities) for systems architects to consider at

particular design stages in the system’s life cycle. The second part places the

design wheel in its broader context and sets out our recommended approach

to system development throughout the entire life cycle. The framework should

not be viewed as a blueprint of activities to be followed in a prescribed order.

It is intended to prompt system architects to ensure that they explicitly take

each and every design step. The mindset and working methods within the

electricity sector are changing; therefore, transparency in the design process

and the ability to capture and trace design choices are important elements in

the development of smart grids.



Business Analysis Model

We have put together a BAM in order to perform a full cost benefit analysis for

smart microgrids, which consists the following four steps:

- Step 1: determine site variables that indicate smart microgrids technical

potential

- Step 2: determine how this potential can be applied to create value (value

propositions)

- Step 3: determine the costs that must be outlaid to unlock this value

- Step 4: calculate the costs and benefits

The amount of value that can potentially be created depends on the variables

that make up the smart grid’s technical potential. The most influential

variables that determine the feasibility of a smart microgrid can be determined

by applying Monte Carlo uncertainty simulations and conducting a sensitivity

analysis.

General conclusions and future research

The objective of this research project was twofold: to propose a pragmatic

development framework for smart microgrids and a BAM for analyzing the

financial feasibility of the concept, taking account of future value propositions.

Our development framework offers pragmatic guidance in the complex world

of smart microgrids and proved to be beneficial when applied to our pilot

project. Based on our BAM, we consistently concluded that smart microgrids

are not yet financially feasible within the current regulatory landscape. The

most important future value proposition is the introduction of a dynamic

transport tariff. Once this has entered into force, the value proposition of

spatial energy planning will increase the feasibility of smart microgrids.

Another important conclusion is that it is never financially feasible to have an

aggregated dispatch of flexibility on a local scale on industrial sites in order to

optimize smart microgrids. Aggregation of flexibility only becomes of interest

when applied on a nationwide level. Our research proves that the smart

microgrid concept offers various advantages for local energy supply systems,

both in terms of technology, public awareness, cooperation and finances. Smart

microgrids can succeed if future system functionalities and services are

facilitated by new roles and if a dynamic transport tariff is introduced. We

consider these elements in this thesis, but both require further research from a

regulatory perspective. Another direction for future research is to identify

further means of increasing the financial feasibility of smart microgrids by

decreasing the cost of automation and optimization algorithms, or by

increasing revenues from additional value propositions. Multi-energy systems,

where local heat and cold supply systems are combined with local power

systems, also form an avenue for increasing smart microgrid feasibility.





Samenvatting

Inleiding en probleembeschrijving

In de wereld van vandaag is een betrouwbaar en betaalbaar

elektriciteitsvoorzieningensysteem van het grootste belang, om de

samenleving en de economie goed te laten functioneren. Een van de grootste

uitdagingen in maatschappelijk en technologisch opzicht is om de impact op

het milieu te voorkomen, welke door de productie van elektriciteit uit fossiele

brandstoffen wordt veroorzaakt, zoals de opwarming van de aarde en

klimaatverandering. Het bewustzijn van deze wereldwijde uitdagingen leidt tot

een transitie van het traditionele- naar een duurzamer

energievoorzieningensysteem. In het bijzonder zijn vier trends in de reeds

gaande energietransitie belangrijke aandachtspunten voor de transitie van de

elektrische energiesector: 1) een paradigma verschuiving van een vraag- naar

aanbod gedreven energiesysteem, en 2) hieraan gerelateerd de behoefte aan

flexibiliteit in consumptie profielen, 3) toename van lokale oplossingen waarin

individuele gebruikers van het elektriciteitssysteem samenwerken met

betrekking tot duurzame en/of economische doelstellingen en 4) de

grootschalige introductie van IT/ICT in de sector. Al deze trends verschijnen in

lokale energiegemeenschappen, die worden gefaciliteerd door slimme

microgrids. De elektriciteitssector kan in het algemeen worden ingedeeld in de

volgende typen consumenten: huishoudens, industrie en overige

energieverbruikers (zoals agrarische en tuinbouw, bouwsector, handel,

diensten en overheid). Dit proefschrift zal zich richten op de laatste twee

soorten consumenten, ook wel de business sector genoemd.

Projectontwikkelaars van slimme (micro)grids worden echter geconfronteerd

met complexe belemmeringen in technisch, financieel en regelgevend opzicht,

die vaak leiden tot project falen. Dit proefschrift stelt een methodiek voor om

een slim microgrid voor industriële en commerciële sites te ontwikkelen. De

methodiek geeft actoren inzicht in de complexiteit van slimme netwerken en

geeft aanwijzingen hoe te denken en handelen bij het ontwikkelen van slimme

netwerken op een holistische manier. Een Business Analysis Model (BAM) is

ontwikkeld om inzicht te krijgen in de financiële haalbaarheid van slimme

microgrids en om de belangrijkste belemmeringen voor een succesvolle

implementatie te identificeren.

Onderzoek aanpak en methodes

Om een methodiek voor de ontwikkeling van slimme microgrids en een BAM te

creëren, werd het elektriciteitssysteem onderzocht om het vereiste technisch

en economisch functioneren ervan te onderzoeken, rekening houdend met de

energie transitie en de rol die slimme microgrids in (toekomstige)

energiesystemen kunnen hebben.



Bestaande systeem ontwikkeling methoden werden onderzocht om te zien of

ze van toepassing kunnen zijn op de slimme microgrid ontwikkelingen. Hierna

wordt een innovatief Smart Microgrid Development Framework voorgesteld.

Deze methodiek is toegepast in een grootschalig smart grid pilot project om de

methodiek te valideren. Om te controleren of het concept van slimme

microgrids in het algemeen financieel haalbaar is, wordt een BAM gecreëerd en

toegepast in hetzelfde project.

Smart Microgrid Development Framework

Slimme microgrids zijn complexe, multi- en interdisciplinaire systemen,

ingezet in een snel veranderende omgeving, terwijl ze worden gekenmerkt

door een lange levenscyclus. Een traditionele ontwerpbenadering met

bestaande standaarden zou kunnen worden toegepast bij het gebruik van

bestaande technologieën en concepten in een stabiele omgeving. De aannames

van deze bestaande technologieën en concepten binnen smart grids worden

echter onder druk gezet, en een meer conceptuele ontwerpbenadering is

nodig. De ontwikkeling van slimme microgrids zou in een vroegere fase in de

levenscyclus en op een meer conceptueel niveau moeten beginnen dan in een

traditionele technologische aanpak. De slimme microgrid ontwikkel methodiek

is een methodologie die het proces en de activiteiten daarin omschrijft. De

voorgestelde methodiek richt zich op de systeemarchitectuur door in de

vroegste fase in de levenscyclus te starten en door zo veel mogelijk

stakeholders vanaf het begin hierbij te betrekken. Het ontwikkelen van een

slimme microgrid moet op een abstract niveau beginnen, niet door

technologische en niet-technologische oplossingen toe te passen maar met

vereiste doelen en functionaliteiten. Een ontwerp voor een slim microgrid

moet een holistische visie hebben op het functioneren van lokale slimme

energiesystemen en de concepten die de basis vormen voor het uiteindelijke

ontwerp. Het ontwikkelen van slimme microgrids is simpelweg te complex en

veranderbaar om snel, volledig ontwikkeld en statisch ontwerp te leveren. Een

ontwerp voor slimme microgrids zal stap voor stap evolueren door de

voorgestelde methodiek toe te passen. De methodiek biedt geen specifieke

tools voor het ontwerp zelf. Dit zorgt ervoor dat de methodiek krachtig en

robuust is, aangezien er veel ontwerphulpmiddelen, modellen en technieken

beschikbaar zijn, die zeer gevoelig zijn voor innovatieve smart grid systeem

ontwikkelingen. Het is aan systeemarchitecten om passende

ontwerpgereedschappen te kiezen die geschikt zijn voor een specifiek (sub)

systeem, ontwerpstap en / of discipline. De slimme microgrid ontwikkeling

methodiek wordt in twee delen beschreven. Het eerste deel is het

"ontwerpwiel", dat een aantal aanverwante stappen (activiteiten) aanwijst die

in een bepaalde ontwerpfase van de levenscyclus moeten worden overwogen.

Het tweede deel betreft de plaatsing van dit designwiel in "het grotere geheel",

die de systeemontwikkeling gedurende de gehele levenscyclus illustreert.



Het concept op zich zou niet gezien moeten worden als een blauwdruk met een

voorgeschreven volgorde van activiteiten. De methodiek stimuleert om de

ontwerpstappen expliciet te nemen en ook om alle stappen te nemen. De

manier van denken en werken in de elektriciteitssector is aan het veranderen,

zodat transparantie in het ontwerpproces en het traceerbare vastleggen van

ontwerpkeuzes en beslissingen een belangrijk element vormt voor de

ontwikkeling van slimme netwerken.

Business Analysis Model

Om de kosten en baten van smart microgrids te bepalen is een BAM

ontworpen. De BAM bestaat uit vier stappen, die uiteindelijk leiden tot een

volledige kosten batenanalyse: 1) bepalen van de lokale variabelen die het

technische potentieel voor slimme microgrids bepalen, 2) bepalen hoe waarde

kan worden gecreëerd (waarde proposities) door dit potentieel toe te passen,

3) bepalen van de kosten die nodig zijn om deze waarde te ontgrendelen en 4)

de berekening van de kosten en baten. De hoeveelheid waarde die kan worden

gecreëerd hangt af van de variabelen die het technische potentieel vormen.

Gecombineerd met de kosten, zal dit een volledige kosten-batenanalyse

mogelijk maken. Met behulp van Monte Carlo simulaties en een

gevoeligheidsanalyse kunnen de meest invloedrijke variabelen die de

haalbaarheid van een slim microgrid bepalen, worden bepaald.

Algemene conclusies en toekomstig onderzoek

Het hoofddoel van dit onderzoek was tweeledig: het voorstellen van een

pragmatische ontwikkelingsmethodiek en een BAM om de financiële

haalbaarheid van het slimme microgrid concept te analyseren. Het

ontwikkelingsraamwerk heeft bewezen een toepasselijke methodiek te zijn dat

pragmatische begeleiding biedt in de complexe wereld van slimme (micro)

netwerken. De BAM analyseerde het slimme microgrid concept met

inachtneming van toekomstige waarde proposities. Op basis van de

uitgevoerde analyse kan een gemeenschappelijke conclusie worden getrokken

dat slimme microgrids nog niet financieel haalbaar zijn binnen de huidige

regelgeving. De belangrijkste toekomstige waarde propositie is de invoering

van een dynamisch transporttarief. Wanneer toegepast, zal de waarde

propositie van ruimtelijke energie ordening de haalbaarheid van slimme

microgrids vergroten. Een andere belangrijke conclusie is dat de

geaggregeerde inzet van flexibiliteit op alleen lokale schaal binnen een

bedrijventerrein om het slimme microgrid te optimaliseren, nooit financieel

haalbaar is. Aggregatie van flexibiliteit is alleen interessant wanneer het op

nationaal niveau wordt toegepast.



Dit onderzoek bewijst dat het concept slimme microgrids verschillende

voordelen kan bieden voor lokale energievoorzieningsystemen, zowel op

technologisch gebied als op bijvoorbeeld bewustzijn, samenwerking en

financiële onderwerpen. Slimme microgrids kunnen slagen als (toekomstige)

functionaliteiten en diensten kunnen worden aangeboden door nieuwe rollen

door de invoering van een dynamisch transport tarief. Beide worden

geïntroduceerd in dit proefschrift, maar zullen meer onderzoek vanuit een

regelgevend perspectief vereisen. Een ander probleem voor verder onderzoek

is de verhoging van de financiële haalbaarheid, door enerzijds de kosten voor

de vereiste automatisering- en optimalisatiealgoritmen te verlagen of

anderzijds door het verhogen van inkomsten uit (aanvullende) waarde

proposities. Een verhoging van de haalbaarheid is ook te vinden in multi-

energiesystemen, waar lokale warmte- en koude toevoersystemen worden

gecombineerd met de plaatselijke elektrische energie systemen.



Table of Contents

SUMMARY..........................................................................................................................V

SAMENVATTING ............................................................................................................ IX

TABLE OF CONTENTS ............................................................................................... XIII

1 INTRODUCTION ......................................................................................................2

1.1 THE ENERGY TRANSITION.................................................................................................2

1.1.1 Paradigm shift from demand-driven power systems towards

supply-driven................................................................................................................................ 5

1.1.2 Smart energy systems facilitated by smart grids .................................... 6

1.1.3 Local solutions......................................................................................................... 7

1.2 SETTING THE STAGE: THE B2B SECTOR.........................................................................8

1.2.1 Energy consumption in the B2B sector ........................................................ 9

1.2.2 Commercial and industrial sites................................................................... 10

1.2.3 Flexibility in the B2B sector............................................................................ 12

1.3 RESEARCH DESCRIPTION ...............................................................................................15

1.3.1 Research objectives and questions .............................................................. 15

1.3.2 Research approach............................................................................................. 25

1.3.3 Outline...................................................................................................................... 26

2 POWER SYSTEMS................................................................................................. 30

2.1 HISTORY ...........................................................................................................................30

2.2 TRADITIONAL POWER SYSTEMS....................................................................................34

2.2.1 Physical structure ............................................................................................... 34

2.2.2 Grid tariffing ......................................................................................................... 36

2.2.3 The technical subsystem .................................................................................. 38

2.2.4 The economic subsystem.................................................................................. 47

2.2.5 Synthesis: Consumers energy bills ............................................................... 49

2.3 FUTURE POWER SYSTEMS ..............................................................................................49

2.3.1 Smart grids ............................................................................................................ 49

2.3.2 Smart microgrids ................................................................................................ 53

3 THE SMART MICROGRID DEVELOPMENT FRAMEWORK....................... 60

3.1 INTRODUCTION................................................................................................................60

3.1.1 Principle 1: Focus on customer needs ........................................................ 61

3.1.2 Principle 2: Think in coherent systems...................................................... 61

3.1.3 Principle 3: Be aware of different viewpoints ........................................ 62

3.1.4 Principle 4: Apply multi-, inter- and transdisciplinary teams......... 62



3.1.5 Principle 5: Apply iterative and incremental processes .....................63

3.1.6 Principle 6: Take the complete life cycle into consideration............63

3.2 DESIGN METHODOLOGIES .............................................................................................64

3.2.1 A Systems Approach ...........................................................................................64

3.2.2 Existing Design Methodologies......................................................................67

3.3 A NOVEL FRAMEWORK FOR SMART (MICRO)GRID DEVELOPMENT – AN

INTRODUCTION ..............................................................................................................................72

3.3.1 The Design Wheel ................................................................................................74

3.3.2 The bigger picture: the design wheel placed in the life cycle ..........77

3.3.3 The smart microgrid development framework in a project

environment...............................................................................................................................82

3.4 THE SMART MICROGRID DEVELOPMENT FRAMEWORK – STEP BY STEP ..............85

3.4.1 Step 1 – Goals Analysis ......................................................................................86

3.4.2 Step 2 – Actor Analysis ......................................................................................94

3.4.3 Step 3 – Requirement Analysis ................................................................... 109

3.4.4 Step 4 – Variant Analysis .............................................................................. 126

3.4.5 Step 5 – Design................................................................................................... 131

3.4.6 Step 6 – Verification and Validation........................................................ 133

3.4.7 Step 7 – Communication................................................................................ 136

3.4.8 Step 8 – Evaluation.......................................................................................... 137

3.5 EVALUATION OF THE SMART MICROGRIDS DEVELOPMENT FRAMEWORK ........ 139

3.6 IMPROVING THE SMART MICROGRID DEVELOPMENT FRAMEWORK .................. 146

4 BUSINESS ANALYSIS MODEL FOR SMART MICROGRIDS ..................... 150

4.1 MODELING OPTIONS .................................................................................................... 152

4.2 BUSINESS ANALYSIS MODEL FOR SMART MICROGRIDS ON COMMERCIAL AND

INDUSTRIAL SITES....................................................................................................................... 154

4.3 TECHNICAL POTENTIAL OF BUSINESS AREAS......................................................... 155

4.3.1 Supply .................................................................................................................... 156

4.3.2 Demand................................................................................................................. 158

4.3.3 Flexible Demand................................................................................................ 158

4.3.4 Internal supply, flexible power and energy in demand, and number

of consumers ........................................................................................................................... 163

4.4 DESCRIPTIONS OF VALUE PROPOSITIONS................................................................ 164

4.4.1 Reduced Transport Costs .............................................................................. 165

4.4.2 Reduced Energy Costs..................................................................................... 174

4.5 DESCRIPTION OF COSTS.............................................................................................. 178

4.6 COST BENEFIT ANALYSIS ........................................................................................... 179

4.6.1 General description.......................................................................................... 179

4.6.2 Monte Carlo......................................................................................................... 182

4.7 VERIFICATION AND VALIDATION OF THE BUSINESS ANALYSIS MODEL .............. 189

4.7.1 Basic approaches.............................................................................................. 189

4.7.2 Verification and validation process for the BAM ............................... 189



5 CASE STUDY ........................................................................................................194

5.1 INTRODUCTION............................................................................................................. 194

5.2 CASUS............................................................................................................................. 195

5.2.1 Goals........................................................................................................................195

5.2.2 Key players ...........................................................................................................195

5.2.3 Scenarios...............................................................................................................197

5.3 TECHNICAL POTENTIAL .............................................................................................. 201

5.3.1 Supply .....................................................................................................................203

5.3.2 Demand .................................................................................................................205

5.4 VALUE PROPOSITIONS................................................................................................. 208

5.4.1 Reduction of transport tariffs: local consumption of local DG-RES

(internal supply)....................................................................................................................208

5.4.2 Reduction of transport tariffs: Dispatch of flexible demand .........212

5.4.3 Reduction of transport tariffs: Collective peak reduction by smart

spatial energy planning......................................................................................................212

5.4.4 Reduction of transport tariffs: Collective peak reduction through

flexible demand ......................................................................................................................218

5.4.5 Reduced energy costs: purchase local energy from local DGRES 218

5.4.6 Reduced energy costs: discount on energy taxes ................................219

5.5 COSTS............................................................................................................................. 220

5.6 RESULTS BUSINESS ANALYSIS ................................................................................... 224

5.6.1 CBA Results ..........................................................................................................224

5.6.2 Sensitivity Analysis Results ...........................................................................226

5.7 CONCLUSIONS OF THE BUSINESS ANALYSIS ............................................................ 227

5.7.1 Scenario perspective........................................................................................228

5.7.2 CBA perspective .................................................................................................229

5.7.3 Monte Carlo Perspective ................................................................................232

6 CONCLUSIONS, CONTRIBUTIONS AND RECOMMENDATIONS ............236

6.1 REFLECTIONS ON THE RESEARCH QUESTIONS......................................................... 236

6.2 CONCLUSIONS REGARDING THE SMART MICROGRID DEVELOPMENT FRAMEWORK

237

6.3 CONCLUSIONS REGARDING THE BUSINESS ANALYSIS MODEL.............................. 238

6.4 CONTRIBUTIONS OF THIS THESIS............................................................................... 241

6.4.1 Scientific contributions...................................................................................241

6.4.2 Contributions to professional practice....................................................242

6.5 RECOMMENDATIONS FOR FURTHER RESEARCH ...................................................... 244

6.5.1 Development framework ...............................................................................244

6.5.2 Technical and economic feasibility ...........................................................245

6.5.3 Regulatory issues ..............................................................................................246

APPENDICES ................................................................................................................249



QUESTIONNAIRE EVALUATION OF THE SMART MICROGRID

DEVELOPMENT FRAMEWORK .............................................................................. 250

RESULTS BUSINESS ANALYSIS .............................................................................. 255

RESULTS SMART MICROGRID CASUS “AS-A-WHOLE” ............................................................ 255

RESULTS SMART MICROGRID CASUS FOR LOCAL OPTIMIZATION (SMART AREAS)............ 258

RESULTS SMART MICROGRID CASUS FOR THE DISPATCH OF FLEXIBILITY.......................... 261

LIST OF ACRONYMS .................................................................................................. 264

PUBLICATIONS........................................................................................................... 265

BIBLIOGRAPHY .......................................................................................................... 267

DANKWOORD ............................................................................................................. 286

CURRICULUM VITAE................................................................................................. 288



1

The energy transition

Setting the stage

Research description



2

1 Introduction
In today’s world, a reliable and affordable electricity supply system is of the

upmost importance to enable societies and economies to function. The

production of electricity is mainly based on primary energy sources such as

fossil fuels (e.g. oil, gas, coal), which have been exploited for more than two

centuries. One of the biggest societal and technical challenges at present is

averting the impact of global pollution and climate change caused by

generating electricity from fossil fuels on the environment. Public awareness of

these global challenges led to a transition away from the traditional energy

supply system towards a more sustainable one. This chapter will introduce the

energy transition in section 1. This thesis will focus on the energy transition in

the electricity sector in particular. This chapter will introduce and describe the

energy transition. In section 1 we will analyze the electricity supply system

and describe key trends in the sector. The main types of energy consumers in

this sector can be classified as follows [1] [2]: households, industry and

remaining energy consumers (such as agriculture, horticulture, the

construction sector, electricity trade, technical services and government). This

thesis will focus on the latter two types of consumers, which together may be

referred to as the business sector, mainly because of the size of energy

consumers such as industrial sites and commercial buildings, and the major

impact they have on the electricity system. Section 2 elaborates on energy

consumption in the business sector, the way in which individual enterprises

cluster together on commercial and industrial sites and potential ways in

which the sector van contribute to the energy transition. The chapter will

conclude by outlining the research presented in this thesis in section 3.

1.1 The energy transition
A theoretical lens through which to analyze the energy sector and recognize

relevant changes within the context of smart (micro)grids in general is the

Multi-Level Perspective (MLP) as depicted in Figure 1 [3]. The MLP divides the

context of a given technology into three separate levels: niches, patchwork of

regimes and the socio-technical landscape. A niche is a protected space in

which new and innovative technologies have time to develop without being

influenced by selection pressures. Technical regimes are the agglomeration of

all current routines and practices relating to that technology. Regimes describe

all the rules and institutions that are currently in place, such as legislation and

protocols. A single regime can span and influence multiple niches. The

landscape is the socio-technical context in which the technology exists. This

level is the most abstract and difficult to define. It is also a slow-changing

environment that contains everything that influences the regimes and on

which the regimes and niches have little to no influence.
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Figure 1 Levels of the MLP in a nested hierarchy) [3]

The MLP clarifies many different types of interaction, of which two are

relevant for the purposes of this thesis: pressure from the landscape on the

regimes, and interactions between niches and regimes. An example of pressure

from the landscape is climate change, which forces the regime to change and

adopt more policies with regard to sustainability. When enough pressure is put

on the regime and the regime is unable to adjust quickly enough, this can

create space within the regime for niche technologies to break through. This

process follows different types of trajectory [4]. Depending on the amount of

pressure and how well developed the niche technology is, the niche can either:

become a new complementary part of the regime (transformation pathway);

break down the original regime and rebuild it using whichever niche

technology becomes dominant as the result of internal competition (de-

alignment and re-alignment pathway); or replace part of the regime

(substitution pathway).

When analyzing the energy sector on an international scale within the

landscape level, it is important to note that the global population has expanded

over the past 40 years from 3.7 billion to 7 billion [5] and is expected to

increase further over the next 40 years to 9.3 billion [5]. Through international

cooperation and valorization of knowledge, more and more economies are

increasing in prosperity in spite of looming shortages in many areas such as

food and energy. This growth has led to major international changes in the

political arena, the economic environment, socio-cultural relations, the supply

of fossil fuels and renewable energy sources, the availability of mineral

resources, and the natural environment. These global developments also have

a dramatic impact at the domestic level. The energy sector is significantly

affected by these developments; older revenue models are coming under

pressure and new breakthroughs are required to achieve new sustainable

energy structures and services, and a sustainable society. The current

electricity sector can be considered a regime in itself, which is not limited to
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the physical grid but also includes various electricity markets and all the

parties involved in generating and supplying electricity. When assessing the

electricity sector in terms of the MLP, it becomes clear that this regime is

suffering a certain degree of pressure from the landscape. There is also a lot

happening at the niche level within the electricity sector. Driven by climate

change and other aspects, efforts to increase the sustainability of electricity

supply systems have increased in most countries around the world. There has

likewise been a sharp rise in the number of studies and pilot projects working

towards this goal.

A quick scan of literature sources [7] [8] reveals ten key trends in the energy

sector, which are depicted in Figure 2 (adapted from [6]). The changing energy

landscape is being affected by four trends in particular that are important

drivers for the transition of the electrical energy sector and are the most

relevant to this thesis, as follows:

- a paradigm shift from demand-driven energy systems towards supply-

driven;

- a need for flexibility in consumption profiles;

- more local solutions in which individual users of the power system work

together on sustainability and/or economic objectives;

- the large-scale introduction of Information Technology (IT), Operational

Technology (OT) and Integrated Communication Technologies (ICT)

within the electricity sector.

Figure 2 The changing energy landscape [6]
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1.1.1 Paradigm shift from demand-driven power systems towards supply-

driven

The power system in the Netherlands has been continually under development

since around the year 1900, and saw an increased growth in demand from

1950 onwards. This demand is met by large centralized power plants, which

are connected to high voltage overhead lines that transport the electrical

energy over large distances. After 1980, the amount of power generated by

centralized power plants stabilized and since that time there has been a steady

trend towards more decentralized generators, as depicted in Figure 3 [1]. At

present, approximately 30% of the country’s total electricity production comes

from decentralized generation [7] [2].

Electricity systems require the amount of power put into the grid to equal the

amount withdrawn at all times in order to maintain a balanced operation.

Mismatches between demand and supply must be rectified as quickly as

possible and prolonged disturbances can lead to complete system failures

entailing both economic damage and social disruption. The traditional

electricity supply system is set up to provide the amount of electricity that

connected consumers require and is therefore driven by demand. Any changes

in consumer demand are primarily met by controlling the supply side, usually

by increasing or decreasing production at large centralized generators.

Figure 3 Electricity in the Netherlands over time 1982-2013 [1]

This brings us to the core of the challenge facing us in the near future, because

an increasing proportion of the supply will be generated by production units

based on renewable resources such as wind and photovoltaic solar [1] (Figure

4 ). Due to its intermittent and uncontrollable nature, however, renewable

generation does not offer the level of controllability which is currently
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required to manage the balance between supply and demand. One solution

could be to store large amounts of electrical energy in order to retain over-

production, or to supply under-production to maintain the system balance.

Unlike fossil fuels, it is not possible to store large amounts of wind or sun.

Furthermore, to date it has not been technically or economically feasible to

store such large volumes of electrical energy. This will require a paradigm shift

towards a more supply-driven system. Consumers connected to the grid will

be incentivized to consume electricity when the supply is abundant and

discouraged when supply is low. The controllability of the system balance

therefore needs to shift from the producer side to the consumer side.

Consumers also need to become more flexible in their energy consumption,

using less electricity when less is available and more when it is available.

Flexibility is a key issue for balancing the power system and in general could

be achieved by changing consumers’ load profiles or by offering storage within

specific time-frames.

Figure 4 Energy supply mix in the Netherlands [1]

1.1.2 Smart energy systems facilitated by smart grids

The value chain of the power system should support the achievement of the

European Commission’s sustainability targets and needs to operate in a

market environment [9]. To create this environment in Europe, serious

institutional changes have been implemented by unbundling and privatizing

parts of the value chain. These changes introduced new entrants, new roles

and new demands within the electricity sector. The traditional power system

therefore needs to evolve into a smarter system which is able to meet

“traditional” demands such as availability, acceptability and affordability, along

with improved and additional functionalities and services which enable user-

oriented services, support the achievement of 20/20/20 targets and guarantee

high security, quality and economic efficiency of electricity supply in a market

environment [10]. These functionalities and services can be facilitated by

changing the “rules of the game” for socio-economic and institutional issues,

and by applying IT, OT and ICT technologies. The increasing number of
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applications of these technologies in the energy sector is facilitating electricity

supply system users in numerous ways to discover all kind of new possibilities

regarding their energy system and usage. What is more, new requirements

stemming from the sustainable energy transition can only be achieved by

applying IT, OT and ICT systems. For instance, dispatching the required

flexibility at customer premises will require two essential elements: knowing

where to find this flexibility and how to unlock it. Both elements can be

facilitated by means of IT, OT and ICT systems. The high-level functionalities

and services will be integrated into the overall electricity supply system, which

will be known as the “Smart Grid”. It is difficult to provide a precise and

generally accepted definition for the smart grid [11]. It depends to a large

extent on the perspective of individuals and groups within the energy system.

The term “smartening the grid” is widely used and the addition of ICT is a

widespread strategy.

1.1.3 Local solutions

Local solutions are location dependent, where actors live in close proximity

and share a common idea as to how to organize their energy supply. We will

briefly discuss local solutions from a social/institutional perspective and a

technical perspective. From a social perspective, there is a growing trend12

among some parts of society for people to organize energy supply systems

themselves to avoid being dependent on large, and in some cases, foreign

energy companies. There are an increasing number of energy initiatives, each

with their own objectives (e.g. cheaper energy, self-sufficiency or 100%

sustainable energy). Most of these initiatives take place at a residential level,

but we are also seeing more and more local solutions at a non-residential

(business) level. However, the energy system is a complex web of integrated

energy networks and interrelated actors in a physical, economic, institutional

and social sense, which makes it difficult to have a cohesive overview of the

system. The increasing complexity of the system demands a new approach [12]

to “smarten the energy supply”. One such approach could be to break this

complex system down into smaller systems [13], which would increase

transparency and general overview, and accelerate the energy transition.

One institutional issue is that municipalities have to contribute to

sustainability goals imposed by government. The EU Strategy on adaption to

climate change [14] has been adopted by EU members, their regions and

municipalities [15]. Stimulating energy communities on a local scale in which

small- and medium-scale consumers cooperate and work to integrate

Distributed Generation Based on Renewable Energy Sources (DG-RES) will

1 http://www.hieropgewekt.nl/initiatieven
2 https://www.energiekaart.net/
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enable these communities to contribute to sustainability on a useful scale that

individual consumers cannot achieve. The notion of DG-RES used in this thesis

is based on [16] and defined as an electric power source connected directly to

the distribution network or on the customer side of the meter. It is difficult to

establish a universal definition for DG-RES in a quantitative manner because it

is country specific and depends on the characteristics of the given centralized

power system [17].

Where DG-RES is applied on a local scale, many of these renewables are highly

visible in the landscape (especially in the case of wind turbines). Consequently,

spatial planners must carefully take account of local and regional physical and

social issues to make local energy communities an acceptable solution for

reaching sustainability goals. When implemented successfully, however, the

stakeholders in the energy community can actually see their contribution to

sustainability in their own backyard, which can reduce the NIMBY (Not In My

BackYard) effect [13] and boost the energy transition. Commercial and

industrial sites usually consume more electricity than residential areas and

require multiple energy carriers in addition to electricity, such as gas, heating

and cooling. It is possible to multiple energy systems, creating additional

potential to optimize the entire energy system to meet specific customer

requirements on commercial and industrial sites. For instance, a collective

heating and cooling storage system could be beneficial for the power system.

In times of surplus electricity production, it could be converted into thermal

energy and stored.

From a technology perspective, the first relevant issue for local solutions is

energy density, which is much lower for renewable resources than fossil fuels.

Producing electricity based on renewables requires more physical space than

fossil fuels, which is scarce in densely populated areas like the Netherlands and

it is best to integrate renewables into the local surroundings as much as

possible. However, producing and using energy locally could reduce transport

losses. Another important issue is that it is not equally possible to harvest

renewable energy in all locations [18]. This is highly dependent on local

characteristics such as the landscape, weather, economic activities, etc. and

which DG-RES systems will be applied. Furthermore, many commercial and

industrial buildings (e.g. hospitals) have DG-RES on site (e.g. small CHP units,

emergency diesel generator sets, UPS, etc.) which in most cases are only used

in emergency situations but could help optimize local energy communities.

1.2 Setting the stage: the B2B sector
This thesis will focus on the Business-to-Business (B2B) sector as relates to

commercial and industrial sites. This is a market segmentation definition

where one business entrepreneur enters into a commercial transaction with
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another business entrepreneur. The main differences between the B2B sector

and the B2C (Business-to-Consumer) sector is that B2C buyers are individuals,

e.g. a household rather than an organization. In the B2B sector, decision-

making processes involve more people and take longer; there is a greater focus

on long-term relationships; the cost of products and services is usually higher;

and the selling process takes longer than in B2C markets. There are three main

reasons why it is beneficial to consider non-residential customers in the B2B

sector such as commercial and industrial companies: their large total energy

consumption, the trend towards greater concentrations of such companies in

regionally-delineated locations and the greater flexibility potential they have

to change their load profiles compared to households. We will elaborate on

each of these reasons below.

1.2.1 Energy consumption in the B2B sector

In general, the energy consumption levels of different businesses vary

enormously [1] in terms of volume, time-slots, season of the year, etc. The

industrial sector accounts for two-thirds of our total energy consumption.

Industry does not burn all of the fuel it consumes; it can also be converted into

other products or materials (e.g. plastic) or for transportation purposes (e.g.

petrol). The rest is dedicated to heating and general electricity usage. In the

B2B sector, far fewer connected consumers consume significantly more

electrical energy than households [20], as depicted in Figure 5 and Figure 6 [1].

Figure 5 Electricity consumption per segment 3 (source: CBS Statline)

3 Key:

*1 the energy sector consists of natural gas and oil extraction companies;

*2 the industry consists of categories 10 through 33 of SBI 2008 [21];

*3 agriculture, horticulture, construction sector, trade, services and government.

Energy sector *1
5%

Industry *2
32%

Households
21%

Traffic and
transport

2%

Remaining
energy

consumers *3
40%



10

Figure 6 Number of businesses versus households in the Netherlands (source:

CBS Statline)

A detailed look at the B2B sector’s electricity consumption in the Netherlands,

as depicted in Figure 7, shows that some industries consume more electrical

energy than others. The chemical and pharmaceutical, non-ferro metal, metal

processing and machines, food and beverages, paper and graphics industries

are among the largest consumers; however, the municipal services sector

(including waste water) is by far the biggest consumer in the Netherlands.

Figure 7 Electricity consumption across industrial sectors in PJ in the

Netherlands (source: CBS Statline)

1.2.2 Commercial and industrial sites

B2B companies that are large electricity consumers are usually located on

commercial and industrial sites. CBS, Wageningen UR and Planbureau voor de

Leefomgeving and Arcadis [19] [20] provide a comprehensive description of

so-called “working locations” concentrated on specific, regionally-delineated

locations, which can be divided into several categories: heavy industry sites,

sea harbor sites, mixed sites, high-quality sites (e.g. for research and

development) and distribution and transport sites. Mixed sites make up 88 per
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cent of all working locations in the Netherlands [21]. In this thesis, such sites

are defined as larger than one hectare and used for trade, commercial and non-

commercial services and industry, as well as sites which are partly (minority

interest) intended for office space. Sites which are exclusively intended for use

by agricultural companies that do not perform manufacturing, logistics, or

mineral, water, oil or gas extraction are excluded. The total number of mixed

sites in the Netherlands is approximately 3,500; 74 per cent are exploited by

municipalities and 26 per cent by private parties such as project developers

and landowners (adapted from [20]).

In order to analyze the composition of commercial and industrial sites, we can

examine a series of statistics to reveal which companies per sector are

responsible for the highest levels of employment in the Netherlands and which

types of company are generally the largest on these sites (see Figure 8) [22].

The number of jobs is highest in the logistics and industrial sector, followed

closely by the business services sector.

Figure 8 Deployment (no. of employees) on commercial and industrial sites

per sector in the Netherlands (1999-2006) [22]

Commercial and industrial sites can also be classified based on the size of the

companies established there [22], which can be classified into five sizes [22]:

sole proprietor (one employee), micro (two to ten employees), small (11-50

employees), medium (51-250 employees) and large (>250 employees). The

(absolute) employment numbers of companies established these sites based

on their size is depicted in Figure 9. This shows that there are many sole

proprietor and micro companies and their number is increasing, and that there

are only a limited number of large and medium-sized companies. When

measured according to percentages rather than employee numbers as in

Figure 10, we see that the majority of companies established on commercial

and industrial sites in the Netherlands are large and medium-sized companies.

To put this another way, large and medium-sized companies are almost always
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established on commercial and industrial sites, whereas micro companies can

also be found in residential areas.

Figure 9 (Absolute) numbers of companies settled on commercial and

industrial sites in the Netherlands, based on size [22]

Taking a closer look at both the size and sector of the companies on these sites,

as depicted in Figure 11, there is a clear similarity with Figure 8. Figure 11 also

reveals that large and medium-sized companies in the industrial and logistics

sector tend to be established on these sites.

Figure 10 Percentage of companies settled on commercial and industrial

sites in the Netherlands, based on size [22]

1.2.3 Flexibility in the B2B sector

Flexibility from a power system perspective is the ability to change production

and consumption profiles within a specific time frame to increase “security of

supply” across the system as a whole. Flexible generation is employed to

maintain system balance, and storage can be used in the case of over- or

under-supply of electricity. Flexible demand is used as a solution for uncertain

or fluctuating supply, which is enabled by demand side management (DSM)

systems. DSM is a technical means of changing consumer consumption profiles

[23], as depicted in Figure 12. DSM is not a new phenomenon and has been

employed in various forms for decades [24].
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Figure 11 Percentage of companies settled on commercial and industrial

sites in the Netherlands, based on size and sector [22]

The most well-known forms of DSM are price-based “time of use (TOU)” rates,

where consumers are charged higher tariffs during peak hours (e.g. day-time)

and cheaper rates off peak (e.g. night-time) to achieve “night valley filling”.

Another well-known form is event-based “critical peak pricing” tariff schemes,

in which very large commercial and industrial consumers are stimulated to

reduce their load during peak times (e.g. hot days in summer) by imposing

higher tariffs. However, all of these examples are based on centralized power

systems. DSM also has been employed for many years on industrial sites in

order to reduce energy costs. While DSM is used for various reasons, the

common goal is to optimize system performance by applying flexibility in

production or consumption profiles that is unlocked by DSM systems.

Although commercial and industrial consumers consume much more energy

than households, they are far fewer in number. In 2012, households spent

around 3.8 per cent of their income on energy (Eurostat) compared to

approximately 2,1 per cent in the industrial sector4. While this percentage

4https://www.firmfocus.biz/NL/intelligence/bedrijfstak/sector-informatie-industrie.php
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appears lower, as a result of much higher energy consumption, when

expressed in euro’s it indicates that it could be economic feasible to work to

apply DSM in the commercial and industrial sector. Even a small percentage of

flexibility in energy consumption profiles, for instance decreasing consumption

or shifting it to time frames where tariffs are low, stand to save a lot of money,

although the cost of implementing the necessary DSM technologies to achieve

this flexibility must also be taken into consideration.

Figure 12 Categorization of Demand Side Management

The potential of DSM in the commercial and industrial sector is the subject of

an overwhelming amount of research, discussions, pilot projects, etc. which

reveal clear qualitative and quantitative differences [25] [26]. These

differences can be classified into two categories: a consumer’s technical

capacity to change its load profile and its willingness to make this change.

This technical capacity is highly dependent on issues such as the type of

industrial and business processes, the assets involved, the applicable safety

regulations, the seasons of the year, etc. Willingness depends primarily on the

financial incentives (i.e. ‘is there a positive business case for DSM?’) rather

than sustainability objectives. The general consensus is that there is huge

potential in the sector for flexible load profiles at both commercial and

industrial premises [27] [28]. Identifying precisely where this potential lies

will require a tailored flexibility analysis of each connected customer.

As we have seen, as part of the energy transition, a considerable number of

completed and ongoing studies and projects focus on residential consumers.

We have so far focused on commercial and industrial consumers and sites and

their potential for facilitating the energy transition, since they are large

consumers established in concentrated, geographically-demarcated locations.
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We will explore how this concentration could create several benefits for local

energy systems later in this thesis. Furthermore, these consumers offer greater

flexibility potential than households [27], and they can run DG-RES on-site

increasing this potential still further. The integrated (Multi) Energy Systems

(e.g. electrical and thermal (heating/cooling) systems) on commercial and

industrial sites could also contribute to the energy transition through

electrification of heating and transport, combined heat and power (CHP) and

heating/cooling storage integration.

1.3 Research description

1.3.1 Research objectives and questions

The traditional electricity supply system is transitioning towards a more

complex system that will, inter alia, integrate traditional generation with DG-

RES, traditional and innovative grid architectures, and increased customer

requirements for Energy Management Systems in a rapidly changing

environment characterized by long life cycles (some grid assets have lifetimes

of more than 40 years). The traditional electricity supply system will also

become a smarter and more complex system facilitated by Smart Grids. In

order to gain insight into today’s power system, we will examine the physical

power system (value chain of generation, transport and consumption), the

virtual power system (trading and balancing) and system organization (actors

and interactions). Our scope focused on the B2B context and excluded the

residential sector since commercial and industrial sites populated by small and

medium sized companies have an important role to play in the energy

transition by combining their forces into strong energy communities that will

have a high impact in the sector. We will also discuss an overview of important

characteristics of the future smart grids put together by the EU Commission

Task Force for Smart Grids and the EEG Initiative [29] [30].

Prior to and during this research project, the author conducted many

individual interviews and group discussions related to smart energy systems

with project developers, municipal officials, distribution system operators

(DSO’s), suppliers, end-users, park managers, service- and technology

suppliers, and others. These discussions were formed part of my role as

Business Developer and Innovator for a technical service supplier within the

smart energy sector. They focused on several different phases within smart

grid projects, some of these not yet underway and interviewees were just

starting to define sustainability objectives, -other projects were on-going and

confronted with complex barriers, and others had been discontinued due to

financial or technical feasibility problems.
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Nevertheless, the interviewees frequently mentioned the same set of issues, as

follows:

- “Where do I begin?” is common conundrum. When project teams start

thinking about sustainability projects, they are quickly faced, with an

increasing number of interactions between a diverse range of disciplines,

leading to a feeling of “loss of control”.

- Projects quickly become large, or even “too large”. Many starts with too

high ambitious and unrealistic objectives, forgetting the motto “think big,

start small”. But then again, where to start?

- Most project team members are unfamiliar with smart grid concepts and

technologies, or are specialists in another discipline. Both indicate the

need that they need some guidance along the way in order to run a

successful project. Most project managers are very experienced in project

management, but lack essential knowledge of smart energy systems. There

is a need to bridge the gap between project managers and technical

specialists.

- Projects usually were managed from a technical perspective, and due to

the level of complexity, did not involve the end users, who were not

involved from the start of a project or forgotten entirely, leading to a lack

of user commitment. User commitment is both important, and very

complex, given the wide range of the individual objectives.

- The lack of user commitment often stemmed from insufficient

understanding of user needs and ways of involving them in the project.

Project managers understand that it is important to define the “what and

how” but find this very difficult in practice related to smart microgrids.

- Smart grid projects are not only about technology; it is also important to

have a healthy business case or at least a good level of insight in the

economic factors, which is complex to obtain. Very often high-level

ambitions are put forward by stakeholders who are not ultimately

financially accountable. Projects are often cancelled due to this lack of

economic insight which scares away investors, because they are not

feasible.

To maintain reliability and affordability, and to enable improved and

additional functionalities and services in a very complex energy sector, a

successful deployment of smart energy systems requires a systemic, holistic

analysis and development process [31]. The systems must be integrated,

rather than isolated and enjoy full engagement with their users [32]. The

assumption of a traditional design approaches using existing technologies and

concepts and supported by existing standards come under pressure when

applied to smart grids which necessitate a more conceptual approach. It is

important for the development of smart grids to commence at an earlier phase

within the life cycle following a design process capable of guiding all
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stakeholders through the complex world of smart grids [33] [34]. Developing

successful smart grids is a challenging process which needs to take account of

three types of complexity [35], as depicted in Figure 13. In this thesis, we

therefore propose a framework at an architectural level for developing

smart grids for commercial and industrial sites. We will refer to smart

grids that are designed to optimize specific local situations, including

commercial and industrial sites, as smart microgrids.

This thesis is based on the theory of Systems Engineering. Systems

Engineering theory has a solid scientific basis and has been successfully

applied for many years across multiple technical sectors such as

infrastructures (e.g. tunnels, bridges), process engineering (e.g. chemical,

nuclear) and high-tech industries (e.g. navy, aerospace). ‘

Figure 13 Levels of complexity of smart grids [35]

Systems Engineering [33] [34] [35] [36] is an interdisciplinary approach for

the realization and deployment of systems, from the perspective of the overall

system performance in which the interests of all aspects of the system are

carefully considered. Systems Engineering draws on a range of disciplines, and

follows a structured development process from concept, to implementation, to

operational use and finally demolition. The basic tenants of Systems

Engineering are broadly applicable, but can be tailored to specific projects,

disciplines and applications.

Systems Engineering is based on systems thinking and part of a broad

scientific field of knowledge called systems science, and have developed into

many approaches to practice.

Figure 14 shows the Systems Praxis Framework and depicts the flows and

interconnections among elements of systems theory and practice [37] [38].
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Figure 14 The System Praxis Framework (adapted from [37])

Systems’ thinking is the core element in this framework. Systems thinking

focus on the process of systems engineering in the broadest sense. It binds

systems science together with the approaches of systems practice. Systems

science has a wide scope and is grouped into three broad areas: foundations

(e.g. mathematics, systems theory, social, human and natural science),

theories (belonging to systems which are abstracted from specific domains to

be universally applicable) and representations (which describe, explore,

analyze and make predictions about systems and their wider contexts in terms

of models, life cycles, simulations, etc.). Systems approaches to

practice address complex problems using methods, tools, frameworks, etc.

drawn from the knowledge of systems science. Traditional systems approaches

are often described to be either hard or soft, representing two ends of a scale

[39]:

- Hard approaches are suited for solving well-defined problems with

reliable data and clear goals, using analytical methods and (rigid)

quantitative techniques. They focus on technical systems, objective reality

of systems, and optimization to achieve desired combinations of emergent

properties. They are based on “realist” and “functionalist” foundations and

worldview;

- Soft approaches are suited to structuring problems involving incomplete

data, unclear goals and “open” objectives, using a “learning system”

metaphor rather than a solution, focus on communication, human factors,

take subjective interpretations and perspectives into account, and draw on

a creative, intuitive (loose) approach to problem solving.
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Systems Engineering started several years ago with a strong focus on high tech

systems which are successfully realized and deployed by means of the hard

approaches in Systems Engineering. Figure 15 shows an evolution from these

engineering related development approaches towards more management

related approaches. In terms of hard- and soft methods: the soft methods are

emerging and more often applied in the last years. Engineering related

development approaches consists out of two efforts: one with an emphasis on

design and one with an emphasis on the process.

As the complexity of problems and designs increase it becomes increasingly

difficult to maintain a clear understanding of design and behavior, especially

when individual components should contribute to the functioning of the

system as a whole. In those cases design have to become more robust and the

process more adaptable. At a certain point, an engineering approach cannot

guarantee a good outcome, and management related approaches should be

applied.

Figure 15 Evolution from engineering- to management related development

approaches (adapted from [40])

At this moment, the global context for systems engineering is changing,

characterized by an increased complexity. Generic trends in evolving human

and societal needs, global trends in environment and sustainability, technology

developments, increased stakeholder expectations, increased inter-

connectivity and interdependency of systems, and changing work

environments put pressure on the current state of systems engineering [41].

Also, Systems Engineering gained recognition across industries, academia and

governments and the application of systems engineering in practice increases.
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In general, the ongoing evolution in Systems Engineering is leading towards

several challenges related to systems engineering [40] [41] [42]. These

challenges are characterized by developments in hard approaches, but mostly

by an increasing importance of soft approaches. Generic challenges for systems

engineering are:

1. The application domain

a. The Systems Engineering application domain is scaling up to a

broad range of sectors, varying in size and complexity, such as

biomedical, transportation and energy;

b. Systems Engineering must be scalable to the system and

organizational complexity and size;

c. Systems Engineering must be tailored to the domain of interest.

Understanding of the scope and domain in system engineering

governed approaches is very important. Smart grids however will

put pressure on the both of them, and forces to develop/apply

management related approaches tailored to this specific domain;

2. Methods and tools

a. Integration of innovative developments in system science and

system approaches. Both of them must be fit into the applied

methodologies and tools. An example of emerging tools is the

increasing number of simulation and mathematical modeling

applications within the power sector;

b. Integration of design, process and management governed

approaches. Systems Engineering cannot be applied only by using

soft- or hard approaches. Sometimes the focus should be on the

both of them;

c. Integration of development approaches which can handle

concurrent activities in design and realization. Systems like smart

grids for instance will integrate several systems of interest, each

with different life cycles.

d. The increased complexity of systems in general, will lead to

system design in a system of systems context. System of Systems

thinking will become more present.

e. System of Systems thinking will also address the importance to

include multiple stakeholder viewpoints. The entrance of social

sciences makes it entry into a tech-driven domain.

3. Theoretical foundations

a. As discussed, Systems Engineering is based on system science,

which in turn is based on a domain specific body of knowledge.

Because of the broadened application of systems engineering, this

body of knowledge also needs to be broadened with domain

specific knowledge such as the energy sector.
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b. Because of the increased complexity of the domains, multiple

disciplines related to this specific domain must be covered. This

will require system theories across disciplines.

4. Education and training

a. Systems Engineering roles, especially in management, need to

change from a single technical discipline towards a coherent

combination of multi-disciplinary skills within certain tech-driven

disciplines and knowledge as well as the understanding of how a

solution can be realized.

b. This means that systems engineering will become broadly

applicable in projects which are characterized by technical- and

non-technical systems. So, beside the traditional academic

educated system engineers, systems thinking must be understood

and embraced by a variety of team members varying in

background, education, role, etc...

Systems Engineering approaches in the electricity sector are at present mostly

characterized as mono disciplinary applications and can be classified in

general as a hard systems engineering approach. An example of System

Engineering development in the power sector related to the hard approaches

is the emerging application of Model Based System Engineering (MBSE). MBSE

is the formalized application of modeling (via standardized modeling

languages such as UML or SysML) to support system requirements, design,

analysis, verification and validation activities beginning in the design phase

and continuing throughout development and later life cycle phases [43]. Other

examples of hard approaches are focusing on the application and improvement

of method and modeling techniques such as Discrete Choice Modeling, Agent-

based Modeling and Simulation, Information Architecting, etc. Another

example of the hard approached systems engineering developments are the

emerging System of Systems Engineering (SoSE) approaches [44]. The focus of

SoSE is on a set of systems which must perform a task that none of the systems

can accomplish on its own. Each system keeps its own objectives but the

overall goals and objectives needs coordination. Examples of SoSE projects are

multiple projects related to integration of IT and ICT systems in the traditional

value chain. Complex Systems Engineering emerge in complex socio-technical

environments and focuses on the intersection of research domains such as

multi-actor systems analysis, design and management (the social part), the

design and management of the technology (the technical part) and the

consideration of the implications of design (the institutional/ethical part)

within the social environment. Complex Systems Engineering [45] [46] [47] is

used in large complex projects, inter alia in the energy sector, on a

(inter)national scale (e.g. capturing the societal value of smart energy systems

[48], Jouw Energie Moment [49], Core [50]).
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The projects relevant for this thesis are focusing on electricity supply systems

on a local scale, and on local stakeholders in the B2B sector. They start in the

conceptual phase, or even before that and are characterized by multi-

disciplinary system integrations. The emphasis of a development framework

should be on being able to use system thinking within smart microgrid

development in practice. Figure 16 shows two system development

approaches which could be applied: system of systems engineering and

complex systems engineering. Smart microgrids are positioned in between,

and partly outside their scope. Main reason for this is that this thesis focuses

on stakeholders in these so-called smart microgrids which have certain goals

and ambitions, but often do not know where to start, and are not familiar with

power systems and/or system development methodologies like system

engineering.

In current applied development models it is also difficult to cope with the high

level of complexity or maintain an overview of interactions between several

technical systems, and between technical and non-technical (e.g. social or

economic) dimensions in the electricity sector. It seems an almost impossible

task to take the full extent of this complexity into consideration. The need to

take an inter- and multidisciplinary approach is a frequent subject of

discussion for several years.

Figure 16 Positioning of the Smart Grid Development Framework in Systems

Engineering approaches

However, it appears that inter- and multidisciplinary work is still very difficult

in daily reality. Practical experience reveals that activities tend to focus on a

limited number of systems, taking account of the perspectives of only a few

actors. Developers also tend to focus strongly on their own discipline rather

than taking a multi-disciplinary approach- and even within their own

discipline is a world of collaborative opportunities to explore.
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The discussions on this topic are however often between actors with similar

levels of education, backgrounds, and interests, but a trans-disciplinary

perspective (“learning by doing” and “doing by learning”) [51] also has a lot to

offer. Trans-disciplinary means that people at different levels work and learn

together, for instance collaboration between industry and academia, or

regulated and commercial companies.

Complex systems engineering is considered as a too heavy approach to apply

for smart microgrids in this thesis. Complex Systems Engineering can be

applied for projects on a higher (theoretical) level related to smart microgrids,

for instance to investigate the rationale behind the concept of smart

(micro)grids, their impact on the social environment at a national level, and

offer detailed elaborated institutional and regulatory alternatives. This thesis

is applying the System of Systems engineering approach while taking social

issues into account because of the described nature of smart microgrids and its

concerned stakeholders. While System of systems Engineering is by no means

a “new” method in this context, using it to translate smart microgrids, from

theory to practice on an architectural level, is an innovative approach. We aim

to provide a holistic reasoned and pragmatic methodology for developing

smart microgrids based on Systems Engineering theory. At present, however,

there are hardly any comprehensive dedicated “smart grid” development

models available based on the system of systems engineering approaches,

while taking social issues into consideration. This thesis will therefore discuss

existing development approaches in chapter 3 and argue why a new innovative

development framework will be proposed. This thesis contributes to the

earlier mentioned generic challenges in Systems Engineering:

- Broadening the systems engineering application domain to smart

(micro)grids appropriate to its size and complexity;

- Applying the soft approach;

- Applying the system of systems context;

- Enabling the integration of social issues related to smart (micro)grids by

encouraging (future) system users from a wide variety of disciplines,

backgrounds, education, etc. to be engaged from the beginning;

- Proposing a development process which can integrate (future) tools and

methods;

- Encouraging systems thinking at a broad public.

The proposed smart microgrid development framework as presented in this

thesis will provide more insight into the complexity of future smart microgrids

and form a generic blueprint and direction for developing them in a holistic

way. An economic (business) analysis model is created to gain insight into the

current financial feasibility of the smart microgrid concepts to identify specific

barriers to successful rollout and, if the concept does not appear feasible, to
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identify what needs to change from a technical, financial and regulatory

perspective. The Business Analysis Model defines the technical variables for a

specific industrial and commercial site, and identifies the mechanisms which

create value within the smart microgrid concept and the costs to be outlaid in

order to exploit smart microgrids. Based on the input variables derived from

the technical potential, value mechanisms and costs, we then perform a Cost

Benefit Analysis, including a Monte Carlo Simulation to indicate the likely

accuracy of the results. Finally we conduct a sensitivity analysis to gain insight

into the most important variables that affect these results.

In the context of this thesis, smart microgrids are viewed as a comprehensive

and holistic approach to local power systems where a range of local

stakeholders work closely together on their electricity supply system and

capture all possible benefits of system integration options. As depicted in

Figure 17, we integrate two different systems within the concept of smart

microgrids, guided by Systems Engineering theory, which together form the

body of knowledge that informs this thesis.

Figure 17 Body of knowledge for this thesis

In the next years a municipality in the Netherlands wants to realize a large new

business park, starting from a greenfield situation. Politicians, councilors and

municipal officials called for conducting a robust sustainability policy on issues

of sustainable land use, sustainable mobility, renewable energy and jobs. The

municipality was open for innovative ideas regarding sustainability and energy

supply systems and supported a proposed large scale R&D project to explore

the possibilities of applying smart microgrid concepts for this business site.

This project was then supported by the Intelligent Networks Innovation

Program (Innovatieprogramma Intelligente Netten, IPIN) of the Netherlands

Enterprise Agency (Rijksdienst voor Ondernemend Nederland (RVO)) by

subsidizing amongst others this research. The project management was

performed by a project initiator, where the author of this thesis is employed.

The project consisted out of three topics, common project management,

several systems in various disciplines such as finance, technology, etc. and

finally the link between them, a process to guide the system development. The

author’s responsibility within this project concerned the latter.
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The project initiator and the major stakeholders were then faced with a rather

complex problem, which could be stated in one issue: where and how to begin?

The project started therefore with a strong focus on a structured way to bring

the overall objectives and demands in the picture: needs and requirements,

actors, expectations, priorities, the question behind the question, etc. Secondly,

there was a need to develop and implement efficiently viable solutions to

complex challenges, according to a comprehensive, structured and explicit

method in order to ensure that a financial feasible realization of customer

demand is guaranteed.

We apply the generic development framework for smart microgrids to this

large pilot project in the Netherland, run by a mixed team of project developers

from a wide range of companies charged with verifying its pragmatic

applicability. We run this pilot project through the BAM in order to draw

generic conclusions about the smart microgrid concept.

The main question this thesis aims to answer is:

How can we realize local electricity exchanges between producers and

consumers on and near a commercial/industrial site, via a smart

(micro)grid and what are the benefits of this type of collaboration?

The sub-questions which can be derived from the main question are:

1. What major developments are taking place within the energy sector that is

relevant for stakeholders in the B2B sector? (Chapter 1)

2. How do existing power systems function and where and why are smart

microgrids located in this context? (Chapter 2)

3. What would be an appropriate development framework for smart

microgrids on commercial and industrial sites? (Chapter 3)

4. Is the proposed framework applicable in real world and able to be

implemented by a mixed team of project developers? (Chapter 3)

5. How can we best analyze the financial feasibility of smart microgrids on

commercial and industrial sites? (Chapter 4)

6. Case study: Are smart microgrids financially feasible on commercial and

industrial sites? (Case study in Chapter 5)

7. What are the most important factors for the successful roll-out of smart

microgrids on commercial and industrial sites? (Chapter 6)

1.3.2 Research approach

We used a range of qualitative and quantitative methods to address the main

research question and sub-questions and build a pragmatic design framework

to guide multi-disciplinary actors in the development of smart microgrids at

the early conceptual design stage, taking account of technical, business and

organizational factors. The result of following the development framework is
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an architectural description of a smart microgrid, which can be run through

our BAM to perform a CBA, Monte Carlo Simulation and sensitivity analysis to

analyze grid’s financial feasibility and make recommendations on how to

embed smart microgrids within the electricity sector.

NO. RESEARCH QUESTION RESEARCH APPROACH
1 What major developments are

taking place within the energy
sector that is relevant for
stakeholders in the B2B sector?

Exploratory literature review, group
meetings and individual interviews
during professional practice, desk
research

2 How do existing power systems
function and where and why are
smart microgrids located in this
context?

Literature review, desk research,
training- and courses on “power systems”

3 What would be an appropriate
development framework for smart
microgrids on commercial and
industrial sites?

Literature review, desk research,
training- and courses on “development
frameworks”

4 Is the proposed framework
applicable in real world and able to
be implemented by a mixed team of
project developers?

Case study, survey

5 How can we best analyze the
financial feasibility of smart
microgrids on commercial and
industrial sites?

Literature review, desk research,
training- and courses on “power
economics”, modeling and simulation

6 Case study: Are smart microgrids
financially feasible on commercial
and industrial sites?

Case study, modeling and simulation, CBA

7 What are the most important
factors for a successful roll-out of
smart microgrids on commercial
and industrial sites?

Case study, modeling and simulation,
Monte Carlo analysis, sensitivity analysis

Table 1 Research approach

1.3.3 Outline

This thesis follows five steps: definition of scope, research context,

development phase, application phase, and discussion. The definition of scope

introduces the energy transition from a B2B perspective (Chapter 1). The

research context is the field of electricity systems and Chapter 2 will focus on

traditional power grids and future smart grids and microgrids and discuss

their reasons for existence. We consider the requirements for our smart

microgrid development framework and BAM. Chapter 3 assesses engineering

design and system development methodologies and introduces our smart

microgrid development framework. We test the framework’s applicability on a

large pilot project and set out the results of an intensive evaluation. Chapter 4

introduces the BAM, Monte Carlo Simulation and sensitivity analysis. The BAM

is applied to the same pilot project. Chapter 5 briefly introduces the pilot
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project and presents the results of the business case analysis. We draw general

conclusions and make recommendations for further research in Chapter 6, and

summarize the main contributions of this work.

Chapter 1 - Introduction

 Description of the energy transition focused on industrial/commercial sites
 Research description (objectives) and research approach

Chapter 2 – Background on power systems

 Power systems, electricity markets and regulation principles
 Smart grids and smart (micro)grids

Chapter 3 – Introducing the smart

microgrid development framework

 Design interests and principles
 Systems Engineering
 Smart Microgrid Development

Framework

Chapter 4 – Introducing the smart
microgrid business analysis model

 Description of a Business Analysis
Model to test the overall
feasibility of smart microgrids

Chapter 5 - Case study

 Analysis of a business case by applying the BAM and the proposed system
architecture

Chapter 6 - Conclusions and contributions

 Conclusions regarding the development framework, BAM and contributions of this
thesis

Definition of scope

Research context

Application

Discussion

Development Development



28



29

Traditional power systems

Future power systems
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2 Power systems
This chapter provides background information on electrical power systems by

briefly describing their history in Section 2.1, followed by the technical and

socio-economic subsystems within these systems in Section 2.2. The purpose

of this review is to understand the current functioning of power systems, why

they are organized in the way they are to give some sense of their complexity.

It is not intended to form an exhaustive overview and explanation of electric

power engineering. These two sections are intended as background

information for the smart microgrid development framework and the Business

Analysis Model which will be discussed in the next chapters. Readers who are

familiar with traditional and future power systems can skip the first two

sections of this chapter. We then discuss the power system of the future in

section 2.3 by exploring how they will differ from traditional grids. The

traditional power system is transforming into a smarter grid, based on

decentralized generation, new grid architectures and additional IT, OT and ICT

systems. Within these new architectures, (smart) microgrids could play an

important role. Section 2.4 explores the concept of (smart) microgrids in detail.

2.1 History
Today's power grid is the product of many decades of evolution [52]. It was

Thomas Alva Edison who took the initial steps towards the first public power

grid. In 1882 a small-scale generator unit was built by the Edison Electric

Illuminating Company of New York which provided homes and small

businesses with electrical energy (110V Direct Current (DC)) for lighting

purposes in particular instead of gas5. In order to expand the system, a long-

distance transport system for electric energy had to be established. However,

DC electrical systems were not efficient enough for long-distance transmission

due to the low voltage levels. Transporting an amount of power (P) at a given

voltage level (U), requires a certain current, given by:

Transporting more power at a constant voltage level thus requires higher

currents, and higher currents lead to higher electrical losses. In the "war of the

currents" that followed, Alternating Current (AC) began its ascent since AC is

relatively easy to transform to and from higher voltages via a transformer,

which is necessary for long-distance transmission. In the majority of

industrialized countries, more and more AC grids were constructed over the

course of time – mostly autarkic grids where one generator provided

exclusively electrical energy to a limited number of connected customers.

5 http://www.coned.com/history/electricity.asp
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During the First World War, these local generation units and their local

distribution networks were linked together in order to meet ammunition

factories considerable demand for electrical energy. After the war, these

linked systems were used to supply domestic customers with electricity [53].

This trend continued in all industrialized countries, resulting in nationally and

internationally coupled power systems. Linking up electricity grids greatly

improved power systems, making them more robust (since delivery was not

dependent on a single generating unit) and cheaper due to economies of scale

(since large central generation units are more efficient). The network was

constantly monitored at national and regional control centers which oversaw

electricity and transport tariffs, the optimal dispatch of generation units and

the alignment of supply and demand. These historical developments are

depicted in Figure 18.

Figure 18 Historical development of power system 1900-2000

A value chain describes how (economic) value is created or added to products

and services [54]. In power systems, the value chain consists of the following:

1. Generation: power is generated by converting different types of energy

(chemical, renewable, nuclear) into electricity.

2. Transmission: large amounts of electrical power is transported over long

distances (usually high voltage systems >50kV).

3. Distribution: small amounts of power are transported over short

distances (usually medium voltage systems (1-50kV).

4. Consumption: the electricity is consumed and converted into other forms

of energy such as light, heat, kinetic energy, (usually low voltage systems

<1kV).

A value chain requires organizations and institutions to “make it work”. The

value chain for electricity depends heavily on political choices and resulting

legislation, because it is strongly affected by physical properties and

limitations, in particular the fact that is has not been possible to store electrical

energy in large quantities.

In Europe, the EU is the main body that lays down laws and regulations to

structure the electricity sector. This legislation is divided into various layers

[55] [56], starting with umbrella legislation at EU level which then forms the
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basis for national legislation relating to energy supply systems. The highest

(primary) level is subject to the Treaty on the Functioning of the European

Union (TFEU, 2007), which states that energy is a joint competency of the EU

and its member states (art. 4(1)j to art. 4(2)(i)) and that legislation must focus

on (art. 194(1)): securing the functioning of the energy market, securing the

continuity of the EU energy supply systems, stimulating energy efficiency,

achieving energy savings and furthering the development of sustainable

energy, and promoting the interconnection of energy grids. Besides these four

core focus areas, the treaty also sets out common rules regarding the free

movements of goods, people, services and capital, and with regard to

competition (art. 102). Another important element is the prohibition of

subsidies granted by governments (art. 107), e.g. grid tariff exemptions for

very large consumers which could be considered state aid. The second level is

secondary EU legislation, which defines the structure of the electricity and gas

sector through European regulations and directives, specifically energy

directives 96/92/EG, 2003/54/EG and 2009/72/EG. All of the issues facing the

new paradigm within the electricity sector originate in these directives. To

safeguard the liberalization of the energy market, three essential conditions or

“basic market freedoms” have been defined as follows:

1. Connection: every party has the right to connect to the electricity grid (in

similar conditions and on equal terms).

2. Transaction: all parties have the right to engage in energy transactions

with each other.

3. Dispatch: all parties have the right to take energy from or transmit it to the

grid at all times.

The last level is the national level at which EU member states “translate” the

energy directives into national electricity legislation. In the Netherlands, for

instance, this is the Electricity Act 1998, which describes at length the

connection, transport and system services of electricity supply systems. It also

lays down “codes”: the terms for tariff structures and conditions, and the

general legally-binding rules for the electricity sector. In the Netherlands, there

are:

1. Tariff codes: rules to calculate grid tariffs by transmission system

operators (TSOs) and DSO’s.

2. Technical codes: a description of TSO and DSO services (e.g. grid codes,

system codes, measurement codes).

3. Information codes: a description of roles and responsibilities in the

electricity sector with respect to exchanging information.

Power systems evolved from a situation prior to liberalization (the old

paradigm) towards a situation post liberalization. The old power system

paradigm consists of two parts: 1) power systems are a natural monopoly
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because of the electrical infrastructure, and 2) power systems are “vertically”

integrated, as depicted in Figure 19. They were organized as integrated

monopolistic utility companies, which are legal entities owned by

shareholders. The contractual situation of Dutch consumers used to be fairly

simple; each consumer had a single regulated all-in contract with a utility

company which took care of metering, connection, transport, energy programs

and imbalances, and supply of electrical energy.

Figure 19 Organization of the electricity sector prior to liberalization

However, the old paradigm was the subject of increasing criticism and

discussions which led to institutional changes. Examples of this criticism

included: the old institutional paradigm sees little innovation and is only

vaguely customer orientated (i.e. no free consumer choice and no

competition); there is little cost consciousness (economic theory states that

monopolists are “inefficient”); and in most cases it depends on a large amount

of government subsidies. The EU created a new paradigm in which the power

system was “unbundled” or vertically disintegrated [55]. The EU investigated

whether each part of the value chain could be monopolistic or whether it was

possible to introduce competition. The EU’s main assumption regarding

privatization was that decreased interference by national governments,

greater autonomy, and increased sensitivity towards results could increase the

functionality of the electricity value chain. The main assumption regarding

liberalization was that ‘the threat of competitors will lead to better functioning

power systems in terms of efficiency and effectiveness’ [55].

The new paradigm for power systems in the Netherlands consists of:

1. privatized companies (international operating) for power production;

2. unbundled suppliers of electrical energy;

Vertically integrated
electric utility

Generation

Transmission

Distribution

Consumption

Electricity flow
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3. a single state-owned transmission grid owner, which is considered a

“natural monopoly”;

4. multiple distribution grid owners, which are also considered “natural

monopolies”.

This ensures that there is competition between electricity producers;

production becomes subject to market forces; distribution companies and

large consumers buy electricity from producers; there are bilateral contracts

between producers, consumers and distribution companies; wholesale (bulk)

and retail trading and a trade floor for producers have been introduced [55]

(see Figure 20).

Figure 20 Contractual situation for Dutch electricity consumers post

liberalization

2.2 Traditional power systems
We will now turn to the context and functioning of traditional power systems,

as well as technical and economic issues facing them, with a strong focus on

the Dutch electricity sector, and describe ongoing changes towards future

power systems.

2.2.1 Physical structure

The structure of the current electrical supply system is depicted in Figure 21

[57]. Large central production units are connected to the transmission grid to

transport electricity over long distances over high-voltage lines / transmission

grid (e.g. 380kV) through medium-voltage lines / distribution grids (e.g. 20kV)

to low voltage grids (e.g. 380V). Large consumers such as large industrial

consumers are directly connected to the high and/or medium voltage grid,

depending on their power demand. Small businesses and/or household

consumers are connected to the low voltage grid.
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Figure 21 Current structure of the electricity supply system [57]

In general, electricity supply systems consist of two main elements: a technical

subsystem and a socio-economic subsystem (Figure 22). The technical

subsystem consists of a physical layer and an operational layer based, on the

physical structure described above.

Figure 22 Simplified reproduction of an electricity supply system

The electricity industry/sector has three main goals in relation to power

systems, which are also referred to as the “triple A” goals [55]:

1. Availability;

2. Affordability;

3. Acceptability.

Ad 1. Availability refers to the technical availability of electricity supply (in

terms of reliability and quality) and the commercial availability (all consumers

have access to electricity) of supply services. Availability could be translated

into: a secure supply for all. Technical availability is generally referred to as

reliability, which covers two important aspects for power systems: adequacy

(the ability of power systems to balance supply and demand taking into

account scheduled and reasonable unscheduled outages of power system

elements) and security (the ability of power systems to withstand abrupt

disturbances). Another important indicator for availability is power quality;

electricity must meet quality standards with respect to voltage, frequency,

acceptable level of power failures, etc. in the short and long term.

Ad 2. Affordability refers to economic, efficient and reasonable tariffs and

prices for the provision of electricity.
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Ad 3. Acceptability refers to the provision of electricity in a socially-

responsible manner. Sustainability, in particular, has become an important

indicator for acceptability.

Power systems are established and operated by regulatory-appointed actors,

which entails certain costs. These social and other costs must be compensated

for in some way, usually by means of grid tariffs.

2.2.2 Grid tariffing

Grid tariffs are applied to divide the costs associated with grid operation

between grid users and to encourage them to use the grid efficiently. Grid

tariffing is a complex system (for a more detailed description, see [56]). A few

examples of this complexity include:

1. Kirchhoff’s laws: Electricity flows follow the path of the least

resistance; therefore an electricity flow from Party A to Party B will

follow no clear path. A market transaction (the buying and selling of

electricity) between parties A and B will not match the electricity flow.

In other words: physical grid effects caused by consumption or

production depend on market transactions by all connected parties,

and not a single connected party.

2. Complex cost causation: Based on Kirchhoff’s laws, connecting

electricity flows to a given market transaction and assigning grid-

related costs for that transaction to a specific party is a complex task.

3. Cost perspectives: Grid tariffing methods depend to a large extent on

the perspective of specific stakeholders. For instance, consumers

prefer a “pay-as-used” principle in which they only pay a tariff if they

actually use the grid. Grid owners on the other hand prefer to apply

“capacity tariffs” due to their transport and connection obligations

flowing from EU regulations, and to offer consumers grid capacity

based on their peak consumption, leading to reserve (and often un-

used) capacity in grid assets.

Because of this complexity, grid tariffs are closely related to grid regulation.

Regulation have four main goals [58] [59]:

1. The total costs for the infrastructure must be covered by grid tariffs.

2. Grid tariffs must be non-discriminatory. This means that similar grid

use by the same or other users in similar circumstances must equate

to the same tariff to avoid disturbing the electricity market.

3. Grid tariffs must be transparent, in terms of the calculation method

and when and how they are collected.

4. Regulation should increase the efficiency of monopolistic grid owners.
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Based on these main goals, policy makers can distinguish four important areas

for the establishment of tariffs:

1. Calculation of total grid costs, which must be covered by the total

revenue from the grid tariffs;

2. Allocation of grid costs to producers and consumers – both of these

use the grid, but which part of the costs was run up by whom? Usually

these costs are allocated to consumers because grid costs allocated to

producers are passed on to consumers through energy tariffs;

3. Allocation of grid costs to different categories of grid users – these

costs are based on static areas, such as the actual grid layer (in the grid

topology) of the connection (e.g. transmission or distribution) and more

dynamic areas such as the real costs a user runs up. Grid layers are the

joint transport lines (transmission and distribution) at a certain voltage

level. Tariffs based on these grid layers could be paid solely by users

connected to a specific grid layer, or paid by users on other grid layers as

well. There is a path dependency between the grid layers which is

expressed by applying a cascade method, as depicted in Figure 23

(adapted from [56]).

4.
5. Figure 23 The Cascade Principle [56]

Without the higher grid layers, in which the majority of generation (green

boxes) is connected, there is no electricity flow to the lower grid layers, in

which the majority of consumption (yellow boxes) is connected. According

to this method, users of the highest grid layer only pay for the costs

associated with the highest grid layer, while users of the lowest layer also

pay the costs associated with the cascaded higher grid layers. The tariffs

therefore increase the lower the grid layer (purple arrows).

6. Allocation of grid usage costs to specific users – these costs are related

to whether tariffs are based on capacity, energy, time or location.

Extra High Voltage

Medium Voltage

High Voltage

Low Voltage

Production

Consumption

Tariffs

flow money
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Location-based tariffs could be distance independent (“flat”) tariffs6 or

distance dependent tariffs. The latter are prohibited by the second EU

energy directive. Location-based grid tariffs can be applied to certain

situations by means of location-specific incentives (e.g. congestion

incentives). Time-based tariffs may be tied to a particular time slot (e.g.

day vs. night).

All of these parts are subject to national and international discussions and

certain economic principles, and each EU member state applies different

solutions.

2.2.3 The technical subsystem

The technical subsystem consists of an operational layer of stakeholders who

perform certain activities (services) to operate and maintain the second layer:

the value chain which consists of production, transport and consumption of

electrical energy. The following activities or services can be roughly

distinguished:

Figure 24 Operational layer of the technical subsystem: actors and services

SERVICE EXPLANATION
System
Services

Services of a system operator of a power system:
- maintain safety and reliability (security of supply);
- maintain system balance;
- draw up plans and take steps to restore the electricity supply in

case of failure and prevent failures.
Grid
Services

Services of grid owners (transmission and distribution) consisting of:
- connection services;
- transport-independent transport services
- transport-dependent services

Ancillary
Services

All services offered by system users to system operators and grid
owners to support their tasks.

Table 2 Overview of services within the technical subsystem

6 In Dutch: “postzegeltarieven”
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2.2.3.1 System Services

System services are services offered by system operators to system users in

order to maintain the security and reliability of supply, including voltage

control/management, to maintain the system balance between production and

consumption, and to restore and prevent system failures. They include

activities such as:

1. Balancing real power or power system balancing (frequency stability);

2. Voltage stability (for system users)7;

3. Transmission security8;

4. Economic dispatch9;

5. Trade enforcement10;

6. Black start11.

7 Voltage is a fundamental characteristic of electrical power. Voltage is like electrical

pressure: the greater the pressure, the more electrical current is forced through appliances and

they can eventually break down. The main purpose of voltage control services is to maintain the

voltage level. Voltage drops as power flows from generator to load, and longer distances means a

greater drop in voltage. Distribution grids have a higher resistance than transmission grids, and

therefore suffer more losses and voltage drops. Voltage drops also depend on the type of load.

Inductive loads use reactive power, which causes voltage to drop. Due to the close link between

voltage and reactive power in power grids, voltage control services focused on participating

devices that generate or absorb reactive power. Voltage control services consist of three

hierarchical levels: the first level is called primary voltage control, which is a local automatic

control unit or regulator for generating units to control reactive power. Primary control is

immediate and operates continuously; it maintains voltage level and insures stability. Secondary

voltage control consists of a decentralized automatic control for local regulators in order to

manage voltage control by injecting reactive power into a regional zone of the grid. This can be

done by installing capacitors or synchronous generators. Tertiary voltage control is the manual

optimization of reactive power flows across the grid. Voltage control is administered mainly via

basic compulsory requirements (usually a stated power factor cos φ) at the “point of delivery” for 

the nominal voltage and power for generators and consumers to fulfill in order to be connected to

the grid. Voltage levels are also locally controlled by tap-changing power transformers. Non-

compulsory or enhanced reactive power services are provided on top of the basic requirements.

Since these are local in nature and in view of the low costs, grid owners fix voltage control

themselves.
8 System operators must guarantee that transmission and distribution of electricity across all

grids is safe and efficient, and resolve any large-scale disruptions in transmission.
9 Economic dispatch refers to using the right generators in the right amounts at the right

times in order to minimize the total cost of production.
10 Once power is injected into the grid it cannot be tracked, so ownership is lost. The system

operator provides a system which makes bilateral trading possible by providing a substitute

property right. This could be done by metering all trades.
11 Worst-case system failures can shut down the system in part or as a whole. Re-starting the

system requires electrical power. In the case of black-outs, this power is generated by black start

capabilities such as emergency (diesel) power generators.
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The most important system service entails the system operator permanently

monitoring, maintaining and restoring the balance between demand and

supply of electricity through the electricity grid: known as “real power

balancing” or “frequency stability”. Frequency is determined by the supply-

demand balance. Any mismatch between supply and demand leads to

frequency deviation (if supply is greater than demand, the frequency is too

high and vice versa). Supply and demand fall out of balance for three reasons:

1. load varies in a predictable pattern throughout the day;

2. unpredictable (small, short-term) fluctuations in supply (e.g. wind

power) and on the demand side;

3. unexpected generator or infrastructure outages.

The ability to achieve, maintain and restore this balance depends on technical

systems and action taken, as well as three administrative factors:

1. the system of balance or program responsibility applied to system

users in case of predictable power variations in order to maintain

system balance;

2. the deployment and settlement of regulating and operating reserve

capacity made available by system users in case of unpredictable

power variations (e.g. wind fluctuations) or emergencies (e.g.

generator outages) in order to restore system balance in case of

unbalance;

3. the imbalance settlement based on an imbalance pricing system,

which is also referred to as the reserve and balancing market.

Program responsibility: Maintaining the power system balance

We will now describe how system balance is maintained and restored. The

reserve and balancing market is part of the economic subsystem and will be

addressed below. In the EU, market parties are free to buy electrical energy

from and sell to whomever they wish. Market parties enter into contractual

purchase and sale relationships in order to execute these transactions. These

contracts include daily performance arrangements (supply instructions or

blanket orders), which result in transmissions over the electricity grid. In

practice, the actual production and/or consumption of electricity is not always

perfectly in line with the performance arrangements. A system is therefore

needed to settle any differences between the transactions forecast and the

actual production or consumption. The EU has adopted a system of balance

responsibility by system operators.

System operators determine the differences between the actual supply and

demand, and ensure that they are settled. The Electricity Act 1998 stipulates

that all connected parties must arrange their own program responsibility. Each

party with one or more connections to a grid bears program responsibility for
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those connections, and must prepare and comply with a program outlining

how much electricity it expects to supply to and withdraw from the grid. Non-

compliance results in imbalance in the power system, resulting in power

transactions that must be settled by the system operator. These power

transactions come at a price – in the form of a fine – since the system operator

is responsible for ensuring the supply-demand balance across the power

system.

Figure 25 System balancing in the Netherlands: Program Responsibility

(maintain) and Frequency Control (restore)

The System Code states that connected parties can assign their program

responsibility to legal entities, known as Balance Responsible Parties (BRPs),

recognized by their system operator. The BRPs inform the system operator on

a daily basis regarding the electricity transactions planned for the following

day. Each BRP enters the sum of all of these transactions into an Energy

Program (E-Program) and the system operator checks all E-Programs for

consistency.

The regional grid administrators notify the system operator of the amount of

electricity that each BRP has actually consumed and/or supplied by measuring

the consumption and production values of each connection. The difference

between the amounts recorded in the E-Program and the total of the actual

measured values for each BRP is referred to as the “imbalance”. The costs

associated with resolving the imbalance caused by a specific connection are

settled by the system operator and the BRPs. The BRP makes money on the

service of program responsibility it offers. It first receives direct payment for

the services it has rendered and secondly, makes money by offsetting

deviations for large numbers of connections.
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A BRP may offer any of the following services or a combination thereof:

1. Administrative mediation: where the BRP assumes responsibility for all

administrative and procedural dealings with the grid companies in

return for an administration fee. The BRP itself is a neutral player in this

set-up.

2. Assessment and provision of advice on programs to improve their

quality. The BRP charges for its services and remains a neutral player in

this set-up.

3. Preparation of the E-programs on behalf of the customer: the BRP takes

on full responsibility and thereby assumes a position. It expects to be

properly compensated for the service it provides and the risk to which it

is exposed.

4. Monitoring, advice and control during implementation, enabling

program deviations to be identified and corrected, in exchange for a fee.

5. Assumption of risk: the interested party opts for a low-risk stance and is

keen to protect itself from major discrepancies. The BRP assumes that

position in its place, in exchange for an appropriate fee.

6. Control of consumption and/or supply on behalf of connected

customers so as to ensure that the aggregate deviation always makes a

passive contribution to the system balance.

In view of the fact that program deviations are "penalized" in the form of an

invoice, the BRPs can be expected to try to minimize and control such

deviations wherever they can. Control, or the ability to adapt the program,

requires up-to-date measurement data. But from what source? The grid

company is under no obligation to provide measurement data and if it were to

provide such information, it should do so on uniform conditions. The grid

companies and the system operator already use the same measurement data

required for control purposes to calculate imbalances. There is one difference,

however; controlling requires real-time information whereas imbalances can

be calculated after the event. Making measurement data available online is the

responsibility of the individual BRPs. If the grid companies provide additional

services for a fee, they will ensure that only the appropriate parties have

access to the relevant measurement data. The data is intended solely for the

grid company, the connected party and the BRP in charge of the connection in

question.

Primary, secondary and tertiary reserves: Restoring the power

system balance

Excessive or long-lasting disruptions in the supply-demand balance may result

in a black-out of the entire system. According to the European Network of

Transmission System Operators for Electricity (ENTSO-E), all system operators

in Europe balance capacity by means of a three-stage regulation procedure, the
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primary, secondary and tertiary (frequency) control. We will discuss each of

these control mechanisms in the context of an example of a power plant outage

that took place in France in [60] (see Figure 26).

Figure 26 Example of a power plant outage in France [60]

Primary control: Stabilize the imbalance

In the event of a power plant failure or another imbalance, the entire ENTSO-E

region activates primary control (Frequency Containment Reserve (FCR)) to

stabilize the system to a quasi-steady state. The primary frequency control

system (or emergency reserve system) is a local automatic device, which

ensures a constant ratio (droop) between frequency changes, production

changes and – in some countries – controllable loads. Generators above a

certain rating are equipped with a speed governor to provide this automatic

control. The demand side controls frequency via frequency-sensitive relays

which disconnect loads at particular thresholds or via frequency-sensitive

loads such as induction motors. Primary control is designed for large

generation or load outages and its main purpose is to limit and stop frequency

changes. The minimum power size required for primary contributions is

determined annually at ENTSO-E level and is in proportion to the total

production volume in the areas controlled by the TSO. In 2010, the frequency

bias for the Netherlands was set at 1,030 MW/Hz. This value equals 3.9 per

cent of the frequency bias for the entire interconnected ENTSO-E grid. This

means that in the event of a production failure of 1000 MW somewhere in

Europe, a contribution of approximately 39 MW will be expected from the

Netherlands. Within the ENTSO-E system, the maximum possible outage is

approximately 3,000 MW. Based on the value of 3.9 per cent, this means that
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the Netherlands is obliged to have a primary reserve of 116 MW available in

both regulating directions (up and down). The most important rule is that

generators with a nominal capacity larger than the mandatory 60 MW should

have 1 per cent of their nominal capacity available between 30 seconds and 15

minutes, with an insensitivity of 20 mHz. Generators with a nominal capacity

greater than 5 MW but less than 60 MW should have 3 per cent of their

nominal capacity available between 30 seconds and 15 minutes, with a dead

band of 150 mHz. This primary control is, however, constrained by a time

factor. Some generators cannot sustain this response for an indefinite period of

time and must be replaced before they run out. Refusal to participate or to

respond to mandatory requests from the system operator will result in

warnings, followed by fines and finally a call for a field test at the generator’s

cost.

Secondary control (or regulating capacity): Restore the balance

Between five minutes and one hour, secondary control (Frequency Restoration

Reserve (FRR) is automatically activated to restore the balance. Primary

control limits and stops frequency variations and secondary frequency control

brings frequency back to its target value. This regulatory capacity is supplied

by generating units (mandatory for generators >60 MW by means of an

automatic dispatch or a price signal for generators >1 MW) located within the

region experiencing the disturbance. Within the EU, the system operator

employs a regulated market mechanism to deploy secondary capacity within a

so-called balancing market with BRPs. In this market, a BRP can offer

regulatory capacity to the system operator, i.e. capacity they can produce or

consume over or under the amount reported in their E-Program. Within 15

minutes, the frequency should be back at target level. Secondary control

restores small, unexpected, short-term fluctuations on the supply side (e.g.

wind) or demand side. In this case, secondary control does not follow primary

control (i.e. there is no outage on a significant scale).

Tertiary control

Between 15 minutes and one hour, tertiary control (Replacement Reserves)

takes over in the form of:

1. manual changes in the dispatching of generating units used to restore

the primary and secondary reserves, to manage congestions and to

bring frequency back to its target level if secondary control is unable to

achieve this12;

12 This used to be a mechanism to free secondary reserves post deployment and to

economically optimize deployment of balancing capacity. However, in a liberalized market,

economic optimization is no longer the task of the TSO and the economic optimization is paid for

by market players (bilateral).
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2. emergency power through bilateral contracts between the system

operator and very large consumers requiring them to significantly

decrease their electricity consumption.

System services tariff

Connected parties that consume electricity and whose grid connection is

managed by a grid administrator must pay a system services tariff. Every grid

owner (transmission and distribution) and large industrial and other

consumers with a direct connection to the transmission grid must pay this

tariff to the system operator for each kilowatt-hour (kWh) of electricity they

transport or consume. Regional distribution grid owners must also pay this

tariff to the system operator. Regional distribution grid owners then collect

this same tariff in turn from the consumers connected to their grid. The

systems services tariff was discontinued in the Netherlands in January 2015,

and now the costs associated with system services are paid via transport

tariffs.

2.2.3.2 Grid Services

Grid services are transport and connection services offered by grid operators

to system users. Transport or transmission services are divided into non-

transmission-related services (e.g. administrative processing of meter data,

administering the register of connections, and billing) and transmission-

related services (e.g. constructing grid infrastructure, resolving transmission

and distribution constraints, maintaining voltage and performing reactive

power management, meeting operational costs).

Transmission services

To ensure the effective transmission and/or distribution of electricity across

the grid, a number of activities are carried out:

1. setting transmission and distribution restrictions;
2. compensating for grid losses;
3. maintaining the voltage level and reactive power supplies;
4. managing and maintaining the grid;
5. reaching agreements with national grid administrators and with

neighboring countries.

Transmission tariffs cover the costs incurred by grid administrators for the

provision of transmission services. There are two types of transmission tariffs:

non-transmission-related consumer tariffs, and transmission-related

consumer tariffs.



46

Non-transmission-related consumer tariffs13

The non-transmission-related consumer tariff (TOVT) covers the costs not

directly related to the transmission of electricity including, for example,

administrative costs for processing metering data, the register of connections,

and billing.

Transmission-related consumer tariff14

The transmission-related consumer tariff (TAVT) covers the costs for the

transmission of electricity including, for example, constructing grid

infrastructure, resolving transmission and distribution constraints,

maintaining voltage and managing reactive power, meeting operational costs,

etc.

The TAVT consists of three components:

1. a price per unit of electricity consumption (kWh);

2. a unit price for the maximum amount of power a consumer has consumed

in a single month or week (kW max);

3. a unit price for the maximum amount power a consumer expects to

require in the year ahead (kW contracted). If the actual maximum amount

of power exceeds the contracted power limit, this tariff carrier will be

raised to the same level as the measured amount.

Depending on the voltage level and number of hours for which the connected

party uses the electricity grid (i.e. operating time), a higher or lower15 tariff

will apply. Producers do not pay a TAVT. The price per unit of electricity

consumption (kWh) also depends on the voltage level; connections to higher

voltage levels will not be subject to this tariff component.

Connection services

All parties connected to the electricity grid pay a regulated connection tariff to

the grid owner to cover various costs associated with establishing, maintaining

and replacing the connection to the grid. The connection tariff comprises an

initial and a periodic connection tariff.

Initial connection tariff

The initial connection tariff covers the costs of establishing a connection to the

grid. As soon as the connection has been completed, the grid owner sends an

invoice for the full initial connection. There are three levels of connection

charge: shallow, deep and shallowish. Shallow means that the connected

13 in Dutch: transport onafhankelijke verbruikers tarief or “vastrecht”
14 in Dutch: transport afhankelijke verbruikers tarief
15 Maximum of 600 hours per year in the Netherlands
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parties only pay the connection costs to the nearest grid point. All further

necessary expenses, such as grid reinforcements, are the responsibility of the

grid owner (and eventually distributed through the TAVT). Deep charges take

the opposite approach; the connected party is liable for all expenses, including

upgrades, etc. Shallowish is a hybrid of the two. In the Netherlands, connection

charges are shallow for units below 10 MVA and deep above 10 MVA.

Periodic connection tariff

The periodic connection tariff covers the costs of maintaining and, if necessary,

replacing the connection. Connected parties with multiple connections receive

a separate invoice for each connection. This tariff is a fixed sum that is updated

once a year.

2.2.4 The economic subsystem

The economic subsystem, also referred to as electricity market, consists of

several markets in different time zones as depicted in Figure 27.

2.2.4.1 Electricity or Commodity Market

Electrical energy is traded on a wholesale market by a number of parties (also

referred to as the commodity market) and on a single buyer market by a single

buyer – the system operator – who is the only party able to dispatch power to

maintain or restore the system balance and who trades on the balancing,

regulating and reserve markets. The forward (“futures”) market is usually

based on transactions from bilateral contracts (also referred to as “over-the-

counter” (OTC) contracts). The forward market covers time zones > one

month. Yearly or multi-year contracts are applied to enable a degree of system

planning to schedule the production of large power generation units. Monthly

contracts are applied to address operational issues (e.g. maintenance at power

plants). Parties can trade directly or indirectly via a trader. The forward

market makes up 50-70 per cent of the total electricity market.
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Figure 27 Organization of the economic subsystem
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The APX Day-Ahead market is an anonymous market where offers are placed

by both buyers and suppliers. The offers are submitted one day before the

actual production and consumption in blocks of one hour. After the offers are

submitted, demand and supply are matched and the market price is

established for every hour of the following day. The APX intraday is the next

and final step in the wholesale market, where trading takes place five to 90

minutes before the actual production or consumption in one- or two-hour

blocks.

2.2.4.2 Capacity market (imbalance pricing system): balancing and reserve

market

Imbalances between overall supply and demand result in an energy

transaction with the system operator, with a price tag attached. As previously

discussed in relation to system services, there are three frequency control

mechanisms the system operator applies to restore the power system balance:

primary control, secondary control and tertiary control. Participation in

primary and secondary control is mandatory for large system users, who

receive financial compensation for keeping reserve power available. When the

system operator dispatches reserve capacity in the event of a power

imbalance, they also receive compensation for their reserve capacity, based on

its size and duration of provision. Another element of the capacity market has

to do with monitoring the power balance. To maintain this balance, BRPs

submit an E-Program. Keeping production and consumption levels in line with

the forecasts is unrealistic in practice – there will always be small deviations.

The system operator is the only buyer in the single buyer market in which

consumers and producers can offer ancillary services to the system operator –

in this case power flexibility by increasing or decreasing consumption or

production to maintain the system balance. Since program deviations are

generally "penalized" in the form of an invoice, BRPs make every effort to

minimize them by changing their programs and/or by submitting program

amendments. Program amendments only affect future transactions and cannot

be applied retrospectively.

In the event that a production plant breaks down, it must either source power

from a third party to reroute electricity to its own customers, or ask its

customers to cut their consumption. The BRP is free to decide its course of

action, depending on what type of contract it has concluded with its customers

and on its reserve power contracts. Once the generator has concluded detailed

agreements with all the parties involved, all parties submit new E-Programs to

the system operator, by which time the imbalance will have been corrected.

The system operator will accept the program amendments provided they are

consistent and that it has received the correct changes from all the BRPs

involved.
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2.2.5 Synthesis: Consumers energy bills

Consumers of electrical energy receive an invoice from the DSO for their power

system usage that records and summarizes all the relevant bill items described

above.

MARKET SERVICE INCURRED
COSTS

BILL ITEM

Transport Connection Initial Connection tariff (€)
Periodical Annual connection fee (€)

Transport Transport
dependent

Transport tariff (€/kWh)

Monthly Peak tariff (€/kW)
Contracted Power tariff
(€/kW)

Transport
independent

Fixed annual transport fee
(€)

Metering Metering Annual metering services fee
(€)

Energy Supply Supply
dependent

Supply (€/kWh)

Supply
independent

Fixed supply fee (€)

Tax Energy tax (€/kWh)
Balancing16 System

services
System services System services tariff

(€/kWh)

Table 3 A consumer energy bill

2.3 Future power systems

2.3.1 Smart grids

In addition to traditional requirements with respect to affordability,

accessibility and acceptability, there are other services and functionalities that

are required in the liberalized energy market as a consequence of the energy

transition. The EU Commission Task Force for Smart Grids [29] discussed high-

level services which are facilitated by “smartening” the electricity network to

make it a smart power system (see also table 4). It is important to note that

establishing smart grids is not a goal in itself; smart grids should help the

energy system become smarter and better equipped to provide the additional

services and functionalities mentioned above. In view of the broad spectrum of

future requirements and the uncertainty surrounding these and multiple

different viewpoints, there is no generally-accepted definition of smart grids.

However, a number of definitions concur that the core of the smart grid

concept is the addition of IT, OT and ICT to today’s electricity grids [61].

16 The systems services tariff was discontinued in the Netherlands in January 2015, the costs

associated with system services are paid for via the transport tariffs.



50

ADDITIONAL HIGH LEVEL
SERVICES FUNCTIONALITIES
Enabling the power grid to
integrate users with new
requirements

Integrate DG-RES, enable consumers to offer ancillary
services, integrate electric vehicles, storage, etc. at all
voltage levels and locations.

Enhancing efficiency in day-
to-day operations;

Optimize the operation of grid assets and improve grid
efficiency by enhanced (real-time) monitoring,
automation, etc. to enable self-reconfiguration,
condition based maintenance, and decrease technical
and non-technical losses, etc.

Ensuring grid security,
system control and quality of
supply;

Ensure grid security through IT, OT and ICT systems
integrated at several points in the value chain and
become active grid operators by using improved
ancillary services.

Better planning of future grid
investments;

Collect and use measured data to enable more
accurate planning of future grid investments, taking
account of ancillary services such as Demand Side
Management, in order to optimize grid and
environmental goals.

Improving market functioning
and customer services;

Increase performance of current market processes
through improved data flows between market
participants such as aggregators, prosumers, VPP’s

Doing more to enable and
encourage increased
consumer involvement in the
management of their energy
supply

Increase consumption awareness by implementing
Advanced Metering Infrastructures, and improving
information provided to customer to enable them to
modify their energy behavior.

Table 4 High level services of smart power systems

One possible configuration of the future power system, including roles and

potential functionalities, is depicted in Figure 28 [62] [63]. There are, of

course, many other possible configurations – perhaps the result of several

evolutionary or revolutionary transitions.

This future scenario was based on the current situation in the Netherlands

where changes within the electricity sector are evolving gradually. Similar to

today’s electricity grid, in the future there will be centralized generation, a

transport grid, consumption, DG-RES, storage systems, IT, OT and ICT

solutions. The technical functioning of the current power grid will not change

in the near future. As depicted in Figure 28, the transmission network operator

(TNO) will still be the owner and operator of the transmission grid, and the

independent system operator (ISO) will remain responsible for security of

supply and balancing at the national level. In many European countries, the ISO

and TNO are merged into a single entity known as the TSO. The DSO is

responsible for grid access, grid stability, the integration of DG-RES and

balancing of supply and demand at the regional level. Based on the expected

high-level and additional services, the responsibility of the future DSO will be

more complex than at present. The TSO and DSO will share their power

balancing responsibilities and ancillary services (such as power regulation,
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voltage control, balancing, etc.) at the national level. Various new services in

future, such as local power matching, DSM, etc., could also be facilitated by

regional actors or, as advocated in this thesis, offered by actors collaborating

via smart microgrids. We will explore these regional services before

elaborating further on the smart microgrid concept.

Figure 28 Organization of the future power system

The DSO manages the distribution grid in order to fulfill its tasks. It uses

systems such as supervisory control and data acquisition (SCADA ), energy

management systems and distribution management systems. Future tasks it

will also need to fulfill include: introducing self-healing capabilities to

distribution grids in order to improve and/or maintain reliability; monitoring

and controlling grid assets, DG-RES and consumers in order to manage assets

more efficiently; integrating DG-RES without requiring additional investment

in grid assets, etc. In traditional power systems, the supply-demand balance is

maintained and restored by the TSO. More DG-RES will increase the

complexity of this task. In addition to large-scale balancing solutions, small-

scale regional solutions must be taken into consideration. The contribution

made by consumers and producers which offer flexibility in their energy

profiles for balancing purposes becomes very important. Another advantage of

introducing IT, OT and ICT is local power matching in which DG-RES, storage

and consumption can be locally “tuned” with each other. This enables self-

support of local demand by DG-RES, reduces power flows over the overlying

grid and reduces transport-related energy losses.
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Congestion occurs when load flows reach physical and security limits. At

present, congestion is managed by the TSO, in cooperation with the TNO and

distribution network operator (DNO), by means of market signals or electricity

prices. In the near future, congestion is one of the major concerns for the

DNO’s distribution grids, mainly due to increases in demand, DG-RES, and the

number of electric vehicles. Regional congestion management requires power

flows of actual load and generation to be re-routed. As we have said, end-users

are becoming increasingly important actors in power systems. In addition to

consumers’ individual energy management needs, their potential ability to

change load profiles will likely be beneficial for the power system as a whole,

beyond their own premises. Demand response and DSM are important drivers

within smart systems. DSM concerns changing energy consumption profiles,

with the aim of increasing energy efficiency or deferring investments in new

assets. Demand response is the result of end-users making short-term changes

to their electricity demand in response to a price signal from the market or

other trigger from the grid operator. Future power systems have not yet

reached this point, since traditional power systems will only gradually evolve

into smarter systems. According to a roadmap for smart grid development by

Eurelectric [64], this evolution will depend on technical, economic and

regulatory changes, some examples of which are set out in Table 5 [65].

TOPIC TECHNICAL ECONOMIC REGULATORY
Setting regulatory
incentives for
innovative grid
investments

Stimuli for
innovation and
system
integration

Subsidies, fiscal
issues

Regulatory
changes

Developing market
models

Procedures and
protocols

Prices/tariffs Adjusted and
new roles and
market parties

Setting standards
and ensuring data
protection &
privacy

Technical
standards
communications,
data protocols
and security

Costs related to
ICT and the
exchange of
data

Ownership of and
access to data

Testing,
demonstrating
projects and
sharing knowledge

Solutions for
implementation
problems in the
longer term

Mapping of
costs and
benefits

Testing
cooperation
models and new
roles/parties

Rolling out smart
meters

Measurement of
consumption and
interaction with
consumers

Costs and
benefits
Advanced
Metering
Infrastructure

Access to data

Implementing grid
monitoring and
automation

Integration of
sensors and
actuators in grid
assets

Costs and
benefits of
monitoring and
automation

Interaction of
DSO with market
parties
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TOPIC TECHNICAL ECONOMIC REGULATORY
Integrating local
and central supply
balancing

Monitoring and
automation of
supply systems

Imbalance
valuation,
incentives for
market parties

Roles and
responsibilities
for local
balancing

Aggregating dg

(res)

Control and
operation of
aggregated and
virtual DG (RES)

Paying for DG
dispatch

Procedures for
aggregation,
market roles,
responsibilities

Integrating electric
vehicles, heating,
cooling and
storage

Application of
flexibility
potential for
ancillary services

Costs and
benefits
analyses, paying
for flexibility
dispatch

Procedures for
storage and
dispersed energy
sources

Facilitating active
customer
participation in the
electricity market

Demand
Response and
systems

Incentives for
consumers

Market model for
flexibility

Table 5 Examples of changes within the traditional electricity sector

2.3.2 Smart microgrids

Current electrical infrastructure based on centralized generation and top-

down distribution but is transforming towards a new “digitized” (smart) grid,

based on decentralized generation and new grid architectures [66]. Large-

scale deployment of smart grids is a challenging proposition due to the

necessary implementation of huge numbers of new technologies, components,

actors, interactions, etc. The energy transition could follow either a top-down

or a bottom-up approach to attempt to tackle these challenges [67]. The top-

down approach involves the establishment of a high-level framework by

higher authorities such as the EU, national governments, etc. Each (sub)

system will be further refined and implemented in different actors’ domains.

Examples of top-down approaches include: the NIST framework in the United

States [68] and the SGAM framework in the EU [69]. They require a powerful

initiator which takes all stakeholders needs into consideration, which is a

highly complex task. Tackle the complexity of this multi-stakeholder challenge

via this approach runs the risk of only taking large stakeholders into

consideration and missing win-win situations for smaller stakeholders [70].

Another issue concerns the scope of the framework; if the framework fails to

consider the entire power system, it will introduce considerable practical

implementation problems.

Bottom-up approaches start at the level of individual or small groups of system

users and integrate these smaller, simpler (sub)systems into a larger system.

This approach will only take account of the needs of a single or a few

stakeholders – especially at the outset – which could speed up the energy
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transition because it does not require a higher authority to design the initial

high-level framework. The downsides, however, is that this approach could

cause interoperability issues with other subsystems and, if not aggregated

properly, create an unmanageable system with poor performance.

A compromise between the top-down and bottom-up approaches is the

application of microgrids. Microgrids are small-scale grids that can operate in

parallel with a central large-scale grid, or autonomously in an islanded mode.

As discussed in Section 2.1, historically the power system comprised an

interconnected set of microgrids. Each microgrid includes the entire value

chain, but on a smaller scale, with independent controls to operate distributed

generation, transport and consumption as a single entity. Microgrids could

play a major role within the required new grid architecture of the overall

power system. To a significant extent, sustainability can be achieved via local

solutions since renewable resources are often locally available, close to the

point of consumption. It makes sense to integrate decentralized generation

with local users, who could cooperate on their energy supply. In addition to

several technical advantages, it is also easier to oversee local organization of

and collaboration on sustainable solutions. It is more manageable to take

multiple stakeholder perspectives into consideration, compared to large-scale

power systems. Another important argument in favor of microgrids as a

starting point for the energy transition is the fact that current roles in the

energy sector are shifting. For example, the monopolies of key stakeholders

such as DSOs make it difficult to implement necessary future functionalities

due to regulatory barriers [71]. Microgrids offer DSOs the opportunity to

“practice” on a small scale and apply the best practices to the overarching

distribution and perhaps even transmission grid. Sustainability is often a

principle driver for local solutions, but smart grid applications within local

“energy communities” will also enable users to actively participate on the

energy market, lower their energy costs and maintain (or increase) their level

of comfort [72]. In the near future, the term “smart grid” may no longer be in

use, but interconnected smart microgrids could certainly help achieve the

European Commission’s sustainability objectives [73] [74].

Asums (2010) and Hatziargyriou et al. (2007) [75] [76] define a microgrid as

‘an integrated energy system consisting of distributed energy resources and

multiple electric loads, operating as a single, autonomous grid in either parallel

to or “islanded” from the existing utility grid’. Lasseter et al. (2003) and Zoka et

al. (2007) [77] [78] define it as ‘an aggregation of loads and distributed

generation, operating like a single system providing both power and heat’.

Barnes et al. (2007), Lasseter et al. (2002) and Marnay et al. (2008) [79] [80]

[81] suggest that microgrids will integrate large amounts of distributed

generation without disrupting the operation of the public grid. By controlling

loads and distributed generation, microgrids would have less impact on the
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public grid than conventional (individually) connected distributed generation.

Microgrids could also provide ancillary services such as voltage control. During

disturbances on the public grid, microgrids could disconnect and continue to

operate autonomously, which would improve power quality for consumers. A

thermal network within the microgrids, along with the electric network, could

increase the energy efficiency of the whole system. The microgrid concept can

be implemented in either low or medium voltage electricity grids, depending

on its application and location.

In summary, an electric power system may be considered a microgrid if it

includes:

1. distributed generation and electrical storage near to loads;

2. advanced technologies for metering, sensing, etc.;

3. integrated communication technologies;

4. local, intelligent, dynamic control mechanisms to manage locally generated

electricity;

5. The ability to function either connected or islanded from the public grid

(including a seamless transition from one state to the other).

Within the scope of this thesis, we assume that smart microgrids have limited

ability to function in island mode (i.e. off grid). There are several reasons for

scoping out island mode and focusing on grid-connected microgrids: first and

foremost because power supply in the Netherlands is very reliable. The most

common reason for establishing a microgrid is because the power grid is less

stable or unavailable. It is a means of ensuring an acceptable level of security of

supply on a local scale, which is generally not necessary in the Netherlands.

From a technical perspective, island mode also requires far more complex and

advanced control and management systems for the smart microgrid

infrastructure than grid-connected smart microgrids to secure system stability

and minimize the failure risk of the surrounding distribution systems due to

faulty islanding. In addition, the high variability and intermittency of power

generated from renewable energy sources pose significant challenges for the

stability of distribution systems, and the same applies to microgrids. From an

economic perspective, DG(RES) capacity which can provide instantaneous

energy neutrality in case of islanding is very expensive for commercial and

industrial sites due to their significant energy consumption. It is far cheaper to

provide a grid connection.

As we have seen, a microgrid is not a single generator in a commercial building

and/or industrial site, a group of non-coordinated individual generators

designed for a defined load, nor a single load or group of loads that cannot be

easily controlled or separated from the grid. They also do not include thermal

systems (such as CHP).
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Microgrids are sometimes considered identical to virtual power plants (VPPs).

There is, however, a significant difference [82]; a broad definition of VPPs is

that they represent a kind of “internet of energy”, relying on a software system

that remotely and automatically dispatches and optimizes geographically

scattered generation, demand or storage resources to maximize value for both

end-users and the DSO. In Europe, VPPs typically refer to supply-side

resources, mostly DG-RES. In the US, VPPs may not involve generators at all,

and instead use demand response and critical peak pricing programs to mimic

the characteristics, when aggregated, of a power plant. VPPs can optimize the

entire electricity system with the assistance of customer-owned generators,

demand-response programs, etc. and are not limited by geography or a static

set of resources. The key differences between microgrids and VPPs are:

1. Microgrids consist of a static set of resources in a confined location

whereas VPPs mix and match a range of resources over a wide area.

2. As a system, microgrids can be linked (or not) to the public grid whereas

VPPs are always linked to the public grid.

3. Microgrids can be “islanded” from the public grid and VPPs do not offer

this contingency.

4. Microgrids require some level of storage or flexibility while VPPs may or

may not feature storage.

5. Microgrids depend on energy management and hardware innovations

where VPPs require only smart meters and IT.

Microgrids can provide a value proposition [83] [84] [85] for power systems

by optimizing assets, for green power by managing intermittency of DG-RES,

for security (maintain or increase), for reliability by reducing power

interruptions, for economic bottom-lines by reducing costs, and for the

environment by reducing emissions, furthermore can differentiate services

depending on the needs of different grid users. The primary value of

microgrids on commercial/industrials sites are economic, and to a lesser

extent will increase reliability and promote renewable energy. Economic value

within smart microgrids can be created by, for instance, reducing energy costs

by cutting demand for electricity, providing ancillary services, reducing

distribution losses, deferring capacity investments, enhancing electricity price

elasticity and supporting the deployment of DG-RES.

There are three main aspects to the microgrid concept. The first is the public-

grid focused microgrid [75], which could be viewed as a master-slave

microgrid. This concept focuses on optimizing services outside the microgrid –

thus focusing on the responsibilities of the system operator. The second is the

market-driven microgrid [75], which operates without a central command or

control system. Supply and demand synchronize autonomously, based on local

information.
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This concept will work for the majority of smaller microgrids with a single

owner or small group of owners, whose top priority is reliability and

sustainability during both regular operations and emergencies. This concept

will meet the needs of local initiatives working towards an ideal vision of an

autarkic energy system. The third is an integral, holistic concept [86] [87]

known as the smart microgrid which is based on an integral optimization of

the entire system and tries to take account of both the commercial and

technical needs of its users (including the DSO) with the objective of providing

a quality grid that meets users’ needs as far as possible [88]. This includes

high-level services [10]. The smart microgrid can be distinguished from the

smart grid by its regional demarcated character, where producers and users

cooperate to optimize the local power system in terms of cost, sustainability

goals, efficiency, security of supply, etc. There are many forms of smart

microgrid that vary in terms of location; the number, type and size of

customers; ownership; services provided; type of distributed generation, etc.

Every smart microgrid seems to have challenges that are specific to its

application and requirements and are therefore highly customized.

The feasibility of smart microgrids will depend on a sound business model,

effective technology and appropriate regulation policies. The technical

challenges are significant, but there are also ways in which existing technology

used in traditional distribution grids could be applied within smart microgrids.

For example, autonomous state estimation methods can be used to diagnose

the state of various devices and power systems. Multi-agent systems can be

utilized to implement cooperative control or other types of energy

management system. Intelligent economic dispatch techniques can be used to

manage DG(RES) and storage in smart microgrids may help us achieve goals

such as net-zero energy, zero emission performance or minimum cost of

generation.

Smart microgrids also open up various opportunities for DSOs, such as the

ability to provide an uninterrupted power supply, and to offer new value-

added functionalities and services. They also offer a low-cost option for

deferring investment in upgrades. Increases in demand and interconnecting

fluctuating renewables-based generation will render upgrades necessary to

manage bi-directional power flow in distribution systems.

Important “new” actors surrounding smart microgrids include power system

users (DG(RES) and consumers) and municipalities, each with their own needs

and expectations of the power system in terms of safety, security of supply,

affordability, employability, sustainability objectives, etc. While a significant

amount of research into the technical feasibility of these approaches is

ongoing, suitable market designs and regulatory policies will be necessary for

the smart microgrid concept to succeed.
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Ultimately, the future of smart microgrids depends on a design and

management system that supports a robust business model, and reduces cost

while improving the reliability of our energy infrastructure. This thesis will

further explore design approaches for smart microgrids, investigate the

feasibility of the concept, and assess the most important conditions for

successful smart microgrids.

Figure 29 Hierarchy within transport grids
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3 The Smart Microgrid Development Framework

3.1 Introduction
Smart microgrids are complex, multi- and interdisciplinary systems, deployed

in a rapidly changing environment while characterized by a long life cycle

(some grid assets have lifetimes of more than 40 years). A traditional design

approach with available standards can be applied in projects using existing

technologies and concepts and within a stable environment. The assumptions

of these existing technologies and concepts within smart grids are however put

under pressure, and a more conceptual design approach is necessary. This

means that the development of smart microgrids should start at an earlier

phase within the life cycle and at a more conceptual level than applied to a

traditional engineering approach. A smart microgrid is considered as a sound

system if it is: effective, manageable, cost-efficient, compatible and supportive,

comprehensive and usable, reliable and verifiable, interoperable and

intergratable, adaptable, evolvable and maintainable [89]. However, to meet all

these properties is not very realistic. The development of smart microgrids

therefore needs a design process which guides all involved stakeholders

through the complex world of smart grids [33] [89] [34] leading towards a

sound system in which the above mentioned properties are taken into

consideration.

System development is based on two important issues: concepts and principles

[34]. A concept is an abstraction, a general idea derived from a specific

instance. A concept is a bearer of meaning. A smart grid is for instance a

concept. A principle is a rule of conduct or behavior. A principle is a

generalization which is accepted as true and can be used as a basis for

reasoning. So, concepts and principles go hand in hand. A principle cannot

exist without concepts, and concepts are not useful without principles. A

principle helps to understand a proper way to act. So, concepts will guide

thinking and principles will provide rules and norms. Together they provide

know-how to achieve a goal. For instance, the concept of smart grids is based

on the principle of demand response management. The concept of an electrical

theory is based on principles of the conservation of energy and charge in

electrical circuits (Kirchhoff’s laws). The design process for the concept of

Systems Development (Engineering) should be based on principles which

describe the design process and activities, rather than design instruments.
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Within a design process, there are several points of interests regarding smart

microgrids [33] [36]:

- Smart microgrids are not only about technology, they are also about

economics, business, beliefs, etc.;

- Smart microgrids have a function, they are used, operated and have impact

on their environment;

- Smart microgrids are not on their own, they are part of a bigger entity;

- Smart microgrid optimization could be different from optimization of this

bigger entity;

- Smart microgrid development is an iterative process, a problem cannot be

solved at once;

- Smart microgrids move along a life cycle; and

- Smart microgrids are multi- and interdisciplinary systems.

To reflect these points of interest in a design process, leading principles need

to be defined. These principles address what to expect from each other from all

involved stakeholders and will be discussed in the next sections.

3.1.1 Principle 1: Focus on customer needs

Not technology, but the actual need of the customer is the central driver. It

should be clear for them what the added value of a smart microgrid is, what it

should perform during its life cycle and what they can expect from a smart

microgrid. Customers are stakeholders with interests in a smart microgrid:

users, DG-RES, TSO’s, DSO’s, energy suppliers and the society who might be

affected by externalities. Every design step needs to be focused on these

customer’s needs. The customer determines at the end demands, the design

space (budget, time, physical limits, etc.) and when a design solution satisfies.

3.1.2 Principle 2: Think in coherent systems

Smart microgrids are not on their own, they are part of a bigger entity. A smart

microgrid itself also consists of different entities (systems and subsystems).

Within smart microgrids, interoperability between (sub) systems is one of the

most important enablers. This interoperability needs to be well controlled, and

thinking in systems creates structure for a transparent and traceable design.

Leading principles in smart microgrid development
1. Focus on customer needs

2. Think in coherent systems

3. Be aware of different viewpoints

4. Apply multi-, inter- and trans-disciplinary teams

5. Apply iterative and incremental processes

6. Take the complete life cycle into consideration
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3.1.3 Principle 3: Be aware of different viewpoints

Microgrids involve several inter- and multidisciplinary themes and many

stakeholders with different backgrounds, interests, etc. Involved stakeholders

must be aware of the different perspectives on smart microgrids and its

context. It will be inevitable to create a common view on, and language for the

smart microgrid context and an abstract representation of the architecture of a

smart microgrid.

3.1.4 Principle 4: Apply multi-, inter- and transdisciplinary teams

In addition to the different viewpoints, the development of complex systems

like smart microgrids requires knowledge from different disciplines. Within

multidisciplinary development, several fields of knowledge and skills are

working simultaneously on the same issue. Because innovations increasingly

take place at the borders of disciplines, and technical, social and economic

innovations increasingly need input from multiple disciplines,

multidisciplinary development is very important. Multidisciplinary

development does however not lead to real integration or interplay between

the involved disciplines. This is the case with interdisciplinary development.

The concept of interdisciplinary development literally means "between the

disciplines." It is an approach that is not being held to their own discipline, but

where an intermediate position is created to combine the different fields of

skills and knowledge. Transdisciplinary [51] development can be seen as the

ultimate form of interdisciplinary research. Key in transdisciplinary

development is that people from different organizations like universities,

businesses, governments and citizens work together. In academic research

between disciplines (interdisciplinary or multidisciplinary research),

coordination activities are the bridge between two or more academic worlds.

Bridges for transdisciplinary research are needed to create an environment in

which people from different – e.g. academic and non-academic - worlds shape

mutual relations and meanings. Development of smart microgrids is a joint

quest, and each participant can have the role of innovator and developer, and

integrate different disciplines and professional backgrounds. For

transdisciplinary development it is very important to [51]:

- organize interaction between science and practice;

- encourage development of shared visions, expectations, language, etc. ;

- support communication between participants and develop mutual trust;

- ensure a flexible design process so that the process can be adapted to

changing circumstances;

- avoid quick problem definitions and jump into solutions to soon;

- use tools for articulating a shared problem definition;

- discuss who should be involved in the process, on what basis and in what

capacity.
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3.1.5 Principle 5: Apply iterative and incremental processes

Smart microgrids are being developed in a rapidly changing environment.

There is a lot of interaction between the existing electricity system and

innovations within the concept of smart grids. The existing grid is changing,

because of disruptions of the contextual surroundings and by emerging

technological innovations and novelties [90]. Within these contextual

surroundings, many changes arise at a macro level: changes which cannot be

influenced by ourselves.

By using incremental development methodologies, a system is not developed

at once. Gradually more and more functionality is added to the system. In

iterative development methodologies, at first a provisional system is

developed, and then the system will be adapted after an evaluation based on

changed and/or additional requirements. In iterative development

methodologies, it is not expected that the developed systems must be correct

at once, it is assumed that certain aspects could be adjusted later in time.

Both incremental and iterative activities have certain advantages. They can be

applied independently of each other or in combination. Incremental system

development will be applied to commission a system of interest gradually, and

additional functionality will be added after each adjustment of this system of

interest. This way, a project or system can create value very quickly. Iterative

system development will be applied to find the right problem solution either to

discover how the system can meet customer needs. System development

within a changing environment requires an iterative approach, since a design

solution usually cannot be caught in one time. Moreover, an iterative approach

leads to an increasingly detailed design.

3.1.6 Principle 6: Take the complete life cycle into consideration

A smart microgrid is built for decades of use and developers need to take the

complete life cycle into consideration. Focusing on a specific phase will lead to

sub-optimization. The life cycle should not be confused with lifetime. Lifetime

is linked to the use of a system. One can distinguish different lifetimes:

economic, technical, functional, social, etc. Each sub-system lifetime can vary in

time. For instance, the power system equipment can have a technical lifetime

of 40 year, while ICT systems have lifetimes of approximately 4 years. Life

cycles are an examination of a system that addresses all phases of its existence.

In general, there are six life cycle phases [91]:

1. conceptual phase: determination of innovative concepts including

involved stakeholders, demands, and first solutions;

2. development/ design phase: specifying solutions into (sub)systems;

3. realisation phase: realisation and testing;

4. user phase: operation and exploitation;
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5. maintenance and management phase: supporting activities to keep

the smart microgrid running;

6. disposal/retirement phase: refurbishment, shutdown and demolition.

3.2 Design Methodologies

3.2.1 A Systems Approach

The traditional approach for problem solving is based on “machine thinking”

[92]. This method is based on the interaction between elements, which

elucidate relations by causality. This method is completely based on analysis,

where analyzing the problem is equal to solving the problem. A consequence of

this causality is the negligence of environmental influences. In the early 20th

century problems could no longer be solved analytically. To solve these

problems, systems thinking was introduced in which, besides analysis,

synthesis became an important, complementary process. Synthesis [92]

involves three steps: 1) identify a comprehensive set of elements, where the

element of interest is a part of, 2) explain the behavior of this comprehensive

set of elements and 3) explain the behavior of this element of interest in terms

of functions of the comprehensive set of elements. So, analysis will focus on

structure, leading to knowledge. Synthesis will focus on function, leading to

understanding. The systems approach is further developed into three research

streams [92]:

1. Axiomatic systems theory: this theory has as its basis certain

hypotheses (axioms or postulates) from which all remaining

assertions of the system (theorems) must be derived through a purely

logical method by means of proofs;

2. Organic systems theory: this theory uses analogies from organisms

with features like growth, adaption, survival, homeostasis, etc.;

3. Methodical systems theory: this theory is about processes or

methodologies to solve problems based on a systems approach.

Solving problems mainly consists of two parts: the identification of user needs

on the one hand and solutions (in the form of a design solution) on the other

hand. This can be seen as the problem- and solutions domain [93] [94]. The

problem domain is the environment in which a system will be used and should

focus on questions like “what should the system do?”. In the solutions domain,

the focus will be on the generation of solutions (how), usually in the form of

technology. Research of the Standish Group, adapted from [93], mentions

failure factors for technological projects like: incomplete requirements

(13.1%), lack of user involvement (12.4%), lack of resources (10.6%),

unrealistic expectations (9.9%), changing requirements (8.7%), lack of

planning (8.1%), didn’t need it any longer (7.5%).
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Concluding, solving problems is highly dependable of:

- Sufficient understanding of user needs [95];

- Correct translation of these needs into requirements [95];

- Usage of a systemic approach [96];

- Sufficient knowledge of the problem domain [96];

- The acknowledgement of dynamic requirements [96].

This thesis is based on systems thinking with a structured (methodical)

approach, which adapt to both the problem- and solution domain and takes the

mentioned failure factors into consideration. This thesis is about smart

(micro)grids, a system in which several problems need to be solved. These

problems are complex for multiple reasons, for instance, there are many

stakeholders and many innovative technologies involved. This thesis is about

solving problems by creating a solution based on a methodical process. But

how to conceptualize a system? A system can be seen as a set of interacting or

interdependent components forming an integrated whole. A system in general,

for instance as described in dictionaries17, is delineated by its spatial and

temporal boundaries, surrounded and influenced by its environment,

described by its structure and purpose, and expressed in its functioning. This is

however a very broad definition, a simplified vision on a system is: “a system is

a way of looking at the world, from the point of view of one or several

observers” [97]. If a “thing” or “entity” or “system” is observed by one single

observer there is only one image of this “thing”. If there are two observers

looking at the same thing, there are two images, in other words: there are two

systems. A system is thus highly dependable on the observer’s perspective. The

things we “put” into our system are things of our own choosing. They must be

there for our understanding. There are no magical rules of inclusion. Choosing

a system and components, based on the above discussion, needs a framework

or model, to facilitate the imagination of a system. There are many models

available: “all of them are wrong, but some are useful” [George Box in [98]]. A

pragmatic model which facilitates to image a system is for instance the “Seven

Samurai of Systems Engineering” [99]. This model, as depicted in Figure 30, is

a tool “to get somewhere” or a way to organize, identify, etc. a problem, need or

goal on a systematic way. Figure 30 shows 7 types of systems including 15

interactions between them and is meant to illustrate how many system

perspectives can be identified.

First there is a certain need, goal or problem (P1) which needs to be solved.

This problem is part of the context system (S1), the environment in a broad

sense in which P1 occurs.

17 https://www.merriam-webster.com/dictionary/system
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The context consists of multiple elements like pre-existing solutions, physical

environment (e.g. air, land, sea), regulatory environment (e.g. laws,

regulations, customs, ethics), knowledge (e.g. information, best practices),

etcetera. A systems engineer tries to solve the problem by means of an

intervention system (S2). For instance, the problem to transport people

quickly over long distances (P1), can be solved by means of an airplane (S2).

The intervention system can be realized by means of a realization system (S3).

For instance, the mentioned airplane can be realized by Boeing.

Figure 30 The “Seven Samurai of Systems Engineering” [85]

Elements of an intervention system are people & organizations, facilities &

equipment, contracts & financing, materials & supplies, services & utilities,

policies & procedures, processes & methods, tools & techniques, data &

information, knowledge & wisdom. This intervention system becomes a

deployed system (S4). The airplane (S2) designed by Boeing becomes a Boeing

747. The deployed system interacts within its context (S1’) which can be

different than the original context (S1). S1’ needs to be well understood by S3

when realizing S4. S4 can also cause an unintended or unanticipated problem

within S1’. Most deployed systems do not work by themselves, they are often

collaborating with collaborating systems (S5), which are also part of S1’. The

deployed system S4 consist of a sustainment system (S6), which consists of

elements like a logistics supply chain, repair depot, customer services, energy

suppliers, waste removal, communications, training and education, etc. And

finally, there can also be competitive systems (S7) who may address P1. S7 can

be solutions like competitive systems, home-grown solutions, or a status quo

(do nothing). Each of the above mentioned systems have its own life cycle.
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3.2.2 Existing Design Methodologies

There is a large number and variety of design methodologies available used to

guide the analysis, design, realization, maintenance, etc. of systems. Most of

them are customized adaptions of generic models which are based on a generic

procedural approach [100]. Each model is designed for a specific purpose or

reason, most of them have similar goals and share common tasks. Extensive

surveys of system development process models are given in [101] [102]. It is

not the intention to describe an exhaustive list of design methods, the main

purpose is to create insight in design considerations and to get a right mind-set

to develop a novel and applicable concept to develop smart microgrids if

necessary. Insights into which method is applicable for the system

development of smart microgrids will be gained by questions to keep in mind

such as:

1. Who are the end users of smart microgrids?

2. What is the size and nature of smart microgrids?

3. How stable are the requirements within smart microgrids?

4. Who are involved in creating smart microgrids?

In general, system development methodologies can be divided into

“traditional” and Agile development methodologies. The traditional

methodologies are usually plan driven, deterministic and predictable, in which

development starts with the elicitation and documentation of requirements,

which are frozen, and followed by process oriented activities along several life

cycles of system realization (architecture, design, build, test, etc.). Processes in

traditional development methodologies vary from linear to (“improved”)

iterative processes. In linear methodologies (e.g. Waterfall) the process

progresses linearly from requirement analysis to the maintenance phase.

Iterative (e.g. Prototyping, Spiral) means to build functional (sub)systems in

short cycles, based on incremental development, and by increased customer

involvement. However, an iterative approach resolved, but also introduced

new problems. Iterative models introduced segmentation of a system, but

linearity and predictability remained. Some developers (mainly in software

system development) found this process centric view on system development

rather difficult because of the changes in requirements they were

experiencing. They developed innovative methodologies which embraced and

responded to requirement changes, based on iterative enhancements and

became known as agile methodologies.

They created the Agile Manifesto [103] which recommends values and

principles. common for all agile methods. The most important values are:

- Individuals and interactions over processes and tools;

- Working software over comprehensive documentation;

- Customer collaboration over contract negotiation;

- Responding to change over following a plan.



68

The main difference between Agile and traditional approaches is that

traditional methods tend to develop working systems at the end of a process,

while agile do it continuously with support of continuous integration and test-

driven development. The most known agile methodologies are eXtreme

Programming, Crystal Methods, Adaptive Software Development, Scrum,

Dynamic System Development, Feature Driven Development, Lean

Development, Open Source Software Development. The most agile

methodologies have a strong focus on software system development. Table 1

describes the differences between traditional and agile methodologies.

AGILE TRADITIONAL
Approach Adaptive Predictive
Success Measurement Business value Confirmation to plan
Project Size Small Large
Management Style Decentralized Autocratic
Perspective to Change Change adaptability Change sustainability
Culture Leadership collaboration Command control
Documentation Low Heavy
Emphasis People oriented Process oriented
Cycles Numerous Limited
Domain Unpredictable Predictable
Upfront Planning Minimal Comprehensive
Return On Investment Early on project End of project
Team Size (very) Small (very) Large

Table 6 Comparison between agile and traditional System Development

Methodologies

Based on Table 6 and keeping the previously mentioned questions in mind

with respect to development methodologies for smart microgrids, for this

thesis is chosen to investigate traditional development methodologies.

Although there are many benefits of using agile methods, they are for instance

adaptive to changes, they are usually applied in small projects with a strong

focus on software development. Also, the absence of documentation and the

(too) flexible process structure is for the development of smart microgrids an

essential criticism.

Figure 31 shows two extremes of traditional development methodologies: at

first a linear and sequential process where systems design is a top-down

process with only one primary information flow. Secondly, iterative and

incremental system design processes with a feedback loop (secondary

information flow). There are basically two popular design methods for

systems: the waterfall (linear) and spiral (iterative) method. They are

representing the two depicted extremes in Figure 31, are widely used and

well-known by system developers. The next paragraphs will discuss these

models more in debt with respect to smart microgrids.
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Figure 31 General procedural approach of system design [100]

Pure Waterfall Method

The waterfall method is introduced by Royce [104] and is a classical and

widely used method for regularly flowing down (like a waterfall) system

design which involves a phased progression of activities leading to successful

systems. Design starts with the first phase and the next phase doesn’t start

until the previous one is finished. In case of an error in one of the phases, this

phase should be completely corrected, and the following phases must be gone

through again completely. The waterfall method enforces discipline because

every phase has a defined start and end, and progress can be identified by all

stakeholders. The emphasis at the start on requirements and on design

ensures minimal loss of time during installation and reduces the risk of

customers’ expectations not being met. It’s easier to catch and correct possible

flaws in the design phase than in the testing phase. This method could produce

a formal specification for (sub) systems after finishing the design phase,

because there is a lot of emphasis on paperwork, and therefore efficiently

transfer knowledge.

Figure 32 The Pure Waterfall Method [104]

Regarding smart microgrids, an essential criticism with respect to waterfall

methods is concerning the fact that stakeholders don’t know what they want

upfront and demands will change due to contextual surroundings. The

waterfall method, with its emphasis at capturing up-front requirements is

unsuitable for the development of smart microgrids.
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Another criticism is that design for smart microgrids cannot be easily

translated into real systems “just like that”. Designs that look feasible on paper

or in simulations turn out to be too expensive or too difficult in practice, and

therefore require a re-design, thus destroying the clear distinctions between

phases. In a real-world project it is difficult to follow the sequential flow that

the model proposes, and following the procedure lead toward not discovering

problems until testing. However, unless quite rigid and inflexible procedures,

the waterfall method is very straight forward and transparent, and therefore

easy to implement and use, and can save both time and costs. The waterfall

method is therefore widely used by companies in simple construction or

manufacturing industries. Due to the disadvantages a lot of modified waterfall

methodologies have been put forth, like the V-method: a design method which

stresses on balanced development more than the others.

Modified waterfall method: the V-method

The main difference between the waterfall- and the V-method [105] is that

within the V-method, testing activities (on-paper) start simultaneously with

the first phase. If requirements are uncertain and a project is complex and/or

larger in size, the V-method is a better alternative than the waterfall method.

The V-method is widely used by construction companies for complex systems

(e.g. railways, tunnels). The early development of acceptance criteria is the key

advantage of the V-Method. Most faults are in the system before realization

and testing starts. These faults are requirement, specification and design faults

and include the very important fault of missing functionality: missing because

it has not been specified. Early development of acceptance criteria means that

system performance is defined upfront and shows areas that are missing.

Missing functionality is corrected within the relevant phase at an early stage,

before it is built into the system. The V-method is however still based on the

waterfall method, thus issues of dynamic requirements and customer

involvement as discussed above remain. Because of the mentioned

disadvantages of the V-method, specifically regarding unstable requirements

and customer involvement, the spiral method can be a better alternative.

Spiral Method

The spiral method is developed by Boehm (1998) and is a risk reduction

oriented method that breaks up a project into smaller subprojects, each

addressing one or more risks. In contrast to a waterfall method, the spiral

method is an iterative and incremental method, and the activities are carried

out like a spiral [106] [107] as depicted in Figure 34 (adapted from [108]). The

activities within the spiral method, in accordance with a repeated plan-do-

check-act Deming-cycle, consist of the following phases: PLAN) Determination

of objectives, alternatives and constraints; DO) Identification of risks and
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development of design deliverables; CHECK) Verification and validation if they

are correct; ACT) Planning of the next iteration.

Figure 33 The V- Method [105]

Each iteration can be seen as a mini-waterfall process with the feedback from

one phase providing vital information for the design of the next phase. As

discussed, within smart microgrids the requirements are not stable, and the

spiral method is therefore suitable during the development phase, because of

the different iterations during development. Within the spiral method the

customer is involved during all phases. However, the spiral method is

experienced by users as a complex method. Within smart microgrids, there are

many stakeholders involved with little knowledge of the electricity sector

and/or system development methods. The complexity of the spiral model, its

application within smart microgrids, with a large variety of stakeholders is an

important weakness for this method. The large variety of stakeholders and

their often large numbers can be seen as positive for a project (e.g. customer

involvement), it is also very time consuming, demanding for project

management (e.g. communication and coordination) and can add project delay.

An essential issue regarding iterative models is that it can lead towards “scope

creep”. Because of the multiple feedback loops following each phase, it could

lead to increased dynamics in customer requirements. When customers in

smart microgrids see the system develop, it could lead to changed system

demands which could enhance its performance, leading to uncontrolled

changes or a continuous growth of the projects scope. From a project

management perspective this is generally considered as harmful. Another

weakness is that the spiral model is not very transparent for inexperienced

users, difficult to keep track of the entire process.
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Figure 34 The Spiral Method

3.3 A novel framework for smart (micro)grid development –

an introduction
The development of smart microgrids requires, based on the previous

paragraphs, a development method which is transparent and pragmatic for all

stakeholders involved, while robust, effective and applicable to complex

systems like smart microgrids. As discussed in section 1.3, the smart microgrid

development framework is applied in a large pilot project in the Netherlands.

The project started with a strong focus on development methodologies which

could be applied to create viable solutions for the desired project goals. A

development team was composed and the mentioned existing development

methodologies (including their pros and cons) as discussed in the previous

section were explained and discussed within the development team against the

desired principles and requirements for development frameworks for smart

microgrids. As discussed in the previous section, none of the discussed

methodologies was however fully acceptable. Beside the discussed theoretical

barriers, the complexity of the discussed methodologies was also a large

barrier. Therefore, an innovative framework was created by the author. The

proposed smart microgrid development framework is based on the design

principles as discussed in the previous paragraphs and combines the best of

the described system development methodologies to develop the most

promising system architecture. This new proposed framework was presented,

explained and discussed with the development team and they decided to

further elaborate on this framework and apply it within this pilot. It was also

agreed to evaluate the model at an appropriate time and to see how applicable

it actually turned out in practice.
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The evaluation is presented in the last section of this chapter. The ultimate

goal could be the application of the proposed framework in other smart

microgrid projects with different project goals and ambitions.

The smart microgrid development framework is a development methodology

which describes the process and the activities therein. It is particularly suitable

for the development on an architectural level. The proposed framework

focuses on high level systems architecture by starting at the earliest phase in

the life cycle, the conceptual phase, and by involving as many stakeholders as

possible from the start. Developing a local and smart energy supply system will

start at an abstract level, not by applying technological and non-technological

solutions but with required goals and functionalities. A design for a smart

microgrid must have a holistic vision on the functioning of local smart

microgrids and the concepts which form the foundation of the final design.

Only with a common view with respect to the smart microgrids goals and

objectives can a smart microgrid succeed. Developing smart microgrids is

simply too complex and changeable in order to deliver a fast, fully developed

and static design. A design for smart microgrids will evolve step by step by

applying the proposed framework.

The framework does not provide specific tools for the design itself. This will

make the development framework powerful and robust since there are many

kinds of design tools, models and techniques available, which are highly

susceptible to innovative and specific smart grid system developments. It is up

to system architects to choose suitable design tools which are appropriate for a

specific (sub) system, design step, stage and/or discipline.

The smart microgrid development framework is described in two parts. The

first part is the so-called "design wheel". This design wheel (Figure 35)

appoints a number of interrelated steps (activities) which must be considered

at a certain design stage of the life cycle. The second part involves the

placement of this design wheel in “the bigger picture”, illustrating system

development throughout the complete life cycle (Figure 36).

The concept in itself should not be seen as a blueprint with a prescribed order

of activities. It should be seen as a pragmatic framework, where at each design

step, system developers can use their own tools, appropriate to their specific

knowledge en skills. The smart microgrid development framework gives

insight into wide applicability’s in various smart grid developments and invites

developers to use their own creativity in its application. The framework itself

is not changing design considerations, design choices and engineering with

respect to its content as taken by experts. The framework however stimulates

to take the design steps explicitly and to take all of the steps. The way of

thinking and working within the electricity sector is changing, so there must be
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much more attention for transparency in the design process and the traceable

capture of design choices and decisions. Activities which are usually done

implicitly must be made explicit.

3.3.1 The Design Wheel

The design wheel consists of eight interrelated steps (activities). This section

will briefly discuss each step.

Figure 35 Design Wheel of the Smart Microgrid Development

Framework

Basically, the proposed framework can be summarized as follows:

- Understand a problem before trying to solve it (take time to think about

things beforehand);

- Focus on cohesion in the chain from start;

- Broaden the view on the entire system;

- Take small steps and take them together with all stakeholders;

- Search for alternative solutions;

- Verify the solution before continuing with it.
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Step 1 Goals Analysis: What are the objectives of a smart microgrid?

The goals analysis is meant to determine generic and common high-level

objectives, goals, scope and constraints for a specific business site with respect

to the energy supply systems. This step will determine the main focus of a

smart microgrid project. Because of the often large scale of smart microgrids

and the participation of many stakeholders it is essential to create a common

view on the system.

Step 2 Actor Analysis: Who is involved in a smart microgrid?

The actor analysis will identify which parties are involved during the complete

life cycle of smart microgrids and what their individual needs, objectives,

ambitions and requirements are and to what extent these individual

requirements meet the defined high-level objective(s) from step 1. Smart

microgrids are often large scale projects, and it is highly recommended to cut

down the complete list of involved stakeholders to a list with key stakeholders,

appropriate to the stage of development, to keep overview, transparency,

steady progress in design, etc.

Step 3 Requirement Analysis: What should be performed by a smart

microgrid?

The requirement analysis will identify the functionalities and requirements of

a smart microgrid in the broadest sense. To identify functionalities in an

uncertain future and to allow the developers to anticipate on this, the use of a

scenario analysis can be very supportive, which therefore will be an integral

part of the requirement analysis. The identified functionalities will be

translated into requirements in quantitative and qualitative terms to verify

(measurable) the specific functionalities. An essential aspect of the smart

microgrid development framework is not to jump into (technological)

solutions too soon. Functions and requirements must be solution free, allowing

an open-minded search for valuable function fulfillers. For clarity: until now

there are no concrete solutions for functions defined. At this point in time

there is however a good insight in the required performance of the system of

interest.

Step 4 Variant Analysis: What is the best solution?

Based on the results and insights of the requirement analysis, from now on

several technical and non-technical systems (function fulfillers) can be

recognized and determined to fulfill a specific function. In order to come from

“requirements” to “design”, many choices must be made. Often, they are made

implicitly based on experience, expertise, desire, etc. The danger of implicit

design is that valuable alternative, less obvious, solutions will be overlooked,

or certain choices will not perform as required on a (higher) systems level.
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By explicitly assessing alternatives, well considered choices can be made based

on weighted criteria like for instance costs, planning, reliability, availability,

maintainability, safety, health issues, etc. This analysis will work transparent

and traceable, increasing the confidence of involved stakeholders in the

development process.

Step 5 Design: What will this solution look like?

Once a choice for a certain design solution is made, it can be elaborated in a

more detailed design, appropriate to the stage of development or life cycle at

that specific moment. This step will define the basics of the systems

architecture, an abstract view of the chosen design solution. This step will

create a clear vision of the system lay-out, functions, (sub)systems, roles, etc.

Step 6 Verification and Validation: How well is the chosen solution?

Based on the requirement analysis, the final design solutions for this particular

life cycle phase can be checked against the acceptance criteria as stated in step

3. This is called verification. In addition, the system as-a-whole (both

technological and non-technological) will be judged on its integral

performance and if it satisfies the initial assumptions. This is called validation.

Step 7 Communication: What do stakeholders think of the chosen solution?

The next step is to explain the final design solution to each of the involved

stakeholders. The main purpose is to create a common ground for the chosen

design solution and to continue with the next step. A very important key to

complete this step successfully will be the already stated traceability and

transparency of the complete development process and in particular step 4.

Step 8 Evaluation: What is the next step?

The key stakeholders will evaluate each step of the design wheel in the

broadest sense. Each from their own perspective, but within the common

perspective from step 1.

The chosen solution, cooperation, process, etc. will be discussed ending in a

go/no-go decision:

- No-Go: Each step in the design wheel must be walked through again,

starting with the goals analysis. It is of course also possible to stop the

project.

- Go: The development will enter the next phase of (pre)design, where

the solutions will be made more concrete by walking through the

design wheel again, starting with the goals analysis.
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3.3.2 The bigger picture: the design wheel placed in the life cycle

Figure 36 depicts the bigger picture of the development framework and can be

seen as a V-shaped timeline (representing the life cycle) where the design

wheel, is placed at the beginning of the timeline (left side) and figuratively

starts to roll down. The first phase in the life cycle is the conceptual phase and

each step of the design wheel will be taken. Throughout the conceptual phase

the involved stakeholders develop their common point of departure. They will

“tune” their goals and objectives, requirements, terminology, etc. and define

the first architectural functionalities and (sub)systems. After the conceptual

phase there is a clear common vision on the required system and the next

phase of (pre)design can be entered. The eight steps of the design wheel will

be connected to each other like in a string. The last step of the design wheel

could lead towards a GO decision to enter the next phase of (pre)design, and

the wheel start turning again, starting with step 1. In the design phase, the

global ideas from the conceptual phase will be concretized. By dividing the

identified required (sub)systems into different themes (e.g. technological,

financial, social-economic, legal) which are all present in smart microgrids,

overview and transparency will be guaranteed. During the design phase, the

same steps of the design wheel will be walked through, only this time more

concrete. Each of the identified themes can be developed simultaneously.

Figure 36 The bigger picture: smart microgrid development throughout the

life cycle

The "rolling-down" of the design wheel on the V-shaped time-line represents

the following fundamental design principles, as discussed in the introduction

of this chapter.
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Principle 1: Focus on customer needs

Each step of the design wheel passes the life cycle phases several times.

Stakeholders are more or less involved in every step in the design wheel. Each

phase of the life cycle includes a set of involved stakeholders. This will always

be a snapshot in time. Each phase in the life cycle could contain a complete

new set of stakeholders depending on a theme, discipline, etc. Each rotation of

the wheel will put system users (the final customers) in a central position.

During each rotation stakeholders will be repeatedly identified, their goals and

objectives determined, etc. etc.

Principle 2: Think in coherent systems

The framework uses the principle of top-down design (decomposition) and

bottom-up realization (integration). This principle encourages “thinking in

systems”, because it creates structure, thereby indicating for instance the

consistency of transmission- and distribution grids with smart microgrids,

including the underlying subsystems. A system is a combination of various

interactive (sub)systems which are organized to achieve one or more goals.

These (sub)systems are primary made and used to deliver several benefits (e.g.

products and/or services) for system users. Decomposition allows us to make

large quantities of information transparent and accessible. This framework

will use decomposition terms like a System Breakdown, Functional Breakdown

and Requirements Breakdown. The breakdown of a system, function or

requirement is a hierarchical decomposition, where a system consists of

multiple system levels (Figure 37). The number of levels depends on the size

and complexity of a specific system. When developing system architectures for

smart microgrids, the coherence of systems, subsystems, etc. needs to be well

defined, starting at the highest level, and moving towards increasingly detailed

levels, always keeping questions in mind like: what is the purpose of a

particular (sub)system within a smart microgrid? What is the demarcation of

this (sub)system?

Figure 37 Example of a system breakdown
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Thinking in systems will also introduce certain challenges. A system

breakdown consists of (sub)systems which can operate independently, will

have different life cycles and the initial requirements are ambiguous for

system elements (e.g. some systems are more mature than others). Adding

(sub)systems will also introduce an increased complexity regarding

interaction, controlling the scope and boundaries, and systems engineering’s

management will therefore become very important. And last but not least, the

process of systems engineering during the complete life cycle for a system is

never finished, caused by the (rapid) changing environment.

An essential issue within the proposed framework is its focus on system

interfaces. A smart microgrid consist of the interaction of multiple tuned, but

otherwise independent, systems and parties who each have a function in

achieving common goals. If an interface between systems will be forgotten in

design, it can turn into a large stumbling stone. Thinking in systems can be

very helpful to identify and manage these interfaces. This is an important

difference with existing applied development methods where it was sufficient

to make available standard solutions appropriate for a specific application.

Previously, a tight project management and detailed project plan put the right

specialists to work and the intended result was quite mechanically reached. In

traditional development methods, the interface with another party or

particular discipline or system can be seen as a separator instead of a

connecting interface. The proposed framework will change these interfaces in

joints, making all (sub)systems collaborate with each other and create a better

functioning system-as-a-whole.

Principle 3: Be aware of different viewpoints

Thinking in systems creates transparency regarding smart microgrids. This

transparency will require a common perspective (or viewpoint) for all

stakeholders involved on the system of interest. This common perspective

could be for instance an abstract representation of a system breakdown. A

view on a system represents the system as a whole from a particular

viewpoint. It reduces the complexity through “separation of concerns”. As

stated in [99], there are multiple viewpoints within a very broad spectrum of

systems lifecycles. Principle 3 is already slightly addressed in step 1 of the

design wheel, where the determination of a common perspective on the to-be-

developed-system is one of the key issues. Step 1 is however focusing on the

perspectives present within a specific life cycle phase. Each phase will however

lead towards a different perspective on the system and this must be taken into

consideration every time a new phase of the life cycle is entered.
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Principle 5: Apply iterative and incremental development processes

Every step of the design wheel passes several times the various life cycle

phases, illustrating the iteration part as well as the incremental part. Iteration

means in this case the act of repeating a process in order to approach a desired

goal. Each repetition of the process, in this case the design wheel and the

interrelated steps, is called iteration. The result of one iteration will become

the input for the next iteration. Incremental means in this case that after each

iteration, regression testing is conducted. By doing this, faulty elements can be

quickly identified in an early stage. Errors are relatively small within an

iteration and can therefore be cheaper and faster prevented or debugged.

Principle 6: take the complete lifecycle into consideration

The V-shaped time-line illustrates to take the different life cycle phases into

account during the conceptual and design phase. The deeper one goes in terms

of design, it becomes more important to consider the other life cycle phases of

the system in design. As discussed, principle 1 will focus on a generic

viewpoint on smart microgrids within a specific phase. Principle 2 addresses

the importance to review viewpoints for each phase on its own. Principle 6

address the interdependence of the different phases. It is for instance very

important to take issues from the user phase into consideration in the

development phase. Start at the end, so to say.

Figure 38 Applying life-cycle perspectives during the conceptual phase.

The framework is illustrated by a simplified example as follows.

Two villages are divided by a river, a traffic connection between

the two villages is required
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During the conceptual phase, the following steps and corresponding questions

are taken:

- Step 1: what is the objective of this traffic connection?

- Step 2: which actors are involved concerning this traffic connection?

- Step 3: what should the traffic connection perform?

- Step 4: which solutions are there for traffic connections (bridge, tunnel)

and which one do we choose?

- Step 5: in case of a bridge, what are subsystems for bridges in general?

- Step 6: does the bridge meet the requirements as stated in step 3?

- Step 7: do all actors agree with the chosen bridge solution?

- Step 8: how did the previous steps went, do we continue and (pre)design a

bridge?

o Go: continue with the next design phase

o No-go: do we start again with step 1 of the conceptual phase. Or

do we end the project?

During the (pre)design phase, the following steps and corresponding questions

are taken:

- Step 1: inventory of the bridge goals and objectives

- Step 2: who is involved concerning a bridge during its life cycle?

- Step 3: what should this bridge perform?

- Step 4: what kind of bridges are there and what is the best solution?

- Step 5: which (sub)systems are required for bridges?

- Step 6: does this bridge satisfy the requirements from step 3?

- Step 7: do all actors agreed with the chosen bridge design?

- Step 8: how did the previous steps go, do we continue to design this type of

bridge?

The presented design wheel is deliberately depicted without a process time

stamp in order to explain the method in a more understandable matter in the

“bigger-picture” context. By adding process time to the design wheel, the

design process within the design wheel can be depicted like in Figure 39.

Figure 39 Design wheel in time, a systems engineering process
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3.3.3 The smart microgrid development framework in a project environment

The smart microgrid development framework will be applied in a project

environment and to manage these projects is rather complex. Two different

styles of management can be distinguished in general: project and process

management approaches. The question can arise if the smart microgrid

development framework can be classified as a project- or process management

support system. An important question because managers must often make

difficult strategic choices, and the chosen management style can have major

impact on results. In other words, what is the scope of the smart microgrid

development framework within a project environment, from a managerial

perspective? To answer that question, more elaboration on project- or process

management approaches is necessary. The distinction between the two styles

is well documented in literature [109]- [111]. Table 7 gives an overview of the

key distinctions between the two styles [112].

PROJECT
MANAGEMENT PROCESS MANAGEMENT

Focus On the content of the
problem and/or the
solution by the
initiating actor

On the environment of the
project, the stakeholders and
the process of collaboration

Core Elements Controlling the project
phases (the quality of
the content, time,
organization, costs and
information)

Providing room for the
dynamics of the process
which are irregular and
iterative by nature.

Most Important
Problem

Results are not
accepted by actors who
were excluded from the
process

The process of gaining
acceptance and the rules of
the process costs much in
time

Accessibility Closed Open
Management Decisive Supportive
Information and
Knowledge

Research as a stand-
alone process

Research as joint fact finding

Orientation Result oriented Relation oriented
Management Style Persistence Flexible

Table 7 Overview of differences between process- and project management

Each style has its own strengths and weaknesses. Project management, with a

strong focus on results, with clear goals and often detailed plans for managing

finances and manpower [113] [114], has the advantage of being result and

outcome oriented and of being able to show quick progress [112]. The

drawback is however that support for the project can be lacking [115]. Process

management, on the other hand, is more focused on guiding the process by

reacting flexible on changes and by bringing different actors together [116],

and thus have the advantage in contrast with project management of being
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able to generate stakeholder involvement. A major drawback is however, this

can take much time, energy and money. In [112], research was performed to

answer the question which management style led to better outcomes. This

research was performed in PPP (Public Private Partnerships) infrastructure

projects in the Netherlands. A PPP is the relation in a project between public

and private actors, or between governmental and commercial parties [117],

which can be applicable on smart microgrids as well. The outcome is this

research is that a process management style results in better outcomes.

THEME PROCESS
Project Management Project-, quality- and capacity management,

safety, etc.
Project Control Baseline and change management, finance &

control, planning, document management, risk
management, ICT support, etc.

Environment
Management

Stakeholder management, communication, etc.

Technical
Management

Definition of systems, design, realization, etc.

Contract
Management

Marketing, purchase, contract management, etc.

Table 8 Overview different themes within project development

Based on the discussed distinctions, it is clear that the smart microgrid

development framework is a process management support tool. The main focus

of the development framework will be on systems within power systems. This

is often called technical management within a project [91]. For a smart

microgrid this will however mean a focus on technological and non-technical

systems within power systems, in contrast of the title “technical management”

which suggest a focus on technical issues only. In a project environment

technical management is just one part of the bigger picture. Figure 40 depict

the different issues which are relevant within a project environment and how

it is related with the development framework is [118].

Figure 40 Demarcation of the framework in a project environment
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There are five generic themes which are all part of an integral project

approach. Each theme will have their own dedicated processes and activities.

Based on the above discussion, Systems Engineering and Integral Project

Management are two tightly intertwined domains [119].

Another important issue is the Systems Implementation part.

Figure 41 shows the relation in a Venn diagram between project management,

system engineering and system implementation. A crucial part is the System

Engineering Management part between Systems Engineering and Project

Management.

Figure 41 Systems Engineering Management Boundaries [121]

When implementing Systems Engineering it requires coordination between

technical and project managerial issues. Systems Engineering Management

(SEM) is the link between the both of them and acknowledged as an important

part in Systems Engineering. SEM utilizes common project management (PM)

features such as Work- and Product Breakdown Structures, Project

Organization, Configuration Management, etc. The focus of SEM is however on

the “product” or “systems” domain [120]. PM is focusing on the project

domain. Practicing SEM is a continuous process, conducted by iterative

zigzagging between the “system” and the “project” domain. The smart

microgrid development framework is about Systems Engineering. SEM is out of

scope for this thesis.
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3.4 The Smart Microgrid Development Framework – step by

step
This section will elaborate on the short introduction of the smart microgrid

development framework and illustrate how it can be applied during the

development of smart microgrids for the conceptual phase and will

particularly focus on the systems architecture. The main purpose for this

conceptual phase is to capture the outlines of the characteristics, structure,

systems behavior and interoperability between the required technical and

socio-economic systems within electricity supply systems. System architects

indicate for the stakeholders how their needs are met by means of the systems

architecture. This section will go through all of the steps of the design wheel in

detail.

For this section, the following side notes are very important:

1. This chapter will apply several models and techniques to demonstrate

within each design step its added value. The applied “tools” are meant to

illustrate the framework’s functioning. There are numerous tools

available, all of them can be applicable for a specific design step. During

the development and the experimentation phase with the framework in

a pilot project, the applied tools as discussed in this thesis have proven to

be the most pragmatic for a majority of the participants. For this reason,

some of the applied theoretical tools are also adapted, simplified, etc.

This is also completely in line with the principles of the design

framework: it is not meant as a mandatorily order of steps, tools, etc.

The framework encourages that all of the defined design steps are taken

explicitly. How, with what, when (preferably in the described order),

etc. is up to the systems architects.

2. This chapter will also illustrate the framework for a hypothetical project

goal, also just to illustrate the framework’s functioning. In this case is

chosen for the alignment between local production and local

consumption within a business site. It is of course also possible to apply

the framework for a different set of project goals like the prevention of-

or solution for congestion within a distribution grid.
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Figure 42 Focus area for the system of systems analysis

3.4.1 Step 1 – Goals Analysis

The first step of the design wheel concerns the Goals Analysis. The main

purpose for the goals analysis is:

- To determine the main goals for a specific smart microgrid;

- To determine the system boundaries of a smart microgrid;

- To define a common system perspective on the smart microgrid.

A goals analysis should answer questions like "why is .... actually needed?” A

question like this usually starts with project initiators (a municipality, DSO,

entrepreneur, consultant, executive, contractors, single or a group of

companies) who have to perform certain tasks or fulfill certain needs. A project

initiator can experience specific “pains” during the execution of these tasks.

Pains could be issues related with undesired results, future challenges,

obstacles to start or finish a task, risks, etc. The initiator is therefore searching

for pain relievers, solutions for current and future problems and challenges.

Beside these kind of solutions, project initiators are also searching for certain

gains, solutions which make life a little bit easier, like for instance alternative

solutions to fulfill a certain task, or solutions which increase their level of

comfort, etc. The focus for this analysis is on system users in the broadest

sense (a design principle). A system user can be seen as a collection of

stakeholders who have an interest in the system. They can be paying and non-

paying stakeholders, each of them with their own needs and preconditions

(e.g. the available time and money) with regard to the system.

Focus area for this section
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figure 43 Step 1 –goals analysis

Main purpose for the first design step is to clarify goals for the “system as a

whole” for all system users. Smart microgrids are however complex systems.

So, why do we need to involve system users with relative limited knowledge

about these complex smart grids? It would be easier for system architects to

leave them out of this analysis. System users however can make or break the

success of smart microgrids [122] [123]. An architect needs to identify user

goals, but also obtaining user commitment to turn a smart microgrid into a

success is a necessity. And last but not least: “he, who pays the piper, calls the

tune…”. To identify overall system goals, we look at Figure 44 (adapted from

[124] [125]):

- the desired effects on the environment (identifying the outer goals);

- the behavior of the system on the boundary (interface) that would achieve

these desired effects on the environment (identifying inner goals);

- the internal behavior and structure of the system that would lead to the

needed behavior on the boundary (the design of the system).

The goals analysis focuses at the environment phenomena (the outer goals).

The system and shared phenomena are identified in the requirement analysis.

The identification of the outer goals is quite abstract, they can be translated

into four activities [126], which are guiding developers through the process of

goal identification:

1. establish objectives (overall business goals, problems to be solved and

system constraints)

2. understand background (organizational structure, application domain

and existing systems)

3. organize the knowledge (identify stakeholders of the overall system,

prioritize goals and filter domain knowledge)

4. collect requirements (from stakeholders, domain and organization)
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Figure 44 System goals identification [124] [125]

3.4.1.1 Determination of main goals

The main goal for this thesis about smart microgrids is:

Stimulate local electricity exchanges between producers and customers via

a smart microgrid on and near a business site.

The sub goals for this thesis about smart microgrids are:

1. Integrate (sustainable) decentralized electricity producers to electricity

consumers, in such a way that the electricity demand of the business site is

provided as much as possible by local (sustainable) electricity producers.

2. Ensure that the different parties cooperate to use the invested technology,

in such a way that everyone can benefit from this cooperation (technical

and/or economic).

3.4.1.2 System Boundaries

The electricity supply system can be depicted like a value chain for electricity

supply systems in Figure 45. This picture has two additions with respect to the

traditional value chain for electricity supply: a smart microgrid and

decentralized producers. These additions are essential for the concept of smart

microgrids.

3.4.1.3 Common Viewpoints

A guiding principle within system development methodologies is the

determination of a common viewpoint on the to-be-developed system,

enabling a common perspective and a general language about the systems

context. This common viewpoint will be an abstract representation of the

systems architecture which will be applicable for all involved actors, as seen by

their own perspectives and as much as possible within the complete life cycle

of the system. There are many viewpoints on Smart Grids available. This thesis

is based on the Smart Grid Architecture Model (SGAM) from CEN-CENELEC-

ETSI [69].
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Figure 45 System Boundaries Smart Microgrid Concept in the Value Chain of

Electricity Supply Systems

The advantages of this common viewpoint are:

- Universality (a common and neutral view on the (sub)systems);

- Localization (entities and relations with other entities are clearly

represented);

- Consistency (mapping of functions, requirements, etc. are covered

consistently);

- Flexibility (effects within the system of alternative designs can be mapped

easily);

- Scalability (the framework is applicable on a local, regional and national

level);

- Extensibility (evolutions in smart grid technologies can be easily added);

- Interoperability (interaction between entities can be unambiguously

ensured).

Interoperability is probably the most important issue within smart

(micro)grids. Interoperability is the possibility of several systems, apparatus,

organizations, actors to communicate and interact with each other.

Interoperability is highly required to develop a working system like a smart

microgrid. In order to reach interoperability between (sub)systems, actors, etc.

the necessary (functional) requirements need to be described. The

interoperability descriptions are divided into several categories [127], like

depicted in Table 9 and Figure 46 (adapted from [127]) and can be

distinguished as depicted in table 9.
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GROUP CATEGORY ELUCIDATION
Business Economic,

regulatory, policy
Business Objectives

Political and economic goals as
defined in policy and regulation
Strategic and tactical goals shared
between different actors

Function Business Procedures Alignment between operational
processes and procedures

Information Business Context
Semantic
Understanding

Awareness of the business context
related to a specific interaction
Understanding of content as
contained in the message data
structure

Communication Syntactic
Interoperability
Network
Interoperability

Understanding of the data structure
of the messages exchanged between
systems
Mechanisms to interact between
systems across a variety of networks

Components Basic Connectivity Mechanisms to establish physical
and logical connections between
systems

Table 9 Categories of Interoperability

Figure 46 Grouping of Information Exchange into Interoperability Layers

[127]

The SGAM framework is based on the physical value chain of electricity supply

systems, extended with issues from power system management [128], starting

at the component layer. This so-called base plane is depicted in Figure 47

(adapted from [69]).
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Figure 47 SGAM Base Plane – domains and hierarchical zones [56]

The SGAM framework describes a smart grid in terms of three dimensions:

- the physical smart grid domains, which refers to the electricity value

chain;

- the partitioning zones, which represent power system management

hierarchies;

- the interoperability layers as discussed in Table 9.

The complete SGAM framework, a common perspective on smart grids,

consists of the base plane extended with the other interoperability layers, like

depicted in Figure 48 (adapted from [69]). A description of the domains, zones

and interoperability layers is given in Table 10, Table 11 and Table 12.

Figure 48 The SGAM Framework [56]
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Domain Description

Applicable In
Smart

Microgrids?
(Bulk)
Generation

Representing generation of electrical energy in bulk
quantities, such as by fossil, nuclear and hydro power
plants, off-shore wind farms, large scale solar power
plant – typically connected to the transmission system

No

Transmission Representing the infrastructure and organization
which transports electricity over long distances

No

Distribution Representing the infrastructure and organization
which distributes electricity to customers

Yes

Der Representing distributed electrical resources directly
connected to the public distribution grid, applying
small-scale power generation technologies (typically
in the range of 3 kW to 10.000 kW).

Yes

Customer
Premises

Hosting both end users, and producers of electricity.
The premises include industrial, commercial and
home facilities. Also, generation in form of e.g.
photovoltaic generation, electric vehicles storage,
batteries, micro turbines are hosted.

Yes

Table 10 SGAM Domains

Zones Description

Applicable In
Smart

Microgrids?
Process Includes the physical, chemical or spatial

transformations of energy (electricity, solar, heat,
water, wind) and the physical equipment directly
involved. (e.g. generators, transformers, circuit
breakers, overhead lines, cables, electrical loads any
kind of sensors and actuators which are part or directly
connected to the process).

Yes

Field Includes equipment to protect, control and monitor the
process of the power system, e.g. protection relays, any
kind of intelligent electronic devices which acquire and
use process data from the power system.

Yes

Station Represents area aggregation level for field level, e.g. for
data concentration, functional aggregation, substation
automation, local SCADA systems, plant supervision.

Yes

Operation Hosting power system control operation in the
respective domain, e.g. distribution management
systems (DMS), energy management systems (EMS) in
generation and transmission systems, microgrid
management systems, virtual power plant management
systems, electric vehicle fleet charging management
systems.

Yes

Enterprise Includes commercial and organizational processes,
services and infrastructures for enterprises (utilities,
service providers, energy traders), e.g. asset
management, logistics, work force management, staff
training, customer relation management, billing and
procurement.

Yes

Market Reflects market operations possible along the energy
conversion chain, e.g. energy trading, ancillary market.

Yes

Table 11 SGAM Zones
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Inter-
Operability
Layer Description

Applicable In
Smart

Microgrids?
Business The business layer represents the business

perspective on smart microgrids. It can be
used to map regulatory- and economic
(market) structures, policy, business
models, portfolio’s (services and products)
for commercial companies, etc. The
business layer also enables decision
makers to decide on business cases, project
development, etc.

Yes

Function The functional layer describes the
functions and services, including relations
from a systems architectural viewpoint.
These functions are independent of actors,
(sub)systems and components.

Yes

Information The information layer describes the
information which will be used and
exchanged between functions, services,
systems, components, etc.

Yes

Communi-
cation

The emphasis of the communication layer
is on descriptions for protocols and
mechanisms to exchange data.

Yes

Component The emphasis of the component layer is on
the physical distribution between all
actors, (sub)systems, components in a
smart grid.

Yes

Table 12 SGAM Interoperability Layers

The scope for smart microgrids applied on SGAM is depicted in Figure 49.

Figure 49 System Boundaries based on SGAM
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3.4.2 Step 2 – Actor Analysis

The second step in the design wheel is about the actor analysis. The main

purpose of the actor analysis is [33]:

- To identify which stakeholders are involved in smart microgrids

during the complete life cycle and what their individual needs and

ambitions are;

- To identify key-players, critical and dedicated stakeholders within

smart microgrids.

figure 50 Step 2 – Actor Analysis

As discussed in [129], an actor analysis is a very broad scientific field of

knowledge. There are many actor analysis methods available, each with their

own attributes and areas of application. This section is not about actually

performing an actor analysis, this chapter will only introduce how an actor

analysis can be performed. The described actor analysis method for this thesis

is accomplished by a literature study. For this thesis the actor analysis is based

on [130], a very pragmatic and clear actor analysis method, which is

completely in line with the goals of the smart microgrid development

framework. For this thesis, the scientific contribution is not in the actor

analysis itself. The actor analysis in this thesis is a necessary step to illustrate

the development framework, which is considered as the main scientific

contribution of this thesis. And, in line with the side notes in the introduction

from chapter 3, if the context of a smart microgrid project requires a different

or more profound actor analysis method, the responsible architect, process

manager, etc. is free to do so. The actor analysis identifies which parties

(stakeholders) are involved throughout the life cycle of smart microgrids and

what their individual needs and ambitions are. A stakeholder is a natural

person or legal entity referred to in this report that executes one or more

functions (tasks) within the electric supply system. In other words, a
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stakeholder has an interest in and an effect on smart microgrids. Traditional

functions such as electricity generation, transmission, system balancing,

energy trading, supply, etc. are supplied by stakeholders with a specific role. As

a result of institutional changes within the entire energy sector, these

traditional roles are put under pressure and can change. Traditional

stakeholders gradually can lose, get other or additional activities. Additionally,

due to the institutional changes, also new positions within technical and

economic systems due to the introduction of smart grid technologies may

arise. In other words, existing roles change, new entrants can pick up existing

and new functions. Also within smart microgrids, in addition to existing

traditional roles (and functions), new roles (and functions) are present. It is

important for smart microgrids to gain good understanding of all roles (and

functions) obtained from the System of Interest and the (sub)systems to it. The

identified roles can then be assigned to specific parties. The roles in this thesis

are mainly defined in terms of responsibilities and based on the harmonized

electricity market role model from ENTSO-E [131] and supplemented with

specific roles from a smart microgrid perspective based on a literature study

[132]- [133]. The distinction in roles and parties allows that one party can

fulfill more than one role. For instance, Tennet can fulfill the role of a Dutch

TSO as well as the role of grid owner of the Dutch transmission grid. An actor

analysis can help to mobilize knowledge and information from a broad

stakeholder base, which can improve the final solutions. It can also help to

identify a common ground/value, and how individual stakeholders can

contribute to the main goals. The actor analysis can also provide

strategically/political insights by mapping individual needs, resources, etc. and

map coalitions or identify potential conflicts. But most of all, an actor analysis

facilitates the identification of requirements derived from or related to the

stakeholders. The actor analysis starts with an inventory of stakeholders in the

broadest sense. This extensive list will be shortened during the actor analysis

by identifying key players in the conceptual phase. For these key players an

inventory of their interests, objectives, problem perspectives and means can be

determined. The obtained insight will be used to classify the stakeholders into

critical and dedicated stakeholders.

3.4.2.1 Stakeholders Inventory

This paragraph describes the involved stakeholders within smart microgrids.

Table 13 will shortly introduce the most obvious stakeholders during the

conceptual phase of smart microgrids. The subsequent paragraph will identify

the key stakeholders and elaborate on them in more detail. Point of attention is

the composed actors [130]. Some stakeholders are more involved than one of

its parts. For instance, a government consists of different directorates and

departments. Therefore, the stakeholders which are part of a composed actor

are indicated as a separate stakeholder.
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STAKEHOLDER SHORT DESCRIPTION
Electricity
Consumer

Consumes electricity for business processes. E.g. industrial and
commercial companies.

Owner DG(Res) Owner of “Distributed Generation (DG)” equipment including a
dedicated grid connection on the smart microgrid. The DG
doesn’t have to be based on Renewable Energy Sources (RES).
The owner can also be operator of this DG unit.

Operator DG (Res) Operate and maintenance of DG (RES) units and inject its
generated electricity via a dedicated grid connection into the
smart microgrid. The operator doesn’t operate other processes
except generating electricity. The operator can also be the owner
of the DG unit.

Owner Smart
Microgrid

Owner of a smart microgrid and responsible for its realization.
This can both be a private grid which is owned by a commercial
company (Closed Distribution Network18) or a more obvious
smart microgrid (an active distribution grid) which is owned by a
DNO. As stated, in this thesis a smart microgrid will be an
inseparable part of the “parent” distribution grid, islanding will
not be considered.

Operator Smart
Microgrid

Facilitator in particular for connected parties on the smart
microgrid of interest. Responsible for correct operation and
maintenance of the smart. In case of a public grid owned by a
DNO, operational tasks are the same as usual, but limited to the
smart microgrid. The operator can also be referred to as the
Asset Manager for a smart microgrid. Key issue is that this
operator is only focusing on the traditional assets on the base
plane of SGAM. The “smart-part” will be assigned to other parties
like the ESP.

Owner (Regional)
Distribution Grid
(DNO)

This concerns the overarching grid of a DNO and is responsible
for its realization.

Operator
(Regional)
Distribution Grid
(DSO)

The same party as the owner, but another department within a
DNO. Facilitates the owner (DNO) of the regional distribution
grid. Responsible for correct operation and maintenance of the
regional distribution grid. Manage and operate the “Point of
Connection” with the smart microgrid.

System Operator Offer system services for- and use ancillary services from- system
users on a national level.

Balance
Responsible Party

Takes care of the balancing for his own portfolio between the
forecasted energy consumption and production and the actual
consumed and produced energy.

Metering
Responsible Party

Takes care of the measurements of grid connected parties via
their main meter.

Energy Supplier
Local DG(Res)

Supplier of the locally generated electrical energy by DG(RES)
units.

Municipality Policy maker on spatial planning and sustainable ambitions. Is a
fully or partial landowner of lots on a specific business site.

Province Connection between the central government and municipalities.
Provider and controller of laws and regulations for
municipalities, businesses and residents in cases in which a
municipality is too small and the central government is too big.

18 Article 28, Directive 2009/72/EC : Third Energy Directive
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STAKEHOLDER SHORT DESCRIPTION

Ministry National policymaker for specific fields of interest, e.g. energy,
economy, health, etc. Also, responsible for national law and
regulations in EU context.

Ministerial
Supervisor

Supervises on behalf of the ministry the national suppliers, TSO,
TNO and DNO, etc.

Subsidizing
Agency

Subsidy supplier on behalf of the government

Citizens A citizen within smart microgrids for business areas has no
active role. However, a citizen can be decisive towards public
opinions regarding sustainability. These citizens are employed
within participating companies (which are identified as
consumers in this actor analysis).

Site Management Responsible for non-energy related services for the business
area. E.g. traffic infrastructure, security, greening, etc.

Small Scale DG
(Res)

Distributed Generation at customer’s premises, e.g. micro-CHP,
emergency generators, etc. for the benefit of their own energy
supply.

Flexibility
Supplier

Supplier of flexibility in power and/or energy in consumption
and production. Storage is also considered as a flexibility
supplier19. Flexibility Suppliers are always the same as
consumers. However, not every consumer can offer flexibility. A
flexibility supplier will therefore be defined as a separate role.

Aggregator A trustee of the, by its customers offered, flexibility in power and
energy, which is aggregated and optimized for his own portfolio,
offered to parties, both inside and outside the business site,
aiming to create as much value as possible for this flexibility.
Within a specific business site / smart microgrid there can be a
number of aggregators actively present [134] [135] [136].

Energy Service
Supplier
(ESP)

Acting as a DSO “light” with the primary objective to optimize the
local power exchange on a specific business site. An ESP can
contract the local aggregators to dispatch flexibility if required
[137]. Will work in very close cooperation with the operator of
the smart microgrid, but is focusing on the “smart-part” within
smart microgrids. An extensive description will be given in the
next section on key stakeholders.

Table 13 Stakeholder descriptions

Visualizing which stakeholders are involved within a complex environment in

one clear and simplified manner, can be done by using actor diagrams (see

Figure 51). All stakeholders are classified into specific groups. Not all of the

stakeholders fit perfect into a group, a context diagram only shows the global

classification for communication purposes.

19 Storage can act in two ways: to provide or to consume electricity, for this thesis storage is

not considered as a separate actor, because storage is technical and financial not feasible to act on

the same level as DG (RES). If storage will be applied, it will be on the consumers premises and

affect the flexibility potential of consumers. Therefore it will be merged into the role of Flexibility

Supplier.
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The defined groups for smart microgrids are:

- Micro: stakeholders behind the POC on industrial and commercial sites;

- Meso: stakeholders with an active role on industrial and commercial sites;

- Macro: stakeholders without an active role, but with influence on the site.

Figure 51 Actor Diagram for Smart Microgrids

The determination of the key-stakeholders can be done by actor mapping

[138]. All of the mentioned stakeholders are placed in a matrix (Table 14).

Level of Interest

Low High

Power
(influence)

Low
Crowd:

Minimal effect
Subjects:

Keep informed

High
Context Setters:
Keep satisfied

Key Players

Table 14 Actor mapping dependencies: the power/interest matrix

The matrix indicates that key players must be highly involved in the

development of a smart microgrid. Usually, key players are also intrinsically

motivated to participate actively. The subjects are kept informed at

appropriate times. The power/interest matrix indicates the positioning of

stakeholders for a particular moment in time within the life cycle of a smart

microgrid. In the course of time, stakeholders can shift towards another
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position within the matrix. Therefore, the context setters should be monitored,

enabling developers to respond adequately when they will shift position

within the matrix. The crowds are passive stakeholders, they need little to no

involvement, and informed with common information. For this phase, the

conceptual phase, within the life cycle of smart microgrids, stakeholders are

positioned within the matrix as depicted in Table 15. Key Players are further

elaborated in the next paragraphs.

Level of Interest

Low High

Power
(influence)

Low

Citizens
Subsidizing Agency

Province
Municipality

Metering Responsible Party

Ministerial supervisor
Site Management

Balance Responsible Party
System Operator

High
Small Scale DG (RES)20

Ministry21

Flexibility Supplier
Energy Supplier local

DG(RES)
Aggregator

Energy Service Supplier
Electricity consumer

Owner & Operator
DG(RES)22

Owner & operator smart
microgrid23

Owner & operator regional
distribution grid24

Table 15 Stakeholder mapping smart microgrids during the conceptual phase

20 The stakeholder “Small Scale DG(RES)” is often an inseparable part of an electricity

consumer. In case of smart microgrids they could have a large impact on the potential flexibility at

customer premises. The main purpose for small scale DG(RES) within industrial or commercial

companies is to provide ancillary services, solely for their own business purposes. For this thesis it

is important that consumers can offer flexibility. How this is achieved (with or without Small Scale

DG(RES) unit) by individual companies is for this thesis of less importance.
21 The stakeholder “ministry” is an important stakeholder to monitor. Smart microgrids are

dealing with regulatory barriers. Changes in laws and regulations should be closely monitored, but

they will not change in one night.
22 Stakeholders “owner & operator DG(RES)” are often the same party, for this thesis they are

merged into one stakeholder.
23 The stakeholders “owner & operator of the smart microgrid” are often the same party. For

this thesis they are merged into one stakeholder. In practice it is important to treat them

individually because of different objectives, even though they are within one organization.
24 The stakeholders “owner & operator of the regional distribution grid” are often the same

party. For this thesis they are merged into one stakeholder. In practice it is however important to

treat these stakeholders individually because of possible different objectives, even though they are

within one organization.
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3.4.2.2 Actor analysis key players

The indicated key players have individual needs and objectives with respect to

the energy system. This paragraph will indicate what these individual interests

and objectives are, including their perceptions on solutions and which means

they have to contribute to a final solution. This analysis will gain insight into

the individual objectives of key stakeholders and if they are similar, in line

with the project objectives, or if they are in conflict with them. In the next

paragraphs there will be a short description of key players by analyzing the

topics as discussed in Table 16 (adapted from [130]).

TOPIC DESCRIPTION
Interests Interests are topics which concern a stakeholder the most. The

interests are often not directly related to the main smart
microgrids goals (as opposed to objectives) and are often
relatively stable. E.g. commercial companies have primary
interests in making profit. An interest can be indicated by
asking questions like:
- Why are the smart microgrid goals of interest for a

stakeholder?
- In what way is a stakeholder influenced by smart

microgrids?
- Why want a stakeholder to be involved in smart

microgrids?
Objectives Objectives indicate what a stakeholder would like to achieve

with smart microgrids. Objectives need to be described
preferably in measurable terms. Objectives can be indicated by
asking questions like:
- What does a stakeholder want to achieve with a smart

microgrid?
- When does a stakeholder want to achieve this?
- Which costs and benefits are related with smart

microgrids for a stakeholder?
Perceptions Each stakeholder will have an own vision on smart microgrids

goals. This vision will influence stakeholder’s behavior,
involvement, etc. Visions can be indicated by asking questions
like:
- What is according the stakeholder the core of the

problem?
- What are according the stakeholder the main causes?
- Which solutions do they see?

Resources The extent of which smart microgrids are dependable on a
stakeholder will depend on the available means of this
stakeholder. These means can be: information, knowledge and
skills, materials and equipment, manpower, financial means,
authority, formal power, strategic position in the energy
sector, legal legitimacy, etc.

Table 16 Problem formulations per actor
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Owner & operator regional distribution grid

The owner and operator of the regional distribution grid are resp. the

Distribution Network Operator (DNO) and Distribution System Operator

(DSO). In the EU both of them are usually merged into 1 actor and simply

called the DSO, which is responsible for the management of the regional

distribution grid. Within the context of smart microgrids, the DSO “unlocks”

the smart microgrid at the Point of Connection. DSO’s have a policy which is

focusing on the key issues: reliability (of both the infrastructure and the

organization), affordability, sustainability and public focus (through optimal

service to its customers).

Within the current energy transition a DSO is facing several challenges to

maintain (or improve) these key issues. Electrical currents in the network are

less predictable and will fluctuate more. This could result in overloaded grid

assets such as transformers and cables. Legally, a DSO can only solve these

problems via the deployment of additional assets or an upgrade of these assets.

Early involvement in the design of future energy systems gives a DSO

knowledge and understanding of the changing customers’ needs and maintain

(or improve) the requirements regarding the mentioned key issues. In the

context of smart microgrids, a DSO seeks for instance opportunities through

the dispatch of flexibility to postpone the replacement and/or upgrading of

assets.

DSO’s have extensive experience in the realization and maintenance of

electricity infrastructures. The operator of the regional grid executes the

strategic policy on the mentioned key issues, which are translated into

measurable performance indicators. These operations concern the

connections, maintenance (corrective and preventive) and the general

management of power grids.

Owner & Operator microgrid

A distribution grid on a business site can be considered as a “grid-on-its-own”,

a dedicated, geographical bounded distribution grid, where local consumers

and producers are acting together, optimizing their local energy community

with the ambition to exchange electricity flows locally via a (smart) microgrid.

This microgrid will always be linked to the regional distribution grid, which

will act as a back bone for electricity supply, or for the delivery of surplus

towards consumers outside this energy community. The owner & operator of

the microgrid is concerned with operations, maintenance and distribution

management of the microgrid. These activities are identical to the activities

within the regional distribution grid. Legally, there is the possibility to assign

these microgrids as Closed Distribution Systems. In this case, ownership will

be in the hands of private (commercial) companies. It is however more likely
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that these grids are an extension of the regional public owned grid. In case of

the latter, the ownership and the operation of the microgrid will be carried out

by the DNO/DSO of the above lying regional distribution grid.

The energy transition and increased application of ICT systems can enable a

breakdown of regional distribution grids into smaller and smarter, local

networks: smart microgrids. A smart microgrid accommodates the local power

exchange between distributed generators, consumers and storage capabilities

via a smart grid on and near a business park. A dilemma for the owner and

operator of smart microgrids in general is for instance where and how much to

invest in grid capacity when load forecast is unpredictable. Pre-investment in

too much grid capacity, because actual load is not in line with forecasts, leads

to ineffective investments. Waiting for new connection requests can lead

towards planning problems and unnecessary expenses for several actors. A

basic assumption regarding local network planning is that local peak load can

be reduced by dispatching flexibility which is offered by local consumers

and/or alignment with DG-RES. The dispatch of flexibility can be valuable for

microgrid owners on a short timescale (e.g. within 15 minutes) for e.g. peak

shaving or supportive on a longer timeframe (months and years) to realize

modular (build with standardized components) and flexible (resistant to

future changes) smart microgrids, to tackle the mentioned planning dilemma.

Figure 52 Dispatch of flexible power and associated investments

The focus of the owner and operator of a smart microgrid is on the distribution

grid itself. Because of the additional intelligence in a microgrid (which actually

turn it into a smart microgrid) and the herewith unlocked value propositions,

the owner and operator of the smart microgrid needs to cooperate with the

Energy Service Provider (ESP) for a specific business site. The focus of the ESP

is on the local power system as-a-whole, in particular on the “smart” part of

smart microgrids and the close cooperation of the multiple stakeholders on a

specific site. This separation of focus is caused by the fact that the most

obvious party to fulfill the role of owner and operator of the smart microgrid

will be a DSO, which will be in turn bound by regulatory barriers to fulfill the
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task of an ESP. To enable the smart part within smart microgrids, and unlock

the full potential of smart energy systems, ICT systems need to be applied.

The ICT systems add intelligence in the broadest sense. It is not only about

smarter Distribution Management Systems which are the domain of the DSO,

also Energy Management Systems which are coupled with DG(RES) and

flexibility providers, etc. are required. An ESP is very likely a commercial

company, which is well empowered for these additional and innovative energy

services, not bounded by regulatory barriers which a DSO have, but could have

however less knowledge, skills and experience in specific Asset Management of

distribution grids. This will be the working field of a DSO.

Electricity consumer & flexibility supplier

A consumer on a business site is connected to the (smart) microgrid.

Consumers, including small scale DG(RES) determine as a collective the base-

load for the distribution grid and thus the capacity of the grid connection at the

Point of Connection (POC). Consumers can have different individual

expectations of the electricity supply system, issues related to energy costs,

security of supply, level of comfort regarding the services and sustainable

objectives of the electricity supply system. The challenges facing the regional

distribution grid can have an impact on the aforementioned expectations. For

example, transport costs can rise due to an increase in costs for network

maintenance, reliability may decrease due to a shortfall in network capacity

(congestion), etc. Consumers who want to participate actively in the energy

sector can contribute to deal with these challenges. Usually this is according to

“Trias Energetica” activities: reducing their energy consumption, maximizing

their use of renewable energy sources and the efficient use of fossil fuels.

However, this concerns rather "static" activities which affects especially base-

load. Alternatively, consumers can also participate actively by offering

available flexibility in their consumption profiles at the appropriate moments

to several stakeholders which would like to dispatch this flexibility for various

reasons.

However, offering flexibility by changing consumer profiles is only possible for

a few consumers. Not every consumer has the ability to offer flexibility. There

are two aspects regarding flexibility: it must be technical possible and

consumers must be willing to offer their flexibility. The provision of flexibility

by a flexibility supplier is therefore described as a separate stakeholder in this

thesis.

Owner & Operator DG(RES) and Energy Supplier DG(RES)

Decentralized (sustainable) production units are generators which have a

dedicated grid connection. This actor has no other processes other than
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electrical energy production. The production can be based on Renewable

Energy Resources but for smart microgrids this is not a hard conditional

requirement. Smart Energy Systems are however driven by sustainability, so

the majority of these kinds of actors will be wind turbines, large scale PV

systems, bio-CHP, etc. For the DG(RES) owner and operator it is always

economic very difficult to get a healthy business case and secondly to get the

required support from the local community and the governmental permits. As

stated in chapter 1, the latter will be easier within a smart microgrid

environment for business areas. The first one will be easier because of one key

issue in the business case: the connection costs. A large part of the initial costs

is caused by the connection costs for a wind turbine. Based on the electricity

act, wind turbines >2MVA are legally obliged to connect on the distribution

grid as depicted in Figure 53. The associated costs of the connection are on the

account of the owner and operator of the DG(RES) unit.

The smart microgrid is however based on the creation of a so-called “local

loop” in which local production and consumption are matched as much as

possible. The wind turbines can be connected as depicted in Figure 54. It is

obvious that a connection to the microgrid from a financial perspective is much

cheaper because of the shorter distance of the wind turbine to its point of

connection.

Another issue for DG(RES) is concerning the number of realized wind turbines.

Multiple stakeholders will have an interest in a large amount of installed wind

turbines, for instance the Dutch government and municipalities which need to

fulfill their goals of 14% sustainable generation, etc. But also from an

entrepreneurial perspective it will be quite interesting to increase the number

of turbines in their portfolio, by means of the opportunities which smart

microgrids can offer and increase their turnover.

Figure 53 Traditional connection of a wind park
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Figure 54 A local loop

Production and supply are two different activities which are strictly divided in

two roles in the electricity act. The supplier will sell the produced electricity

via bilateral contracts towards consumers in- and outside the smart microgrid.

It will be profitable for a supplier to sell the electricity to consumers which are

settled on the business site, which will be facilitated by a smart microgrid. An

important part of supply is the Balance Responsibility, taken care of by a BRP.

The BRP is a single entity, but in practice they are often coupled to the

supplier. They are anyway working in close cooperation with each other and

the ESP/aggregator, because in a smart microgrid, system users (in this case

consumption and production in particular) are working in close cooperation

(in some cases, the DG(RES) units are actually owned or financed by local

companies which are settled on site) and try to match DG(RES) as much as

possible on the local consumption. The risks for a BRP to have a mismatch

between its forecast and the actual production can be reduced. Any mismatch

will be penalized financially, and a decrease in mismatch can save these costs.

Aggregator

The aggregator exploits the available flexibility of several grid connected

system users both in- and outside the smart microgrid on a national level. The

variety of flexibility is aggregated and offered to various parties with the

objective to maximize profit. The on-going energy transition and the rapid

innovations and developments in smart grid technologies open a whole new

window for business opportunities for new entrants, like the aggregator. The

aggregator activities are focusing on two main issues: trading on the electricity

market (both commodity- and balancing market) and the technological

services to unlock flexibility at customer premises. By forecasting the

electricity prices and the technical possibilities for system users to create

flexibility in their energy profiles in the near future, the aggregator can

schedule the dispatch of this flexibility.
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Within the appropriate time-slots, the aggregator can dispatch the flexibility at

customer premises in order to sell it to the highest bidder. The aggregator’s

core business is to offer services in order to decrease energy related costs,

without compromising production and safety concerning core activities. Part

of their service is to perform a process and energy audit to explore the

possibilities regarding flexibility. The aggregator will have, besides an

extensive knowledge about commercial building- and industrial processes

regarding energy consumption to unlock the flexibility potential, knowledge of

economic & market models and legal embedding of their services.

Energy Service Provider

An energy service provider (ESP) offers energy services in the broadest sense

with respect to energy supply systems in a commercial and industrial area. The

ESP relieves connected companies, park management, municipalities, grid

owners, energy collectives, etc. regarding the energy supply system on a

business site, guiding connected system users through the complex and non-

transparent energy sector ensuring their focus on their core business. Within

commercial and industrial sites there is often a mixed number of companies

present, usually divided into the categories of large, small and medium

businesses. The larger companies are often energy-intensive companies which

usually arrange their energy management themselves and have the required

knowledge and skills in-house. The small and medium enterprises (the

majority of the connected customers), will have less knowledge about energy

supply systems, or not the required technical possibilities on a scale which

matters. By treating them as a collective, they can participate actively,

supported by the ESP.

Figure 55 clarifies the difference between the ESP and the aggregator. At a

specific business site there are three companies connected on a smart

microgrid. Each of these companies has a certain amount of flexibility potential

which will be handled by the aggregator of their own choice. Each of the

aggregators will manage their own (flexibility) portfolio, offering it to the

highest bidder, on a national level.

The flexibility can be offered both inside, as well as outside the premises of a

specific business site. The ESP will take care of the energy community on the

business site and optimize the local power system towards the stated

objectives, such as cheaper energy contracting, sustainability goals like energy

neutrality, etc. by contracting each of the aggregators which are contracted on

site by the individual connected customers.
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Figure 55 ESP versus Aggregator

3.4.2.3 Actor Classification

The previous paragraph indicated which stakeholders are key stakeholders

and if their objectives are similar or conflicting with the project objectives.

Smart microgrid projects are usually large size projects, with a large number of

stakeholders. Keeping the progress manageable, it can be very helpful to

shorten the complete list of stakeholders at first by identifying the key players.

The next step, the actor classification is to classify a number of key

stakeholders into critical stakeholders. Critical, because the achievement of

smart microgrid objectives is heavily dependent on these critical stakeholders.

This paragraph will indicate how to deal with these critical stakeholders.

Understanding the classification of stakeholders is obtained by:

1. mapping of critical key stakeholders to discover to what extent an

objective depends on the resources which a specific actor will have at

his disposal;

2. mapping to what extent a stakeholder is committed / involved to

address the objectives;

3. classify the stakeholders in a summary table.

To gain insight in the dependency of the resources of key stakeholders for a

successful project [130], the key stakeholders can be mapped conform the

matrix as depicted in Table 17. A stakeholder is defined as a critical

stakeholder if there is a high dependency conform this matrix.
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Limited importance for
project x

Large importance for
project x

Limited options to
replace

Average dependency High dependency

Can easily be replaced Low dependency Average dependency

Table 17 Resource dependency of key stakeholders per actor

A successful project is not only dependent on stakeholder’s resources, which

could turn them into a critical stakeholder. This dependency of resources will

only reflect the fact if a stakeholder can participate in a specific smart

microgrid project. There is also the fact of their willingness to participate: how

dedicated are key stakeholders? Are key stakeholders actually prepared to

offer their resources to achieve common project goals. A dedicated stakeholder

is a stakeholder with individual objectives which are in line with the project

goals.

The actor analysis is completed by creating an overview table of the different

types of stakeholders [130] as illustrated in Table 18. This overview will offer

each participating stakeholder an impression of the most important

stakeholders during a certain phase of the project life cycle, and will also

indicate a forecast of their possible reactions towards project goals including

an intended solution by a specific actor. Another important advantage of this

table is that it will also indicate how and to what extent stakeholders must be

informed during a certain project phase, and how project management can be

organized.

Dedicated stakeholders Non-dedicated stakeholders
Critical

Stakeholders
Non-critical

stakeholders
Critical

Stakeholders
Non-critical

stakeholders
Similar or
supportive

interests and
objectives

Strong partners
Weak

partners

Indispensable
partners
(hard to
activate)

Partners that
do not have to

be involved
initially

Conflicting
interests and

objectives

Strong
opponents

(biting dogs)

Potential
critics

(barking
dogs)

Potential
strong

opponents
(sleeping

dogs)

Stakeholder
that need

little
attention

initially (stray
dogs)

Table 18 Overview table smart microgrid stakeholders

There are some important remarks on this summary:

- The actor analysis will be performed in each of the life cycle phases of the

smart microgrid. Each actor analysis will always be a snapshot in time. An

actor analysis can totally change in another phase.
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There may be new actors, the position of actors can shift, etc. It is

therefore highly recommended to go through the actor analysis again for a

smart microgrid project at appropriate moments.

- The actor analysis is performed based on roles that are fulfilled by certain

parties. The assignment of roles to specific parties may also show a shift in

results. One party, based on the same role, is not the other. Both can

pursue completely different aims. In other words, similar roles must

contain the same individual activities, but seen from the entire chain, the

objectives may vary by party. It is therefore recommended to interview

these parties individually after the assignment of roles to specific parties

in order to verify the assumptions in this analysis actor.

- It is recommended to share results of the actor analysis among every

smart microgrid stakeholder and to ensure that everyone will share the

results of it. Within the smart microgrid development framework it can be

discussed and evaluated in step 7 and 8 of the design wheel.

- The defined weak partners must be heard within a project. A weak partner

can make a good contribution to a project by knowledge transfer or

performing underlying (secondary) activities and/or a possible position

shift towards a strong partner.

- Increase the involvement of actors which are appointed as non-dedicated

stakeholders by enhancing their knowledge can be interesting for smart

microgrid developments because it can raise their "project participation"

awareness, and become more dedicated.

- After assigning roles to parties and/or by switching to another life cycle

phase, stakeholders with conflicting interests and goals can arise. It is

therefore important to ensure that strong opponents (biting dogs) can be

transformed into potentially strong opponents (sleeping dogs). It is also

important that the potential critics (barking dogs) do not "wake up" the

potentially strong opponents (sleeping dogs).

3.4.3 Step 3 – Requirement Analysis

The third step of the design wheel is about the requirement analysis. The

requirements analysis consists of two parts: a scenario analysis and the actual

requirement analysis itself. A scenario analysis can be very supportive to

identify functions and requirements for smart microgrids which should meet

the specified high level and individual objectives. Furthermore, a requirements

analysis allows us also to identify the first (sub)systems within smart

microgrids, including their acceptance criteria.

The main purpose of the requirement analysis is to gain insight in the

objectives of a smart microgrid. The requirements analysis can create

structure in the expectations of the stakeholders. Based on scenario analysis,

functions and requirements can be identified which can be very global
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(solution free) but also very detailed, depending on uncertain user needs

versus obliged standards and regulations. After identifying the high-level

requirements (we are still in the conceptual phase), there are still no design

solutions, meaning choices for (sub)systems, made. There is “just” a lot of

insight in the functioning of the desired smart microgrid by analyzing the

future scenarios.

figure 56 Step 3 – Requirement Analysis

This development framework is based on a functional approach, instead of

thinking in solutions. The rationale for this is that jumping into solutions is at

the expense of valuable alternative options. Beside this approach, the main

focus for this thesis is also on the conceptual phase. The focus for the

requirement analysis will be therefore mainly on functional requirements. By

means of the scenarios, the identified functions can be “translated” into

requirements. Requirements will “quantify” the identified functions which

have usually a rather qualitative character.

The following activities in the requirement analysis will be taken:

- analyzing which relevant future scenarios are possible for smart

microgrids;

- analyzing how smart microgrids can be used in the near future by

describing a smart microgrid during the operational phase;

- defining which functionalities a smart microgrid needs to fulfill;

- defining which requirements can be imposed on smart microgrids;
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Scenario Analysis

Obtaining requirements for smart microgrids start with a scenario analysis. A

scenario analysis prepares involved stakeholders for an uncertain future and

allows stakeholders to anticipate on this by making strategic design choices. A

side from strategic reasons, scenarios is a good starting point for several

descriptions of system behavior during the different phases of the lifecycle,

giving stakeholder’s insight in the functioning of the smart microgrid. The main

purpose of the scenario analysis is to facilitate a robust design of a smart

microgrid which is applicable within multiple trends and explorative future

scenario’s [139]. Therefore, several future scenarios are explored, described,

analyzed and translated into strategic design choices and demands, by

identifying common opportunities and threats for smart microgrids. Scenario

thinking is a strategic process to anticipate pro-actively on future

opportunities and threats by analyzing hypothetical events in imaginary

futures. They are explicitly no predictions or desires of the future. A scenario is

a story about a possible future and charcoal sketch of the external

environment. In other words, a scenario describes possible futures and which

options are available to prepare smart microgrids for this. A smart microgrid is

highly dependable on its context. The followed procedure to perform a

scenario analysis for this thesis is:

1. Explore trends and future uncertainties;

2. Describe future scenarios;

3. Analyze and determine strategic visions.

The main focus of this scenario analysis will be on the user phase, because this

particular phase will give involved actors the clearest insights into “what a

smart microgrid should do” with respect to the architectural design

throughout the conceptual phase of the life cycle.

Explore trends and future uncertainties

Exploring trends and uncertainties can be performed by using “the circle of

influence” [140], with a focus on exploring as many uncertain factors if

possible, factors which smart microgrids cannot influence themselves.

Exploring also needs to be done outside-in, and from the future towards the

present.

figure 57 Exploring scenarios by means of the Circle of Influence
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These factors can be explored by using the “DESTEP”-method [141]. By means

of DESTEP, factors that apply to the (macro)environment can be identified.

DESTEP is an acronym for:

- Demographic factors which address the composition of the population

around smart microgrids such as density, geographical characteristics and

differences, infrastructure, etc.;

- Economic factors which are all factors with respect to economics such as

market characteristics, power relationships, financial data, economic

climate, growth perspectives, etc.

- Social (cultural) factors in the area of a way of life and culture such as

standards and values, communication, behavior, lifestyle, social trends, etc.

- Technological factors about developments and innovations such as know-

how, trends, technical problems, etc.;

- Ecological factors in the area of the physical surroundings and

environment such as natural resources, energy, emissions, waste, safety,

etc.;

- Political (legal) factors such as legislation, licenses, subsidy schemes,

political climate and plans.

To identify these factors, there is a variety of techniques available [142] [143].

A small selection of techniques is:

- Abstraction, making useful generalizations to understand the rules within

a specific domain;

- Apprenticing, an apprentice observes a master, and asks questions;

- Business Events, investigation of activities and business in the sector;

- Brainstorming, use the group effect to generate ideas;

- Mind mapping, explore a person’s mind by making extensive and

meaningful notes;

- Interviewing, the most common way of gathering information;

- Re-using information from experience, projects, etc.;

- Simulation models;

- Viewpoints, use as many viewpoints as possible.

Within these techniques, it is good to know that stakeholders usually have a

threefold mindset, which must be taken into consideration [142]:

1. Conscious : stakeholders are aware of particular future factors;

2. Unconscious: stakeholders are not aware of the future DESTEP factors;

3. Undreamed : stakeholders have fixed ideas about a future scenario.

All identified factors can be ranked based on their impact and uncertainty as

depicted in Figure 58.
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Figure 58 Determination of high risk factors

The factors with the highest impact on smart microgrids and which have the

highest uncertainty regarding its future appearance are the high-risk factors,

which are of great importance for the scenarios.

figure 59 Putting two high risk factors as two axes for scenario descriptions

Description of the user phase: a concept of operations

Conclusions from the scenario analysis are translated into a description of the

possible functioning of the smart microgrid during the user phase. A practical

method to provide insight is by writing a story-line with a particular emphasis

on the user phase. They can be based on the story lines as written for the

identified scenarios, but this time in much more detail. These so-called Concept

of Operations25 (ConOps) or Use Cases (scenario handling) for the interactions

of functions, could give stakeholders insight into the functioning of required

(sub)systems within smart microgrids, the boundaries of the system, and the

optimization and assessment of the design for the facilities within the system.

Systems can be technological, but also non-technological systems.

25 A Concept of operations is sometimes also referred to as an Operational Concept

Description (like in [118]). The purpose for these kind of documents is however the same: to

indicate the intended use of a (dynamic) system.
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In other words, the scenario analysis will help stakeholders to obtain

requirements for smart microgrids in the broadest sense. Strictly taken, based

on the theory of Systems Engineering, the descriptions of system behavior

must be written for every phase in the life cycle. So, there must be a

description for the engineering, realization, commissioning and retirement

phase as well. The most important, in terms of a system behavior description

during the conceptual phase will be the operational phase. The main goals for a

ConOps are:

- To describe a high-level system definition for smart microgrids;

- To communicate and clarify user needs;

- To create insight for system architects in user needs and how design

should respond to this;

- To describe the operational phase for system users.

Smart microgrid developments include multiple actors, each with a different

perspective on the system. To realize such a complex system, it is desirable

that all actors have a realistic view on the smart microgrid. To create a shared

vision, the ConOps should be written in a readable manner, stripped of all sorts

of complex terminology, and to describe what a smart microgrid should do in

the user phase. This shared vision creates a better understanding of the

intended design. The ConOps is basically a high-level system definition and

therefore a description of the expectations for system architects. A smart

microgrid is an innovative system which responds to various social, technical,

political and economic triggers. The ConOps will place system innovations in a

clear context regarding the smart microgrid users. The ConOps will increase

clarity and give new insights in/for the participating actors and their roles.

This applies to both existing 'traditional' actors and new entrants. The ConOps

will also increase clarity and new insights into the system elements of which a

smart microgrid is built. The ConOps show the correlation between those two

issues. The following elements can be considered within a ConOps:

Operational aspects Functional aspects Physical aspects
Operational Needs
System Mission
Order of Operations
Operational Environment
Events to Responds To
Operational Limitations
Goals and Performance
Indicators
Users and Roles
Organizational Structure
Operational Interface with
Other Systems

System functions
System performance
Tasks and activities
Inter functional relations
Hard- and software
relations
Performance limitations
Unique hardware or
software
Verification

System configurations
Characterizing users
Physical limitations (e.g.
capacity, power, size,
reach, language,
frequency)

Table 19 Elements within the Concept of Operations
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Function Analysis

The purpose of function analysis is to determine the functionalities of a smart

microgrid. The functional analysis for smart microgrids for this thesis is

primary focusing on the SMART part of smart microgrids. Functions regarding

the typical value chain (production, transport and consumption) are not taken

into consideration. Functions within distribution (and micro) grids are for

instance: connection services, preventive and corrective maintenance,

distribution management, power- and voltage control, protection schemes, etc.

Functions regarding smart microgrids are focusing on the additional and

improved services [29] which smart grid technology can offer with a strong

emphasis on this thesis main goal “effecting local electricity exchanges

between producers and customers via a smart grid on and near a business site”

and the subsequent sub goals. Within the theory of Systems Engineering, the

scope within a project environment is a very important element for a function

analysis. The scope describes the system boundaries (or systems context) of

smart microgrids for a twofold purpose:

1. To define the system boundaries in technological and non-technological

terms, this part will contribute to the realization of the right system;

2. To define the project scope, this part will contribute to good

communication with project partners, key stakeholders, etc. about the

scope of work.

The scope can be transparently illustrated by means of context diagrams. A

context diagram is a (often block) diagram that defines the boundaries

between the system of interest (in this case a smart microgrid), or a part of it,

and its environment, by showing the entities (technological systems and

stakeholders) that interact with each other. It is a high-level view on the

system of interest, and it will distinguish the environment and the “to-be-

developed” system at the highest level. When developing smart microgrids,

insight obtained from a context diagram is crucial for several reasons. Systems

or actors in the environment for instance cannot or may not be changed by the

developers of a smart microgrid, it is outside their circle of influence. However,

the environment itself can have major influence on smart microgrids. The

system of interest itself, the smart microgrid, however can be designed with a

substantial degree of design freedom. This can result in different project-, risk-

and systems engineering’s management approaches. Summarized, for a

function analysis, smart microgrids can be viewed on by its context which

consists of a combination of the environment and the system of interest

including actors and technological and non-technological systems in both of

them.
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A context diagram consists of a diagram indicating 1) the technological and

non-technological systems context and 2) the stakeholder context. The already

defined system boundaries in step 1 can be seen as a diagram for the

technological system context. The already defined actor diagram in step 2

(Figure 51) can be seen as a stakeholder context diagram. As already stated, for

a complex system like a smart microgrid, interoperability is probably the most

important issue which needs to be well controlled for a successful system. The

function analysis at the highest level during the conceptual phase in the life

cycle is therefore mainly focusing on these interoperability issues.

Interoperability can be seen as the interfaces between the systems, actors,

environment and the smart microgrid as depicted in Figure 60. Internal

interfaces will focus on the interoperability between mutual (sub)systems

within a smart microgrid. External interfaces will focus on the interoperability

between a smart microgrid and its environment.

Figure 60 Context of a Smart Microgrid

For a smart microgrid it seems an almost impossible task to identify all

possible interfaces, it is therefore very pragmatic to focus on the most critical

interfaces. In daily practice it is an extreme difficult and time consuming

activity to identify the most critical interfaces. This can only be reached by risk

based discussions by a large team of mixed stakeholders with respect to smart

microgrids.

Internal Interfaces

Internal interfaces consist of two elements: systems and actors. The internal

interfaces between technological (sub)systems could be based on the common

perspective as discussed in step 1 of the design wheel. During the conceptual

phase, the function analysis is focusing on high-level functions. They can be

identified by focusing on the zones market, enterprise and operation as

depicted in Figure 61.

The interoperability, or interface between several internal (sub)systems can

be identified by means of an interface matrix as depicted in Figure 62. Each

interoperability layer (component, communication, information, function and

business layer) can be described by three interface descriptions.
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Based on the above interface matrix, there are in total fifteen interface

descriptions (5 layers x 3 interface descriptions), all written from a specific

domain perspective. Each of the interface descriptions within a specific layer

for a specific domain (DG(RES), microgrid or consumers) must contain

elements from each zone (market, enterprise, operation). This way, 54 internal

interfaces (6 zones x 3 domains x 3 layers) from a technological system

perspective can be identified, described and analyzed in 15 descriptions.

Hardly any functions will be forgotten like this during the conceptual phase.

When entering the next phase of design, the interface descriptions can be

expanded in more detail by adding the other zones (station, field and process).

This way, 90 interfaces can be identified, described and analyzed.

Figure 61 Main focus area (red squared box) for the internal function

analysis from a system context (the above lying layers of communication,

information, functions and business are not depicted)

Figure 62 Overall Internal Interface Matrix based on SGAM
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Based on the simplifications (the limitations in the number of zones and layers

to consider) with respect to the identification of internal interfaces during the

conceptual phase in the life cycle, an example of an interface description for

the Function Layer for DG(RES) is graphical depicted in Figure 63. This

particular Interface Description is written from the perspective of DG(RES)

and must contain interface descriptions of the interoperability between the

domains microgrid and consumers, and the zones market, enterprise and

operation. An interface description is similar to the Concept of Operation. A

Concept of Operations is however written from the perspective on the system-

as-a-whole, the interface descriptions will focus on the internal interfaces from

a specific perspective.

Figure 63 Example for Interface Description Function Layer DG(RES)

The identified interface descriptions are summarized in table 20.

No Internal Interface Internal Interface Descriptions
1 Business – DG(RES) A business view on DG (RES) within smart

microgrids. E.g. business models, business cases,
feasibility studies in terms of finance, policies
and regulation.

2 Business – Microgrid A business view on the distribution part of smart
microgrids.

3 Business - Consumers A business view on consumers within smart
microgrids: “what’s in it for me” and “what effort
do I need to take”.

4 Function26- DG(RES) Functions and services of DG regarding different
zones and domains.

5 Function – Microgrid Functions and services of the distribution grid
related to the smart microgrid. Distribution
means controlling the power flow, reliable and
safe, between DG, consumers and storage in- and
outside the microgrid.

6 Function - Consumers Functions and services of consumers within
smart microgrids. This concerns all activities and
processes owned or controlled by a consumer,
which have an effect on the goals of smart
microgrids.

26 A functional description must be defined ”solution free”, not dependable on stakeholders

and/or systems, applications or components.
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No Internal Interface Internal Interface Descriptions
7 Information27–

DG(RES)
Information which is used and exchanged
regarding DG between functions, services,
components, etc. within smart microgrids (e.g.
data for system balancing, trade, etc.)

8 Information –
Microgrid

Information which is used and exchanged
regarding the distribution grid between
functions, services, components, etc. within
smart microgrids (e.g. data for power quality,
power flows, congestion, etc).

9 Information -
Consumers

Information which is used and exchanged
regarding consumers between functions,
services, components, etc. within smart
microgrids (consumption, generation, offered
flex, etc.).

10 Communication-
DG(RES)

Communication description for DG regarding the
protocols and mechanisms to enable
interoperability between DG and the different
zones and domains.

11 Communication –
Microgrid

Communication description for the distribution
grid regarding the protocols and mechanisms to
enable interoperability between distribution grid
and the different zones and domains.

12 Communication -
Consumers

Communication description for consumers
regarding the protocols and mechanisms to
enable interoperability between consumers and
the different zones and domains.

13 Component - DG(RES) Description of components of DG within the
smart microgrid. This description is not about
components of the DG unit itself, but about the
interface with the smart microgrid (e.g.
equipment for data measurement, grid
connection, etc.)

14 Component –
Microgrid

Description of components of the distribution
grid regarding the smart microgrid (e.g. AMI
components, spatial issues)

15 Component -
Consumers

Description of components at consumers
premises regarding the smart microgrid (e.g.
AMI, control systems, etc.)

Table 20 Internal Interface Descriptions for Smart Microgrids

The interface matrix is a complete overview to create an extensive list of

internal interfaces. During this early phase in the life cycle, it could be too

overwhelming for the participants to describe each of the internal interfaces.

During the development of the framework and its first application in a

conceptual phase for a pilot project it has proven to be pragmatic to focus only

27 An information description contains data objects and models, and is the common

“semantic” for functions and services to exchange data. Also data collection, data interfaces,

controllers, data storage are part of this description.
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on the functional layer in particular at the beginning. In a later stadium of the

conceptual phase, when everybody is “more in the matter” or in the next life

cycle phase of (pre)design, it is obvious to complete the entire matrix to

identify all interfaces.

The internal interfaces are however not complete without the interface

descriptions between stakeholders. The internal interfaces with respect to

stakeholders, can be identified, described and analyzed by means of the actor

context diagram as depicted in Figure 64.

Figure 64 Main focus area (red dashed line) for the internal function analysis

from a stakeholder context

The stakeholders in the micro- and meso area are considered to be the internal

stakeholders. For these stakeholders a context diagram can be created like

depicted in Figure 65. Because the main focus is on high level interoperability,

the interface descriptions can be sufficiently defined by identifying what each

of the stakeholders will offer in terms of functionality to a smart microgrid.

Graphically, each line (Internal Interface Description) should consist of a verb

and the subject of the action (e.g. “offer flexibility”). In a later phase, when the

architecture is more or less defined, the interface between actors should also

be described. For this phase, the conceptual phase, the internal actor analysis

is only focusing on the activities of internal stakeholders to the smart

microgrid as a whole.
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Figure 65 Context diagram from a internal stakeholder perspective

External Interfaces

The external interfaces are roughly the interfaces between the “micro- and

meso” stakeholders with the “macro” stakeholders, as identified in the context

diagram in the design step “actor analysis” (see Figure 51). As stated, the micro

stakeholders are all actors behind the Point of Connection (in interface

terminology: the POC lies between the distribution grid and the microgrid) of a

business site who are physically connected to the microgrid. Meso

stakeholders are all actors with an active role ON a particular business site

with a smart microgrid. These actors can also be active on a (inter)national

level. Macro stakeholders are actors who have no active role within smart

microgrids but whose activities are important for the functioning of a smart

microgrid. In practice these external interfaces are rather difficult to manage

and to identify. The main focus on the external interfaces will therefore start

by looking at a non-technological level and in particular on actors, and not

focus on technical systems in the beginning. This will follow in the later phases

in the life cycle.

The following external interfaces, for example, can be identified:
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EXTERNAL
INTERFACE
DESCRIPTION DESCRIPTION
Energy Service
Supplier –
Municipality

The ESP needs to be well informed about issues within a specific
municipality like political climate, spatial planning, energy
policies, etc. These issues could be essential for a successful
performance of a smart microgrid.

Site Management –
Municipality

The site manager can work in close cooperation with for
instance city officials in the formal recruitment of participating
companies.

Municipality – Citizens The citizens in the surrounding area can be influenced by the
sustainable ambitions of the municipality. These citizens could
turn into a barking or even biting dog.

Energy Service
Supplier – Ministry

In order to realize the sustainable ambitions of the Dutch
government it is sometimes necessary to start-up a lobby to
promote regulatory changes. It should be clear what these
changes are and in what way they will influence the
performance of a smart microgrid.

Energy Service
Supplier – Subsidizing
Agency

Some innovative solutions are for many reasons not feasible yet.
In this case a subsidy to test certain assumptions could be very
welcome. With respect to a smart microgrid it is very helpful to
keep in touch with a subsidizing agency for secondary financing,
but also to know what is going on in the sector of smart grids
and what could be a valuable innovative solution for this
particular smart microgrid.

Table 21 Examples of external interfaces

Function overview

In order to define functions of smart microgrids there are, at this point, several

sources available which enable the identification of the required

functionalities:

- Goals analysis: main- and sub goals of a smart microgrid;

- Actor analysis: individual goals of participating actors;

- Scenario analysis including the ConOps;

- Internal Interface descriptions;

- External Interface descriptions.

It is preferable to split functions into main- and sub functions (function tree),

because smart microgrids have dozens, or maybe hundreds of functions at the

end, and overview will decrease rapidly if they are not clustered. As already

described, for the conceptual phase, it is also very practical to focus on the

high-level zones within SGAM, meaning the zones market, enterprise and

operation to keep overview and transparency. Another advantage of clustering

functions within different zones, is the assignment of functions towards

specific roles which can be quite easily distilled from this extensive list. The

assignment of functions towards a specific role, which will be assigned in turn
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towards specific parties, could be very helpful during the tender process when

requesting and outsourcing activities.

ZONE
MAIN
FUNCTION(S) SUB-FUNCTIONS

Market Offer energy
services to
system users

Give insight into smart microgrid energy
consumption
Give insight into smart microgrid energy
production
Control energy flows in smart microgrid
Forecast aggregated local production
Forecast aggregated local consumption
Forecast aggregated flex-potential in smart
microgrid

Enable free
market
choices for
system users

Free choice of energy suppliers
Free choice of Balance Responsible Party
Free choice of Energy Service Suppliers
Free choice of Measurement Party

Facilitate
access
electricity
market for
system users

Facilitate access to APX- ENDEX
Facilitate access to balancing-market

Enterprise Accommodate
local power
exchange

Match local consumption with local production
Keep electricity transport affordable
Offer high-efficiency during daily exploitation of
the grid
Operate within regulated framework
Facilitate most economic beneficial cooperation
Facilitate the cooperation between local actors
Divide social costs and benefits

Operation Operate the
smart
microgrid

Measure the required data
Control components of the local smart energy
system
Inform stakeholders of a smart microgrid

Integrate new
grid
connections

Optimize new grid connections
Realize the distribution grid modular and flexible

Ensure grid
stability

Offer cyber security
Offer a fail-safe electricity supply system
Guarantee security of supply
Guarantee agreed level of power quality

Table 22 Examples of functions within a smart microgrid

Requirement Analysis

The previous paragraphs about the requirements analysis have an emphasis

on functions. They usually have a qualitative character. They can be translated

into requirements, which will have a quantitative character.
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Specifying functions into requirements means practically that functions will be

described in terms like how many, how big, how often, etc. Requirements can

be roughly divided into three types:

1. Functional;

2. Non-functional requirements [143] [144];

3. Conditional requirements.

Ad. 1 Functional requirements reflect what the system of interest should do.

Functional requirements are the inner goals, as discussed in step 1 and must

answer the “what “questions of the problem domain.

Ad. 2 Non-functional requirements reflect the properties or characteristics of

this specific system, but which have no direct contribution to the functioning of

a smart microgrid. These could be for instance requirements with respect to

RAMSHE issues (Reliability, Availability, Maintainability, Safety, Health,

Environment), appearance (color, size, form), etc. Both of the functional and

non-functional requirements reflect the specifications of the system.

Ad. 3 Conditional requirements are requirements which are applicable to the

entire system, and which are imposed by the environment, not by users and/or

stakeholders. They can also be referred to as the demarcation of the design

space.

Figure 66 illustrates the relation between requirements versus functions and

function fulfillers. Key element of this picture is that the mentioned

requirements will not claim requirements towards a function, but towards a

function fulfiller.

Figure 66 Relation between requirements, functions, design solutions

Defining requirements is not an easy task. A well formulated requirement

meets the following criteria [145] [146]:
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CRITERIUM
Identifiable A requirement is identifiable if it has a unique characteristic
Complete A requirement is complete if it contains sufficient details to

describe its purpose, an incomplete requirement leads to
alternative ideas of the requirements purpose

Correct A requirement has a syntax with “shall”, “must”. etc., doesn’t have
errors, avoids multiple interpret terms such as user-friendly,
better, fast, good, doesn’t contains denials.

Achievable A requirement is achievable if there is at least one possible
solution

Necessary Without this requirement the system will become non-functional
Unambiguously A requirement can only be explained in one way
Verifiable A requirement needs to be verifiable (testable)
Consistent A requirement is not conflicting with other requirements
Solution Free There is no solution, component or supplier assigned to a specific

requirement
Singular There is only one criteria which the requirement needs to fulfill

Table 23 Criteria for well formulated requirements

As illustrated in Figure 66, there is also a relation between the performance

and the requirements. It should be checked if the performance meets the

requirements. These so-called verification and validation activities are

described in detail in step 6 of the design wheel. During the identification of

the requirements, the architects must define up-front how this could be

checked. Not only by indicating the requirements criteria quantitatively, also

the method how to demonstrate if requirements are met, must be clearly

defined. Paragraph 4.6 will discuss verification and validation more in detail.

Theoretically, requirements analysis belongs to the problem domain, see also

paragraph 3.2. Design, which can be extracted from the function and

requirement analysis, belongs to the solution domain. Identifying

requirements and design solutions are however often treated as two separate

issues, represented in Figure 67 by two pyramids (adapted from [147]). In

practice, however, there is no explicit separation between these two issues,

there is a continuous interaction between them. Solution-free (primary)

requirements usually lead towards early design solutions, which creates

derivative (secondary) requirements (black arrows in Figure 67), but can also

lead to new insights regarding the primary requirements (red arrows). The

separation between the determination of requirements and the design

solutions has its theoretical value, but in practice it should not be dealt with

very rigidly.
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Figure 67 The “twin-peaks” model [147]

The iterative character of identifying requirements is also depicted in Figure

68. This figure depicts, not only the above mentioned loop between design

solutions and requirements, but also a more in-depth vision on the coherence

between functions, requirements and design solutions (adapted from [118]).

Again, in practice, there is no strict line between these three parts. If one part

is not finished, the architects can start with another and finish the particular

part later.

Requirement
Analysis

Functional Analysis

Design Solutions

input

Requirements loop

Design loop

Verification

output

Figure 68 The iterative character of specifying [118]

3.4.4 Step 4 – Variant Analysis

The forth step in the design wheel is the variant analysis. In the previous step

the requirements of a smart microgrid are identified. These requirements are

defined “solution free”. Usually there are multiple solutions conceivable to

fulfill these requirements. During this step, solution alternatives will be

inventoried and evaluated based on weighted criteria to choose the most

suitable design solution. To reach a first concept of a smart microgrid, starting

from the identified functions and requirements, a lot of choices must be made.

Usually designers will choose implicitly, based on experience, knowledge or

costs. This is rather understandable, but valuable choices can be easily

overlooked.
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figure 69 Step 4 – Variant Analysis

Also, an initial “best” solution for a (sub)system can turn into a less “best”

solution on a higher system level, or not the most desirable solution by the

majority of the system users for various reasons. It is therefore very important

to make choices explicit. This way it will be clear and traceable how a choice is

made. A variant analysis will be applied in order to:

1. make weighted choices;

2. show others within the development team, each of the stakeholders or the

client by what arguments a choice is made;

3. look back during a later phase in the life cycle at the former criteria for a

specific choice.

A pragmatic tool to make explicit choices is the trade-off matrix, also referred

to as a multi-criteria decision matrix [148], with the application of the

Weighted Sum Model [149]. A trade-off matrix is a matrix of values to identify,

analyze and rate the performance between several solution variants [150]. A

trade-off analysis will start when there are several alternative design solutions

identified, keeping the above do’s and don’ts in mind. The trade-off matrix as

proposed in this thesis goes through 3 simple steps.

They will be explained in this section and are:

1. Make a list of realistic and feasible design solutions;

2. Define weighted performance criteria;

3. Perform the trade-off analysis and capture the chosen design solution

including a motivation.
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Make a list of realistic and feasible design solutions

It is very important that the chosen alternatives are realistic and feasible. If

not, it makes no sense to consider them during the variant analysis. The

development team knows for a lot of solution alternatives already quite

quickly, intuitive and implicit which alternatives are realistic and feasible.

These implicit criteria are the “knock-out” criteria. These criteria are often

driven by very personal motives or dependable on a specific perspective based

on the environment (e.g. social, profession, etc.) of this particular stakeholder.

It is very important to stay alert when making these implicit choices. It could

be a wrong decision to skip a design solution which could turn into a valuable

design solution. So, also these knock-out criteria must be made explicit to

enable the complete development team to decide which design solutions are

feasible and realistic. Another issue regarding the realistic and feasible design

solutions are the feasibility studies at a very early stage, way before the

conceptual phase. In practice it is very common that municipalities, DSO’s,

project developers, site management, etc. already have profound ideas about

sustainability within commercial and industrial sites (green- or brownfield).

Very often these ideas are based on a group of enthusiastic entrepreneurs or

people with clear visions about sustainable solutions. These parties have

already studied (in advance) the technical, social and economic feasibility, like

a feasibility study for wind turbines or geothermal systems, storage, electric

vehicles, etc. All of these studies are important input to select realistic and

feasible design solutions.

Define weighted performance criteria

For the remaining, chosen realistic and feasible design solutions a trade-off

matrix can be constructed. There are two essential elements required in a

trade-off matrix: the performance criteria and their weight factor.

Performance criteria

At first the performance criteria from witch a design solution can be scored

needs to be defined. It is very important only to choose relevant and

distinguishing criteria. The criteria used in a trade-off matrix can differ with

the requirements which are defined in the previous step, the requirement

analysis. During the requirement analysis are (common) requirements defined

which are applicable on each of the solution variants. It is also very

characteristic for a requirement analysis, that there could be a significant

number of requirements identified. For a trade-off matrix these requirements

are often not distinguishable enough en there are simply said too many

requirements which turn the variant analysis into an unnecessary complex

matrix and certainly not transparent.
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Figure 70 Example of variant choices by applying the previously used

example of a traffic connection between two villages, from the obtained five

alternatives, two will not be chosen because they are assumed to be infeasible

What is far more important with respect to the performance criteria in a trade-

off is that not everything can be captured in hard requirements. The

performance indicators for a trade-off matrix could therefore also be referred

to as the “soft requirements” of smart microgrids, e.g. the involved risks of a

certain design solution, or how desirable a design solution turns out to be, or

the experience elsewhere with a particular design solution or the political

forces within a municipality with respect to the solution variants. These kinds

of issues in particular are very decisive for the final design solution and are

difficult to choose. It is therefore very advisable to determine the performance

criteria for a trade-off matrix in a good and the widest possible consultation

with the development team. This particular (sub) step in the design wheel will

be an essential part during the later step “communication”.

Weight factors

Each of the performance criteria should be given a weigh factor. A weigh factor

indicates the relative weight of criteria related to the other criteria. The

determination of the weigh factors values is often a result of the perspective of

a particular stakeholder. Weigh factors are essential for the stakeholders,

because they can influence the criteria which they consider the higher interest.

A weigh factor could be for instance: 1- less importance 2- medium important

3- very important. The determination of the weigh factors in such a way that

there will be consensus within the development team and key stakeholders is by

far the most complex part of the variant analysis. It should be performed in

close cooperation and must contain an iterative character.
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Perform the trade-off analysis and capture the chosen design solution

including a motivation

Figure 71 is an example of a fictional trade-off matrix. The development team

performs the trade-off analysis and chooses a particular design solution. In

practice, the design solution with the highest score doesn’t have to be the final

design solution, because of various reasons. It is therefore very important to

capture explicitly the chosen design solution, including a motivation for this

particular choice.

Figure 71 Example of a trade-off matrix for a traffic connection between two

villages

Based on this example, this could look like:

The variant analysis within the design wheel is concluded by choosing the best

design solution. Out of the large and often confusing amount of possibilities to

realize a smart microgrid, the most promising design solutions are identified,

and the best solution is chosen. The next step will combine the chosen design

solutions for the different (sub)systems into a concept for a smart local energy

system.

Design Solution: Variant 1

Because: Variant 3 has the highest score but is not available on a

short notice. Variant 1 is the second best score and its score on

sustainability matches the project goals even better.
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3.4.5 Step 5 – Design

The fifth step in the design wheel involves a closer look at the chosen design

solution of the previous step.

figure 72 Step 5 – Design

The main purpose for this step is to identify which subsystems or themes are

present within this chosen solution. The chosen design solution in this phase of

the life cycle will be system architecture, an abstract view on this particular

design solution. This step can be clarified with the already used example of the

connection between two villages. When a choice is made for a bridge during

the variant analysis, the next step of design will identify for this bridge what

kind of (sub)systems and/or themes can be applicable for bridges in general,

e.g. traffic signs for land and water traffic, (moving) bridge part, lighting, road

barriers, energy supply systems, bridge control house, etc. In this particular

step, the development team will create for the first time a concrete design and

get a grip on the various design solutions within smart microgrids. In this

particular phase of the life cycle, and for a description of the development

framework in general in thesis, it is rather difficult to illustrate this for generic

smart microgrid themes as discussed in the first step, the common perspective

on smart microgrids (SGAM framework). When developing this development

framework for smart microgrids, and applying SGAM for the first time, SGAM

proved to be a difficult to understand framework during this stage for the

wide-oriented and strategic driven development team. During the conceptual

stage, there is simply too much detail in the SGAM model, which cannot be

defined yet. It is therefore useful to define certain themes within smart

microgrid at this stage, which is very recognizable within a broader audience.

These themes can be in turn be worked out by applying the SGAM model.

Based on the previously taken steps, there are a few plenary themes to define

which requires specific knowledge and skills.
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These themes are:

- Smart Distribution : flexible and modular distribution grid for

smart microgrids;

- Process model : “the rules of the game including players” for

smart microgrids;

- Automation : IT and OT systems for smart microgrids;

- Financial model : costs and benefits of smart microgrids;

- Legal framework : laws and regulations for smart microgrids.

Figure 73 Graphical presentation of smart microgrid themes

Smart Distribution

Flexible and modular decentralized energy concepts are chosen at business

area-, industrial site- or commercial building level, in line with each production

forecast. Also for the power grid, a flexible approach could be appealing. After

all, if there is, in advance more constructed electrical infrastructure then

needed - because the business area does not follow the load forecast as

expected - a part of the investment in hindsight will be ineffective. If the grid

owner will wait until it is known how many companies are settling, the

necessary adjustments to the infrastructure might be too late. This is also

known as the "grid owner’s dilemma". With a flexible (resistant to future

changes) and modular (build with standardized assets) microgrid, the grid

capacity can focus on the specific power requirements of the various

companies, rather than on every conceivable question. By actual insight into

the load of the grid assets, investments in time can be better adapted to the

growth and structure of demand.

Process

To design a well-functioning smart microgrid, it must be very clear for

(sub)systems and actors how these (sub)system and actors (process-oriented)

must act. This theme will describe which actors are involved, what their tasks

are, and how they are working together to realize the required goals and

objectives for (sub)systems. This theme must also give insight into the

interoperability between systems and actors, and how new entrants are

integrated into the system.
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Automation

Based on the process theme, economical, organizational and technical logics

can be derived for smart microgrids. These logics are enabled by IT and OT

systems. These so-called smart microgrid automation systems link the

individual parts including their specific systems and subsystems within the

value chain together. Appointments between stakeholders are translated into

logics, which perform specific activities as much as possible automated.

Finance

The objectives for smart microgrids are among others enabled by using

flexibility offered by DG(RES), consumers and storage. This is only possible by

applying IT/OT systems and services offered by dedicated parties within smart

microgrids. Compared with a traditional construction of distribution grids,

there are therefore additional costs and benefits involved. This theme of

finance must give financial insight into the costs and benefits for the individual

stakeholders, as well for the concept as-a-whole.

Legal

A smart microgrid has to meet the applicable laws and regulations. This theme

is therefore not a strict development theme, it is more an assessment whether

there is compliance with applicable laws and regulations.

In practice, these themes proved themselves to be very pragmatic as well for

project management purposes. Each of the identified themes represents a

certain discipline. When these themes are worked out by applying the SGAM

framework, each of these themes became a so-called work package, each led by

a specialist in the specific discipline.

3.4.6 Step 6 – Verification and Validation

The purpose of verification and validation is to demonstrate explicit and

objective that results are in accordance with the requirements and objectives.

Verification and validation show abnormalities in an early stage. Corrective

actions can relate to both design choices as to the requirements and possibly

even on the level of ambition of the customer/system user. Thinking about

verification & validation starts with the definition of requirements. The more

elaborated design can be assessed in relation to these requirements as stated

in the requirements analysis. Verification and validation have an identical

fundamental meaning: a reciprocal activity with the main purpose to prevent

error on error, by checking a result of certain activities (e.g. a system design)

to the applicable requirements. The main difference between them is the

timing of the actual check and the type of requirements. During this phase of

development, the conceptual phase, validation should answer questions like

"have we designed the right (sub)system", also called “the fit for purpose
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check”. Verification is about whether "we have designed the (sub) system

well." In a later phase of the life cycle, for instance the realization phase, these

questions are resp. “did we build the (sub)system right” (verification) and “did

we build the right (sub)system” (validation). Verification checks design or

realization to all applicable requirements (including standards and guidelines).

Validation checks design or realization to user requirements only. Validation is

therefore like a special kind of verification which usually takes place at the end

of the realization phase, but early validation of a conceptual design is also

applicable and advisable. It is important to notice that validation and

verification within the early phase of conceptual design are close to each other.

As we move forward in the life cycle, the difference between them will become

more clear and meaningful.

figure 74 Step 6 – Verification and Validation

Verification

At this stage, each of the requirements must include a method to demonstrate

how and when the requirements are met through the provision of objective

evidence. Verification methods can only be used if it is clear which criteria

must be verified. Examples of common verification methods in the

development phase are:

- Analysis (e.g. feasibility analysis, cost-benefit analysis);

- Calculations;

- Demonstrations;

- Document Review (e.g. document inspections, reviews, keyboards);

- Modeling and Simulations;

- References.
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In later life cycle phases, verification will become more and more complex and

the emphasis will shift towards more discipline specific verification methods,

such as:

- Testing and inspecting (sub)systems and components in order to

conform compliance to applicable specifications;

- Witnessing activities such as manufacturing, testing, installation and

commissioning to conform compliance to specified specifications or

procedures.

Validation

The purpose of validation is can serve a threefold goal:

1. To check if the (sub)system will meet the stakeholder’s requirements;

2. To check if the designed (sub)system can operate in the environment

for which it is intended;

3. To check whether the integrated system will provide a working

system.

It is in practice very difficult to identify a complete and full set of requirements

for a specific (sub)system. The main reason for this is that not each of the

requirements can be captured with requirements. Validation will be a kind of

“integration test”, a holistic control mechanism to check if the three mentioned

purposes are being met. An example is the realization of a coffee machine. One

of the goals can be to sell a lot of coffee machines, which is rather difficult to

translate into a requirement. Validation is therefore not as tangible as

verification. In other words: if a (sub)system will comply with the

requirements, it doesn’t have to deliver a working system at the end. A

common method to validate is to interview the key-stakeholders by the

development team. The development team will audit themselves internally on

an architectural level by asking the key-stakeholders if the primary results of

the design will meet their goals. As discussed in the “actor analysis”, these key-

stakeholders can be very diverse in many ways, and the validation interview

could lead to interesting insights for the developers. It is very important to

notice that the main focus during the validation and verification is internal, just

a small group of involved stakeholder and developers are involved, to keep the

process of design fast and transparent. In the next step of communication, the

development team will extend their focus externally. If the design of a specific

(sub)system has passed this step of verification and validation positively, it is

time to discuss the design solution with the complete list of involved

stakeholders.



136

3.4.7 Step 7 – Communication

After the validation and verification phase, the chosen alternative will be

presented to each of the involved stakeholders during the communication step.

Main purpose is to create consensus for a specific design solution. During the

conceptual phase of the life cycle, this communication step will have a strong

overlap with validation. The main difference is that there will be validated

“outside” the group of key-players. To clearly identify this important

difference, this particular step will be called “communication”. The already

identified common perspective on a smart microgrid during the first step will

act as a common ground for this step of communication. Each of the

stakeholders can map their individual goals and objectives in this abstract

representation of a local smart grid. For communication purposes it will also

serve to create a common language and transparency in a complex world. For

clarity, there will be not only communication during this second last step.

During the previous steps, each of the involved stakeholders will be informed

broadly about progress, status of the development, design choices, risks, etc. by

newsletters, dedicated websites, etc.

figure 75 Step 7- Communication

The development team needs to share important information which will be

necessary for each of the stakeholders to interpret the problem and solution

domain. This way each of the stakeholders of smart microgrids will be kept

involved, even though they are not a key-player during development. There are

two main reasons for this, 1) each of the stakeholders will be kept involved and

will not have the feeling to be confronted abruptly with a design solution

during a “communication session” and 2) the process of development will not

be “delayed” by too much discussion.
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It is therefore very important that each of the stakeholders know upfront that

they will be involved at an appropriate moment in time, and will have the

possibility to discuss a design solution and the pathway towards this particular

solution.

From a diversity of (pilot)projects around the topic of smart grids, there is a

large number of theoretical research and practical experiences regarding

communication. For this thesis the focus is not to explore and to substantiate

communication methods.

Stakeholders will have multiple motivations (drivers) to participate in

innovative energy projects around smart grids. These drivers are very

important to expose in this step of communication. The most important and

common drivers from pilot projects, as can found in a large amount of

scientific publications (e.g. [151] [152]) are:

- Drivers with respect to knowledge and consciousness: stakeholders need to

be aware of their habits and the consequences of their behavior. It is also

very important to explain the underlying fundamental reasons to realize

smart microgrids: why are we putting this effort into the transforming

energy system;

- Personal drivers: e.g. what is the personal relevance, the expected level of

comfort, the increased awareness that individual actions matter, and more

qualitative issues like costs and benefits. These personal drivers need to be

pro-active, carefully and pragmatic explained to individual stakeholder,

personal contact is very important to increase the involvement;

- Social drivers: this can be for instance the stimulation of the social

solidarity (what are the neighbors doing?) by responding to moral and

social approval. Also, the insertion of any competition will be a good

driver.

3.4.8 Step 8 – Evaluation

All relevant key-stakeholders evaluate the design solutions and the stepping

through the development process (design wheel). The main objectives for this

step are:

- to ensure that technological, organizational and business baselines are

acceptable and will lead to satisfy stakeholders;

- to ensure that the next phase of the life cycle is achievable, and the risk of

proceeding is acceptable;

- continue to foster teamwork; and,

- to synchronize project activities.
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figure 76 Step 8 - Evaluation

The stepping through the design wheel led to a consistent and extensive high-

level design of a local smart grid. There is a recipe for a smart microgrid,

developed conform the latest insights, which has no internal conflicts or

missing interoperability’s and is open for future innovations. An important

condition of this evaluation is the previous step of communication in which

each of the involved stakeholders agreed on the design solutions. This

communication step did however not discuss how to proceed.

The evaluation should end in a “go/no-go” decision for the next design phase.

In case of a no-go decision all previous design steps must be followed all over

again, starting with goals analysis or in worst case, the project will terminate.

In case of a go-decision the design team steps into the next design phase in

which the design will be elaborated in more detail. This way, an increasingly

detailed design is iteratively realized. Design choices for (sub)systems must be

described according the mentioned steps in the design wheel. In this manner,

specific requirements can be allocated to specific (sub)systems and mutual

interfaces can be determined.

The evaluation will look back in time to consider to following issues with

respect to the design wheel and the steps and process in particular:

- Were there any bottlenecks during the development phase?

- How are these bottlenecks solved?

- What went well (or very well)?

- What could be done better?

- What could be done differently?

- Did we take each of the steps explicitly?

- Did we deliver the proper “products” after each of the design steps?
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- Did we organize the communication and project management to support

the design step activities well?

- Are there any solutions variants identified which can be used in other life

cycle stages?

- Were the appropriate organizations, people, disciplines and knowledge

available?

Beside these common questions about the design process in general, there are

also rather project specific evaluations to perform. This will be questions like:

- Project efficiency: a typical project evaluation in terms of money, time,

information, organization and quality;

- Impact on project client, -principal, -financier: are they satisfied?

- Impact on the team: what is the influence of this phase on the team in

terms of motivation, loyalty, fun, etc.

- Business and organizational success of the participating companies in

terms of economic results, increase of market share, fit with strategic

planning, etc.

- Preparation for the future: what are the influences of the design choices on

the team, spatial planning for the municipality, participating companies,

etc.

3.5 Evaluation of the Smart Microgrids Development

Framework
This section will discuss the results of an extensive evaluation after applying

the Smart Microgrid Development Framework in a large pilot smart microgrid

project in the Netherlands. The framework was intensively discussed, applied

and developed along the pilot project duration by a mixed team of developers

from a wide range of roles within the smart grid sector as discussed in the

previous chapter. Table 24 shows the interviewees, classified by their function

at their employer and their role in the development team. Some functions (e.g.

business developer) are mentioned several times as if they are all in the same

discipline. In reality they are all specialized in a specific discipline (e.g.

economic, technology, etc.). The main purpose is to evaluate the development

framework in general, undependable of a specific discipline. Each of the

interviewees has been highly involved in the development and application of

the smart microgrid development framework.
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The following interviewees were interviewed:

No Function No Company
Role In Development
Team

1 Manager
Innovation

1 DSO Member steering
committee

2 Project manager 1 DSO Developer
3 Business Developer 4 DSO Developer
4 Director 1 Service

Supplier
Chair steering
committee

5 Business Developer 6 Service
Supplier

Developer

6 System Engineering
consultant

1 Service
Supplier

Developer/project
controller

7 Business Developer 1 Service
Supplier

Program Management

8 Municipal Official 1 Municipality Member steering
committee

9 Project leader 1 Municipality Developer
10 Business Developer 1 DG-RES

supplier
Developer

11 PhD student 1 TU/e Developer
12 PD ENG student 1 TU/e Developer
13 Master student 3 TU/e Developer
14 Professor 1 TU/e Development coach
15 Developer 1 Consultancy Developer
16 Developer 1 R&D company Developer

Table 24 Interviewees evaluation Smart Microgrid Development Framework

For the evaluation of the smart grid development framework is chosen to

apply a qualitative method, which capture more depth and provide insights

and narrative descriptions of people’s thoughts and opinions about their

experience, attitudes and beliefs with respect to the development framework

then quantitative methods. These qualitative methods in general are more

subjective, time consuming and more difficult to summarize and compare

systematically the collected data. But, the number of interviewees is however

relatively small, which can be considered as less reliable, but it will also

provide more details and nuances. Another argument to apply a qualitative

method in a semi-structured and in-depth manner, instead of a formal

quantitative method and by transcribing and applying the process of coding, is

that the evaluation of the development framework within this thesis does not

have a significant contribution on this thesis results. The evaluation was

performed by means of open-ended questions in questionnaires based on the

evaluation criteria as discussed in the last step of the design wheel. In the

appendix a blank questionnaire is attached as applied for this evaluation.

Because the questionnaire can be time consuming for the interviewees, in

some cases the evaluation is performed by interviewing the participants.
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Individual interviews and questionnaires are interpreted and summarized.

Interpretation is rather difficult in some cases because of the used words,

selective perspectives, etc. of the respondent. And another issue is the

(unconscious) bias of the interviewer/evaluator. Examples of these biases

which can influence the analysis of the questionnaires are: stereotyping the

interviewees, halo/pitchfork effect (one strong positive or negative answer

influence the entire interview), nonverbal bias and the “like me” syndrome

(e.g. interviewees are in the same sector as the interviewer). In order to avoid

these biases, there were several processes put in place in order to counteract

these biases. The first one was to apply a very structured interview planning in

advance. The interviewees, and especially the role of their employer,

determined which kind of questions must be asked with respect to complexity,

topics, etc. Every interviewee got the same list of questions. These questions

were also discussed upfront within the development team in order to learn

what kind of information each member of the development team would like to

learn (from each other). Before an interview was taken, the interviewer

needed to know upfront what the interviewee’s role, goals, ambitions, etc. is.

The interview and the analysis of the questionnaires are performed by an

“outsider” of the development team, in this case a master student of the

Eindhoven University of Technology, in order to minimize the personal bias in

case a development team member will perform the interview and analysis. The

interviews were recorded and summarized afterwards.

A summary of the interview was sent back to the interviewees in order to

check for accuracy and completeness and to eliminate the mentioned bias as

much as possible. Once feedback was received, results were summarized in a

report and presented to the development team and a project sounding board,

which consists of several representatives of the Executive Committee of the

participating stakeholders. The evaluation will be discussed by analyzing the

following two issues:

- the usability of a Systems Engineering approach for smart microgrid

design;

- the composition of the development team.

The composition of the development team is also taken into consideration,

because the framework will always be applied in a project team with

representatives of key stakeholders of a smart microgrid. The matter of

success for a project will heavily depend on this team and how they are

working and cooperating with respect to this proposed framework.
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Systems Engineering Approach

1. The Systems Engineering approach was experienced by the developers as

a complex method which need time to fully understand its applicability,

resulting in repeatedly going through the same steps of the design wheel.

2. Applying the Systems Engineering approach without a basic

understanding why specific steps are taken could lead towards a

bureaucratic attitude and too much focus on the process instead of

focusing on the content a specific design step implies to reach.

3. Also, without a basic Systems Engineering knowledge, the members of the

development team lost overview on the process throughout the project

duration.

4. Because of the complexity of the concept of smart grids and the electricity

sector, the design wheel led towards an increasing level of understanding

along the way, which led towards changed requirements, scope, etc. There

was too little attention for requirement management during the project

duration.

5. Interoperability between subsystems in a smart microgrid, and the stated

themes in chapter 3 were from the beginning of the project already

indicated as one of the major challenges within smart microgrids. Along

the way it became clearer and clearer that this interoperability is really

important, and will become more and more important throughout the

development phase, and that it should get more attention during

development from the beginning.

6. During the development phase it is very attempting to make very detailed

choices. This is however the field of engineers, builders, etc. They will do

their own analysis during their specific life cycle phase. The principle of

top-down development and to prevent of a detailed analysis was

sometimes forgotten.

7. Throughout the development, the first step of the design wheel, the goals

analysis, has proven to be really important. Along the way team members

had several times discussions about the main goals and the scope of the

project. The basic assumptions, as indicated in the goals analysis, were not

properly recorded on paper, leading towards various interpretations of

scope, main goals, etc.

8. At a certain point in time, design solutions can be taken into consideration

for instance by comparing them during the variant analysis. Some of the

design solutions are however much more “adult” or too detailed described.

Comparing design solutions which doesn’t have the same level of

development is very complex.

9. Sometimes, a group of developers can be very creative in the number of

design solutions. When the number of variants becomes too large, the

development process became non-transparent and unmanageable.
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10. The Systems Engineering approach is based on the life cycle of systems

and the development framework is focusing on the conceptual phase.

There should be more focus on the fact that the activities as taken during

this phase are long term ambitions which could take years before they will

be realized. The focus on the requirements, design solutions, etc., was

however focusing on a much shorter time frame, preventing valuable

innovative ideas to be discussed.

11. In line with the previous, the development team is focusing on the

conceptual phase. Systems engineering takes the other life cycles also in

consideration, but because of time pressure, too much focus on

development, etc. the other life cycles can be easily forgotten.

Development Team

1. A diversity of stakeholders was member of the development team. A very

important stakeholder is the system user. In this casus, from a system user

perspective, there were no consumers in person involved (because they

were not settled yet), only DGRES developers were a team member.

Consumers were represented by the other stakeholders, which positioned

themselves in that specific role. This was a deliberate and thoughtful

decision because of the attendance of a service supplier which has a lot of

experience within the B2B sector and the consumer’s goals, ambitions and

requirement. It was however still experienced as a matter of concern in

next projects for various reasons:

a. The development team derived goals and related system user

requirements by themselves on the assumption that they could

imagine quite accurate their ambitions, etc. If this is really the case

is not validated.

b. The previous issue also applies to the design space and the

solution domain.

2. Based on the two above issues, the development team will also validate

and verify the chosen design (the systems architecture) on their own

identified goals and requirements. It should be validated by the system

users.

3. The team consisted of a mixed set of stakeholders, all representing a

different discipline. During the conceptual phase, it was sometimes very

obvious that the team members are not speaking the same `language`

resulting in very long discussions on a topic which afterwards could easily

be avoided if they know from each other what they were discussing about

which are in fact two complete different topics. The focus on a common

system perspective and thereby creating the same `language` should have

more attention from the start.
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4. In line with the previous item, because of the diversity of key stakeholders

as team members, their respective individual goals and requirements were

not clear. This resulted into incorrect assumptions of the participation of a

specific team member. One of the design steps is the actor analysis, in

which the key stakeholders declare their individual interests. These

individual interests should be communicated more clearly in the project

development team.

5. The development team consisted of members who are working on a

strategic level within the smart grid sector. There were no specialists from

a specific discipline involved. This, in itself is not bad. However, sometimes

specific knowledge is required during the high-level systems architecture

development phase. The deployment of these specialists came too late, or

not at all, loosing valuable insights and/or false and missing requirements,

design solutions, etc.

As already mentioned, the development framework in itself should not be seen

as a blueprint with a prescribed order of activities. This is a very important

issue which needs some elaboration. The development framework should be

seen as a pragmatic framework. Systems Engineering, though a very useful

tool, proved to be counter-intuitive in its implementation [153]. Given the

designers’ experience in the field, jumping to solutions without making a

conscious analysis of the process by which a developer got the solution is

however a common practice. In other words, the Systems Engineering-way of

thinking is often already implicitly present in the design, but isn’t externalized

or documented. The methodology makes the designer’s thought-process and

choices transparent to the stakeholders involved, which facilitates

communication. In order to facilitate implementation of the methodology, a

“reverse” approach as illustrated in Figure 77 (adapted from [153]) can be

very helpful.

The starting point is the design solution that is automatically thought up by a

designer. From this concrete design solution, all steps of the framework are

worked out in reverse until the concept is made more general in order to

extract the basic functions and requirements for the system of interest. This

way of working and thinking can be very effective because it creates a sense of

awareness of the complexity of the problem and the importance of

documenting the entire thought process. Step one of this reverse approach is

to deconstruct the proposed solution (system architecture) and ask, is it

possible to solve the problem differently? Thoughtful consideration of other

options is equivalent to performing the variant analysis. By analyzing why the

proposed solution distinguishes itself from the other proposals, the system

KPIs can be obtained.
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In the designer’s mind, rejecting other choices comes automatically because

those options do not perform as well as the solution they had in mind in terms

of those KPIs—meaning they do not fulfill the requirements that are desirable

and/or necessary for the system. Identifying the KPIs will yield the system

requirements. By analyzing why these requirements are necessary and/or

desirable in the first place, the system functions can be deducted from the

requirements. The thought process of the “Reverse” SE approach is compared

alongside the original methodology in Figure 78 (adapted from [153]).

Figure 77 The "Reverse" Systems Engineering method [153]

Figure 78 Comparison of the "Reverse" SE method (bottom) with the original

methodology (top) [153]
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3.6 Improving the Smart Microgrid Development Framework
Based on the above items from the project evaluation, the following learning

points, ranked by the discussed systems engineering approach and the

development team, are given by the interviewees.

Systems Engineering Approach

1. There should be a Guidebook “Smart Grid Development Framework”

available from the start of the project. This guidebook should be written in

easily understandable language, without Systems Engineering specific

jargon.

2. Before the development team will start with the conceptual phase, a kind

of master-class in Systems Engineering should be given. During this course

there must be a strong focus on the process and the first two steps of goals

analysis and actor analysis.

3. Documentation has proven to be very important and should be taken into

consideration by project managers. Completions of provisional results

must be applied more often.

4. The design steps don’t need to be going through in a rigid order. The order

of steps can change in the course of time, or even taken backwards if

necessary.

5. It is highly advisable to use as much as possible the knowledge, skills and

experience of all the involved disciplines (multi-, inter- and

transdisciplinary) during the conceptual phase from experts. If they are

not part of the development team, they should be consulted.

6. It is very important to use knowledge, skills and experience form experts

of the other life cycles. If they are not part of the development team, they

should be consulted.

7. Compare different alternative design solutions with the same level of

development.

Development Team

1. There should always be a representative of the system user in person

involved during the conceptual phase as a member of the development

team. If there are no consumers settled on a business site in case of a

greenfield situation, these actors can be consulted from other commercial

and industrial sites or be found in associations representing specific

industry interests.

2. This thesis is only focusing on the methodology of system development. It

has proven that the project organization is important as well. The

assignment of specific Systems Engineering roles during the conceptual

phase is really important. A specific role should be concerned with

Information Management.
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Throughout the project, as discussed, interoperability has proven to be a

very important issue within smart microgrids. When developing the

systems architecture, in particular the interfaces between systems,

information is a key factor which needs to be well controlled. Another

specific role is the role concerned with the changes in scope, requirements,

etc... A change of a requirement in a specific theme, which can look quite

simple, can have a major impact on systems architectures which is not in

the picture of the other themes. “Change or Requirement management” is

a really important project role. It is also proven that complex systems like

smart microgrids cannot be managed without dedicated tooling, for

instance for Requirement Management.

3. During the development phase it is very attempting to make very detailed

choices. This is the field of engineers, builders, etc. They will do their own

analysis during their specific life cycle phase. Keep the principle of top-

down development in mind and prevent a too early detailed analysis;

4. Try to minimize the number of variants in possible solutions. This way it

will be a transparent and manageable process.



148



149

Technical potential of commercial and industrial

sites

Value propositions

Costs

Cost Benefit Analysis
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4 Business Analysis Model for Smart Microgrids
This chapter will discuss smart microgrids from a business perspective. The

previous chapter described how a smart microgrid can be developed without

quantitatively analyzing its economics. During the conceptual phase it is

however also important to gain insight into the smart microgrids feasibility

and what the most influential variables will be on its feasibility. In order to

gain insight in feasibility, multiple simulation tools are developed, which could

be applicable for this thesis. Section 4.1 will discuss how these tools can be

analyzed in order to choose an appropriate model. For the goals as discussed

in this thesis, quick insight in feasibility during the conceptual phase, by non-

expert stakeholders must be performed by a pragmatic model. During the

completion of this thesis, no suitable simulation model could be found.

Feasibility will therefore be determined by means of a self-designed and

developed Business Analysis Model. Section 4.2 will discuss how the Business

Analysis will be performed in four steps, including a description of the

corresponding variables which are required to calculate results.

An important determinant for the success of a project is the financial

feasibility. Being able to earn back investments is important for successful

application and broader discussion regarding smart microgrids. The business

analysis model is created to perform a quick scan on an architectural level to

check the financial feasibility. In the case of Smart Microgrids, financial

feasibility will be built on a number of value propositions. These propositions

make use of the technical possibilities which smart microgrids offer, such as

matching supply and demand through the use of flexibility, and translate them

into monetary benefits. These will be compared to the costs required for

deployment, operation and maintenance. There are a number of value

propositions for smart microgrid projects created, based on the opportunities

a business park can offer. Before going into depth on what these value

propositions are and how the costs and benefits are calculated, the starting

points for this thesis with respect to smart microgrid goals in order to provide

the necessary context for the feasibility analysis will be shortly repeated. The

concept of smart microgrids is aimed at its deployment on business parks in a

form of what will be referred to as a `local loop', a distribution grid with DG-

RES integrated into it. The concept of a smart microgrid consists of an extra

layer of technological, economic, and organizational intelligence on top of the

traditional value chain of electricity generation, distribution, and consumption.

This extra layer, which indicates the concept of smart microgrids, can be

developed by means of the smart microgrid development framework, as

described in the previous chapter, in such a way that it can provide a

description of the systems architecture and its involved stakeholders. By doing

so, smart microgrids can be applied in a number of ways depending on the



151

specific situation on the business park to which it is applied. For instance, it

can help to create custom solutions for achieving energy neutrality, or provide

specific services, such as solving congestion on existing business parks.

figure 79 Traditional grid topology versus “local loop” topology

The main goal for this thesis is to enable a smart and efficient exchange of

energy within a local loop. Additionally, two sub-goals can be identified:

1. Match local supply and demand through the use of flexibility in consumer

and production profiles and the integration of decentralized renewable

energy production within a local loop;

2. Achieve cooperation between all parties involved in such a way that all

parties can benefit from this cooperation.

The way to achieve the main goal is by adapting the traditional grid layout for a

business park to create a more optimal situation where for instance electricity

losses can be reduced, emissions can be reduced, energy related costs can be

increased, etc. An example of such a traditional grid can be found in figure 79.

In a traditional grid layout companies are connected through a ring shaped

grid topology, although radial and meshed grids are also a possibility. Wind

turbines are present in the vicinity, but have to be connected to a MV

substation traditionally as a result of the Dutch Grid code if they are larger

than 2 MVA, rather than allowing the electricity produced to flow through the

business park. An example of a grid layout that has the potential to be more

socially optimal can be found in the same figure, the local loop, by integrating

renewable energy production into the business park grid. The result of this is

that the locally produced electricity can immediately be consumed by

companies which are settled on the business park. This can provide technical,

economic and social benefits. Matching supply and demand locally means that

the electricity consumed does not have to travel over large distances, and that

the renewable electricity generated does not have to be fed back into the grid.

All of this reduces the average transport distances for electricity and the

loading of the grid infrastructure and reduce grid losses. This grid loss

reduction for instance can provide financial benefits to the DSO, which can

flow back to the firms on the business park.



152

This will incentivize them to participate in the creation of flexible demand, and

to invest in sustainable energy production on the business park.

4.1 Modeling options
The feasibility of smart microgrids can be analyzed by means of quantitative

modeling of smart microgrids. The modeling of energy systems, for instance to

optimize DG-RES integration and/or scheduling problems can be performed by

many sophisticated software tools. This topic has been addressed in several

studies [154] [155] [156] [157]. A very pragmatic toolkit is offered by

Netbeheer Nederland [158] in which a comprehensive overview of so-called

“energy transition simulation models” are presented. Based on the offered

toolkit by Netbeheer NL, in which a guided choice for simulation models can be

made, and the extensive list of available tools in [157], an analysis of

simulation tools for the quantitative analysis for smart microgrids is

performed based on the following issues:

- Scale of geographical landscape;

- Life cycle phase;

- Output (e.g. economic, energetic, sustainability, institutional);

- Input (system components);

- Usage;

- Availability (in development, open source, product or service model, etc.).

-
Figure 80 Screenshot of website Netbeheer NL
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Based on the mentioned issues a short list of simulation tools which could be

appropriate for the stated goals of this thesis is made and analyzed in more

detail. The selection is based on the following choices. The simulation tool:

- must be applicable on B2B sites, so it must include input system

components such as DG-RES, MV-grid, industrial- and commercial

building- consumer profile uploads, flexibility, aggregation options,

different time frames (real-time, 15-minute interval, etc.,.) or offer the

opportunity to upload specific production and consumption profiles;

- can focus on the conceptual phase within the life cycle, meaning that it can

be used by non-experts in power economics and/or power systems. It

should be user friendly, pragmatic, self-serviceable, etc.;

- must generate output on financial and energetic issues;

- can offer possibilities for sensitivity analysis, include new market roles,

etc.

The following simulation tools were selected: HOMER [159], EnergyPLAN

[160] [161],DER-CAM [162], ETMOSES [163]. In general, the following

conclusions can be drawn with respect to the mentioned short list and the

intended application for a quantitative analysis of smart micro grids in this

thesis:

- The first and most important conclusion is the complexity of the

simulation models. Without an (expensive and extensive) training, the

tools cannot be operated. Even for experts in power engineering and/or

power economics some of the models are quite complex and not very user

friendly. The focus of this thesis is on the conceptual phase. Most of the

models can take other life cycles as well into consideration, but this will

result in rather complex, too highly qualified models;

- Because of the previous conclusion, some of the models are only available

as an expert tool: it can only be operated via a commercial expert. Other

models are product based and can be purchased via the supplier, and used

after a specialized course. A quick and dirty tool to analyze feasibility, as

required in the conceptual phase is not available. Open source models,

with a set of use case examples, documentation, best practices, lessons

learned, etc. are not available for the intended use within this thesis;

- The required possibilities to perform a sensitivity analysis is mostly

available in the tools, but however rather complex to operate for

inexperienced users;

- The possibility to consider energy communities is often not taken into

consideration. Aggregation on a higher level can be taken into

consideration for grid issues and/or optimal sizing of DGRES, but counting

backwards to individual results in energetic and financial issues towards

system users is for instance not possible;
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Based on the above-mentioned conclusions, and despite the increasing number

of simulation models, a new model, based on Microsoft Excel (the most widely

used simulation tool in the sector (and beyond)), is developed. The next

section will elaborate on this Business Analysis Model.

4.2 Business Analysis Model for Smart Microgrids on

Commercial and industrial sites
In order to determine the costs and benefits associated with smart microgrids

a Business Analysis Model (BAM) has been created. The BAM consist out of

four steps, as depicted in Figure 81, leading towards a full cost benefit analysis:

- Step 1: determining site variables which indicate the technical potential

for smart microgrids

- Step 2: determining how value can be created (value propositions) by

applying this potential

- Step 3: determining the costs which are necessary to unlock this value

- Step 4: the calculation of the costs and benefits

Figure 81 Overview Business Analysis Model (BAM) for Smart Microgrids

The foundation of these four sections will be discussed separately in the next

sections. The technical potential consists of all the input variables that

determine the outcome of a smart microgrid cost benefit analysis (CBA), and is

made up of data that will be created using simulations of demand and supply.

The value propositions are the benefits that can be provided by smart

microgrids; the way value can be generated. The amount of value that can be

created depends on the variables making up the technical potential. Combined

with the costs for the project, this will allow the creation of a full cost-benefit

analysis. By using Monte Carlo uncertainty simulations and a sensitivity

analysis, the most influential variables which determine the feasibility of a

smart microgrid can be determined. A Monte Carlo simulation is a simulation

that makes use of uncertainties that exist within a number of input variables,

and determines the probability of receiving a net positive or negative outcome.

It uses user created probability distributions and takes a number of random

samples, varying the input variables with each sample. A number of well-

chosen variables who will be discussed in the next paragraphs can be

submitted with a certain uncertainty to research its influence.
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4.3 Technical Potential of Business Areas
The variables which are necessary for the calculation of the potential value

that can be generated in smart microgrid projects are summarized in Table 25.

Each of these variables is described in the next sections.

Variable technical
potential Unit Description
Yearly Peak Load kW Peak load over the PoC of a business site
Total Yearly Demand kWh Summarized energy consumption of all connected

companies
Total Yearly Supply kWh Summarized energy production of all connected

DG-RES units
Internal Supply % Percentage of local production which is consumed

locally in the local loop
Kw Load Shifting
Available

kW Total flex-power available in the local loop

Kwh Yearly Load Shifting
Possible

kWh Total amount of energy flexibility in the local loop

Number of Consumers # Total number of connected consumers on the smart
microgrid

Table 25 Input Variables Technical Potential

An important issue with respect to the technical potential of a business site is

the load forecast in green- and brown fields. See also Figure 82 (adapted from

[164]). A brownfield can have a rather static demand profile, which is hardly

chancing throughout the years that follow. Companies are settled, and there is

hardly any space left for new companies or DG-RES. It could be however more

dynamic in other situations, load forecast could be unpredictable for the

upcoming years. Demand can change on a business site via roughly two

scenarios. One possibility will be that maximum capacity will for instance be

reached in year 30, but how this is reached in terms of dynamic growth per

year is rather uncertain. A business site in a green field situation is not fully

booked in one year, it could take years before developers or a municipality

sells the building plots to interested companies. A brown field can also have a

rather dynamic grow path towards maximum capacity. Settled companies can

come and go over the years and maximum grid capacity will not change in this

scenario, it is known upfront and cannot be changed easily, the way how to

reach maximum capacity could be very dynamic. Another and also most

realistic possibility for green- and brown fields is that there will be a dynamic

path towards maximum grid capacity, just like the previous scenario, but this

maximum is rather flexible, meaning it could increase or even decrease in time.

These above mentioned dynamics will be endorsed by the application of the

scenario analysis in the Smart Microgrid Development Framework. Each of the

possible described future scenarios can be translated into different forecasts
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for instance for load growth, number of companies, etc. The BAM can adapt all

these scenarios.

Figure 82 Graphical impression of load forecasts scenarios [164]

4.3.1 Supply

The total yearly supply is focusing in particular on DG-RES units like PV and

wind turbines. These types of DG-RES are increasingly applied on commercial

and industrial sites because of sustainability objectives, while characterized by

intermittent and unpredictable production profiles. Other DG units, like CHP

units, emergency generators, etc. are also widely applied on commercial and

industrial sites, but they are characterized by their rather flat production

profiles and their less sustainable image. The challenge for smart microgrids is

provided by the intermittent, based on renewables, production profiles, and its

integration into the smart microgrid, as stated in the main goals for this thesis.

This thesis will perform “worst-case” feasibility analyses for DG-RES units like

wind turbines and PV. For clarity, the BAM will perform a high level quick-

scan: a feasibility analysis for the conceptual phase to gain a quick insight into

the feasibility of smart microgrids. In other words, the analysis could be based

on forecasts of expected supply. These forecasts do not have to be very

accurate, but must be a realistic presentation of the expectations.

The creation of production profiles can be performed in two ways. In case of a

brown field, with existing DG-RES units, profiles can be created based on

historical data. In case of a greenfield, where DG-RES is not already installed,

historical data is not available, and production profiles need to be estimated.

Both methods will create a production profile for several types of DG-RES

which are aggregated into a total yearly supply profile for a specific business

site. This thesis assumes that commercial and industrial sites will be

(additionally) supplied by new DG-RES initiatives, hence supply profiles must

be created based on estimations. In practice, estimations are usually given by

project developers of DG-RES. These estimations are however often “only”

yearly energy yields in kWh, based on an expected installed power (kW) of the

DG-RES unit. For instance, business site X have the ambition for 2 wind

turbines of 2,3 MW which produce app. 9 GWh per year.

One scenario

Time
T0T30

One scenario

T30

Multiple scenarios

T30Time TimeT0 T0

Static Dynamic
Dynamic under

uncertainty
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The BAM will perform however feasibility analyses based on yearly production

profiles with a 15-minute interval. These kinds of profiles are not always made

available by DGRES developers for various reasons. In other words, based on

the summarily declared data, production profiles must be created by BAM

analysts. The next sections will illustrate how these profiles can be constructed

for PV and wind turbines.

4.3.1.1 Solar Profiles

The solar production profiles can be created by using the solar irradiation data

provided by the Dutch Meteorological Institute (KNMI). The KNMI is

monitoring several climatologically elements at several weather stations in the

Netherlands which are collected and made public available. This way, location

specific irradiation data can be obtained to estimate solar production profiles28

for a specific business site. Before turning the irradiation data into a

production profile, the structure of the solar data must be adjusted to match

the demand data structure. The demand data usually have a resolution of 15

minutes, whereas measurements of solar irradiation happen once every ten

minutes. In order to circumvent this, every second measurement of the 15-

minute data (measurements at xx:15 and xx:45 every hour) can be created by

averaging every second and third data point from the 10-minute data (xx:10 &

xx:20, and xx:40 & xx:50). This way, six measurements are turned into four

data points, which match the standardized 15-minute interval demand

profiles.

4.3.1.2 Wind Profile

The wind production profile can also be created by using wind speed data from

KNMI weather stations, but requires a few extra steps in between. Firstly, the

data has to be converted from a 10-minute resolution into a 15-minute

resolution in a similar fashion to the solar data. The next step is to convert the

wind speed at measurement height (10 meters) to turbine height. This can be

done by using the following formula [165]:

In this formula v2 represents the speed at hub height, v1 the measured speed,

z2 the hub height, z1 the measurement height, and α the so-called wind shear 

exponent. The wind shear exponent is generally assigned a value of 0.143 for

the type of flat terrain typically found in the Netherlands [165].

28 http://projects.knmi.nl/klimatologie/uurgegevens/selectie.cgi
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After using this formula to scale up the wind speed to the speed at hub height,

the wind speed can be combined with the well-known turbine power curve as

illustrated in figure 83 in order to create a production profile29.

figure 83 Typical wind turbine power output with steady wind speed

4.3.2 Demand

Demand profiles for commercial and industrial sites are very dependable on

issues like the nature of the site itself, the nature of the settled companies

(industrial, commercial), number, size, etc. For brown fields with hardly any

changes in the near future regarding settled companies, it is theoretically

rather simple to construct a demand profile for a business site by using

historical data of every connected company and summarize it to an aggregated

profile. In practice, however, this can turn into a rather difficult, time

consuming task for multiple reasons (e.g. companies consider the measured

data as strictly confidential and won’t share the data). In green fields however,

there are no commercial or industrial companies settled yet, so data is not

available.

The BAM allows taking several future scenarios into consideration, by

translating the scenarios as stated in the previous chapter about scenario

analysis in the smart microgrid development framework, into load forecast

data for the corresponding scenario’s. Based on the demand profile, the yearly

peak demand and the average monthly peak demand can be extracted. Yearly

peak demand will be stated by determining the highest peak of each month,

and the highest of these peaks is the year peak in kW. All of the monthly peaks

in a specific year were averaged to make up the average monthly peak.

4.3.3 Flexible Demand

In order to calculate the potential value that can be generated using flexible

demand, there must be determined how much flexible power in kW and

flexible energy in kWh is available.

29 http://www.wind-power-program.com/ popups/powercurve.htm
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Flexibility is defined here as the amount of kW or kWh which end-users can

change during a specific time-frame. Unfortunately, the fact that a business

park is not up and running yet (greenfield) and in case there is no insight in

flexibility because of a lack of energy- and flexibility audits (brownfield), it

makes it very complex to determine the amount of flexible demand available

with any degree of certainty. Also, studies on flexible demand potential are

limited, and often conflicting. Therefore, an assumption will have to be made

that is as realistic as possible. In order to do so, several sources of literature

[25] [81] [166] [167] have been combined to define well-founded assumptions

on the flexibility potential in the BAM.

To illustrate the complexity of flexibility issues and why literature is often

conflicting in their conclusions three reflections on flexibility are given. One of

the first issues in literature is the way how flexibility will be defined, there is

no standard for flexibility available. Flexibility should therefore be viewed on

from a specific perspective, e.g. from a DSO-, TSO-, end-user-, or electricity

market perspective. Each perspective will create its own definition of

flexibility. For example, when focusing on the end-user perspective, flexibility

definitions can obtain at least the following characteristics: response time, size,

duration, recovery time and frequency. A cold-store for instance, can be

switched off for a certain time before it starts to defrost. Before this critical

point in time, it must be switched on again to bring temperature back to a

specific temperature. During this recovery time, the cold store cannot be used

to supply flexibility.

Figure 84 Example of characteristics of flexibility for end users

There are multiple frameworks that describe flexibility [168] [169]. Existing

frameworks can be classified along two axes like depicted in Figure 85.
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Figure 85 Comparison of flexibility frameworks [170]

A description of flexibility can have many different properties (e.g. flexible

power, response duration, response warning time, recovery time, recovery

power, etc.). These values can be tailored for individual businesses of interest.

The more complex the description (more properties of flexibility), the more

accurately it can describe the response of a load. However, this also reduces

the intuitiveness, which makes it less useful in an exploration phase. A more

specific description – better tailored to a specific situation – makes it more

accurate, but also makes it less transferrable to other situations. This again

limits the usefulness of the estimation. There are hardly any flexibility

frameworks for a flexibility description designed to be both simple (describing

flexibility in a few intuitive and key parameters) and universal (creating

descriptions of flexibility that can be re-used in many different situations).

Multiple existing frameworks use the same approach: 1) divide businesses into

segments; 2) perform static profile analysis per segment; 3) determine

flexibility per segment and 4) integrate with flexibility requirements in the

area. This approach results in an accurate description of power consumption.

However, it also yields a specific description of power and flexibility; too

specific to easily transfer to other businesses in that segment, and too specific

to produce meaningful insight into the origins of flexibility. The models from

such frameworks cannot be used in the conceptual phase of smart microgrids.

Another issue is Demand Response versus Demand Side Management. Both of

them will be used with the same meaning in literature. There is however a

subtle difference between them. Demand Side Management is about changing

energy consumption, increase energy efficiency, etc. with a strong focus on the

end-user’s own premises. Demand Response will change consumption profiles

as a result of a price signal from the electricity market or a trigger from a

DSO/TSO. There is an overlap in both of them which concerns sustainability

issues such as CO2 reduction.
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To encourage end-users to offer flexibility there are several Demand Response

Programs, which can be roughly categorized as follows:

- Controllable Demand Response (demand dispatch);

- Price-responsive Demand Response.

Both of these kinds of programs will be applied for different purposes as

depicted in Figure 86, each with a different focus on flexibility in terms of

response time, size, etc. leading towards different categories of demand

response possibilities for end-users, as depicted in Figure 87.

Figure 86 Demand Response Programs and their application

Figure 87 Categories of Demand Response possibilities at end-user’s premises
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Based on [25] [81] [166] [167], and the discussed issues regarding primary

sources for flexibility in power on commercial and industrial sites, a general

conclusion is that the potential of flexibility at consumer side is highly

dependable on the nature, the surroundings, etc. of industrial and commercial

companies. A rough and conservative estimation of the potential for flexibility

is defined at 2.5% of the total peak power for consumers in the B2B sector.

In order to determine the potential for energy shifting, data is necessary on

how long the shifting potential in power [kW] can be employed. The difficulty

is that concrete information is very hard to find in literature. The main

foundation to build upon is literature, which mentions that for instance

appliances used for ventilation and heating/cooling can be used for a timescale

of 15-30 minutes. Considering the relatively low impact of shifting ventilation

and air conditioning, as well has water heating and in some cases IT for 15-30

minutes, it can be assumed that this can be done multiple times a day. How

often this can be done is difficult to say, but assuming a relatively conservative

scenario with a 1:4 ratio between demand reduction (negative shifting) and

necessary recovery (positive shifting), negative demand shifting for 30

minutes will require 2 hours of recovery time before it can be employed again.

This still means demand can be shifted 4 times in a ten-hour working day. In

this scenario a 15-minute negative shift would require a 1-hour recovery,

meaning that the process can be employed eight times per day. In both of these

cases, negative demand shifting can be employed for a total of two hours per

day. This scenario is conservative, as positive shifting can also be employed for

matching supply and demand, as locations with a supply of solar power can

experience both a demand surplus and supply surplus on the same day.

However, as the positive shifting potential is lower than the negative shifting

potential, and the necessity of positive shifting is difficult to determine, the

cost-benefit analysis will make use of a potential of two hours of demand

shifting per day.

Another issue related with flexibility is that not every consumer can or wants

to offer flexibility for various reasons. The BAM allows entering the number of

consumers who are willing and can offer flexibility. The number of flexibility

providers is a percentage of the total number of connected consumers. For this

thesis this percentage is stated at 20%.

The input variables with respect to flexibility which are important for a

business analysis and taken into consideration are:
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VARIABLE VALUE
Percentage of Flexible
Power (Kw) Available

2,5% of the total peak power for companies with flexible
demand available during every monthly and yearly peak

Hours of Flexible
Demand Available

2 hours

Number of Flex
Providers

20%

Table 26 Input variables Flexibility Potential in Commercial and industrial

sites

4.3.4 Internal supply, flexible power and energy in demand, and number of

consumers

The rate of internal supply for each year will be determined by considering the

demand and internal supply for each 15-minute interval and determining the

amount of overlaps that existed. Internal supply means the total supply,

generated by local DG RES and consumed by local consumers within the loop.

The results are generated by means of simulation in which total local supply is

matched with local demand. The net positive result is the internal supply, the

net negative result is the amount of electricity which should be obtained from

outside the local loop. The yearly percentage internal supply is generated by

using the following formula:

The amount of flexible power available will be calculated by multiplying the

estimated percentage of flexible power with the yearly peak for each year.

The amount of flexible energy available will be calculated by multiplying the

flexible power potential by the number of hours of demand shifting possible.

The number of settled consumers can be entered manually into the BAM. This

number of settled companies will be used to calculate the costs for the

required ICT systems because the participating companies need ICT systems

which facilitate the smart microgrid performance.

In case of a brownfield it is quite easy to determine the number of settled

companies, they can be counted and entered in the BAM. In case of a

greenfield, in which the number of companies is unknown for now and the

future, this number will be calculated for each year.
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Based on the spatial planning of the municipality a very rough forecast of the

number of total settled companies for the end situation (fully cultivated with

companies) is often given by project developers. In this case this given

assumption for the number of companies when the site is fully cultivated can

be used to calculate the average amount of energy consumed per consumer.

The number of consumers which is settled in year x can be calculated by:

The first input variables which are necessary to describe the business site in

order to perform a cost benefit analysis are now defined. The next section will

discuss the variables which are important to create (financial) value for a

business site.

4.4 Descriptions of Value Propositions
This section will introduce the different value propositions to calculate the

monetary value which can be generated. Value propositions are methods of

creating value through the use of technology, cooperation of a diversity of

stakeholders, innovative incentives, etc. In the case of electricity supply

systems, potential methods of value creation can be determined by considering

a typical energy bill for companies and households in the Netherlands, as

described in chapter 2. Three different markets can be distinguished in general

as depicted in table 27.

Value propositions can be created for each of these items to lower the

associated costs, but differences do exist in technology or legislation necessary

to make value propositions possible. The purpose of this exercise is to check

the financial feasibility of smart microgrids, in which the participating

stakeholders are cooperating regarding sustainability. Their joint effort,

investments, etc. are calculated at an aggregated level, at the point of

connection (PoC) for the business site. The proportional counting back from

corporate results towards individual companies is beyond scope for this thesis.

The Value Propositions are only focusing on the concept as a whole. The costs

associated with the system services (balancing) are also out of scope.
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Market Service Incurred Costs Bill Item
Transport Connection Initial Connection tariff (€)

Periodical Yearly charge for
connection (€)

Transport Transport
dependent

Transport tariff (€/kWh)
Monthly Peak tariff (€/kW)
Contracted Power tariff
(€/kW)

Transport indep. Yearly fixed charge for
transport (€)

Metering Metering Yearly charge metering
services (€)

Energy Supply Supply dependent Supply (€/kWh)
Supply indep. Fixed charge for supply (€)
Tax Energy tax (€/kWh)

Balancing System
services

System services System services tariff
(€/kWh)

Table 27 General Items on the Energy Bill of Consumers

These costs are associated with imbalance costs, as described in chapter 2, on a

national scale. Flexibility in demand or production can be used to offer to the

TSO in return for a fee. This could be done by individual customers, or by

aggregated consumers. However, flexibility used for national balancing cannot

be used for value proposition which are focusing on a local optimization of a

smart microgrid at the same time. The value propositions which are applied in

this thesis are:

Market Topic Id Value Proposition Section
Transport Reduction of

transport tariffs
TE1 Internal Supply DG-

RES
4.2.1.1

TE2 Dispatch of Flexible
Demand

4.2.1.2

Collective Peak
Reduction

TP1 Static Peak
Reduction

4.2.1.3

TP2 Dynamic Peak
Reduction

4.2.1.4

Energy Reduction of
supply costs

ES1 Purchase locally
generated energy

4.2.2.1

ES2 As ES1, but only for
flexibility

4.2.2.1

Reduction of tax
costs

ET1 Tax discount for
internal supply

4.2.2.2

ET2 As ET1, but only for
flexibility

4.2.2.2

Table 28 Value Propositions as applied in this thesis

4.4.1 Reduced Transport Costs

The value propositions related with transport costs consists of two different

parts: a part that is energy independent and a part that is energy dependent.

The reason for this is that different types of costs are incurred by the DSO as
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the result of the transport of electricity. An example of the applied transport

tariffs by a DSO is given in Table 29.

Market
Contracted

Power TOVT TAVT
kW €/month kWh

high
€/kWh

kWh
low

€/kWh

kW contract
per month
€/kW

kW max
per

month
€/kW

LV P ≤ 50 1,50 0,0334 0,0154 0,43 -
MV/LV 50<P≤136 36,75 0,0088 0,0088 1,83 1,47

MV 136<P≤2000  36,75 0,0088 0,0088 1,21 1,47

Table 29 Few Examples of Dutch Transport Tariffs for 2016 of DSO

(Alliander) for connections > 3x80A

The energy dependent transport costs consist of fees that have to be paid per

kWh of electricity consumption. As losses are incurred as a result of transport

over large distances, additional energy will have to be produced for every kWh

supplied, which is paid through the transport tariffs. A reduction in the

distance over which electricity is transported means a reduction in costs. Also,

the amount of conversion necessary from higher voltages will be reduced,

reducing losses and therefore costs. So, there should be value in a stimulus for

users who are actively involved and encouraged to consume as much as

possible electricity that is produced locally, and not “just follow the cheapest

bid on the market” which have to be transported over long distances. This way

the net power flow over the PoC for the business site will be reduced, keeping

the power flows as much as possible within the local loop. Keeping the energy

flows as much as possible within the local loop can be reached in two ways:

stimulate local consumers to consume as much as possible the locally

generated energy (internal supply) and secondly use flexibility in local demand

in order to match with local supply.

The energy independent part contains fees that have to be paid as the result of

peaks in demand. This is a component that has to be paid per kW of the highest

peak of the month and makes up the contracted power costs for a consumer

based on the highest peak of the past twelve months. Value propositions (TP)

regarding collective peak reduction explore the possibility of creating an

incentive structure for minimizing the peak over the main connection (PoC)

instead of individual peaks in demand, in order to stimulate the joint effort on

a business site to lower peak demand as-a-whole. This value proposition

consists of two different components, by static peak reduction through smart

area developments and by dynamic peak reduction through flexible demand.
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The rationale as illustrated in figure 88 (adapted from [171]) behind these

mentioned value propositions to reduce transport costs is that system users as

a collective can offer several “services” to the power grid. These services can

create an economic value for the DSO, which in turn can compensate system

users for their offered “services”.

The next sections will elaborate on the value propositions related with

transport costs reduction which are explored for this thesis.

figure 88 The economic value of smart microgrids in relation to system users

(adapted from [171])

4.4.1.1 Reduction of energy related transport costs: internal supply DG-RES

(TE1)

This value proposition concerns the rate of internal supply, the amount of

locally produced (renewable) electrical energy that is consumed on site

(keeping load flows inside the local loop). In return for this cost reduction, and

to stimulate further matching of local supply and demand for instance through

flexibility dispatch, a dynamic transport tariff can be employed. In order to

indicate the economic value for a DSO and how a dynamic tariff could assist in

solving economic inefficiencies which occur by the nowadays applied

transport tariffs, figure 89 (adapted from [172]) depicts a supply (or grid

capacity) and demand (for electricity) curve [173]. The x-axis represents the

quantity of electricity that is consumed, and the y-axis is the price of electricity,

or in this case, the price of the grid based on marginal costs. The intersection

point between demand and supply is the equilibrium which represents the

price and consumed quantity of electricity in a perfect market place. The

supply curve is characterized by its rising marginal costs as a function of total

demand. The increase of marginal cost occurs because of higher losses,

increased level of maintenance and higher transport costs which are related to

peak demand. The demand curve is an aggregation of all individual consumer

demand curves of consumers, representing the amount of electricity which

they would consume at what price. Electricity is a commodity, and because of

this the assumption is made that consumers nowadays are not offering any

flexibility in demand. As a result, the price elasticity is low, and the demand

curve is quite steep. Because demand is cyclic and changeable during the day,

the figure depicts two extreme demand curves: during off peak and during

peak moments in the day. During the peak times, more electricity and thus
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more grid capacity are used, resulting in higher marginal grid costs. The

equilibrium would result in a peak price Ppeak and a consumed quantity of

Qpeak.. The transport tariffs are however based on an average price PAVG, which

will be lower than Ppeak . This will result in a higher consumption Q*peak which

will in turn lead to increased marginal costs for the DSO. The consumer will

pay however the average price, and the DSO is faced with losses. In other

words, consumers don’t receive the right incentives to change their behavior in

consumption resulting in a social suboptimum situation. A similar effect occurs

during off-peak moments. The social losses (the grey shaded triangles) will

eventually lead towards higher average transport tariffs. In the near future the

demand curves will probably fluctuate even more (shift more to the left and

right), and increase the inefficiency even more.

figure 89 Inefficiency of average cost pricing [172]

The current structure for transport tariffs based on average prices is as

discussed above economical inefficient and could be optimized by applying

dynamic tariffs in which a consumer is charged with the actual costs that his

grid use induces. During peak moments prices will increase, during off peak

times, prices will be lower. Dynamic tariffs will also stimulate to avoid large

fluctuations on the distribution grid, by for instance to apply peak shaving

during peak moments. For this thesis this dynamic tariff will take the shape of

a reduction in the tariff per kWh for that amount of electricity that is produced

and consumed locally, to stimulate the energy community to decrease net

energy flow fluctuations over the PoC. Unfortunately, it is very difficult to

determine what the reduced tariff should be, as there are still losses and

additional costs involved in the microgrid itself. For this thesis a simplified

dynamic tariff is introduced: a reduction of 50% of the transport dependent

tariffs is assumed, meaning that there will be a 50% cost reduction per kWh of

the locally produced renewable energy which is consumed locally. There is a

huge amount of research and discussions going on about dynamic tariffs and

the way it should be constructed. This thesis will not take part in that

discussion, this thesis will only indicate if dynamic tariffs will influence the

feasibility of smart microgrids, and to what extent. The percentage of 50% is
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discussed with a DSO30 in order to demonstrate the mentioned influence on the

financial feasibility. This important variable will also be subject to the

mentioned Monte Carlo simulation, which will be discussed in the next section,

in which a probability function will be applied on this variable in order to

perform a sensitivity analysis and to analyze its influence. The monetary value

for this value proposition will be based on Table 29: the normal tariff is € 8.80

per MWh, a (dynamic tariff) discount of 50% for keeping energy flows in the

local loop leads towards a cost reduction for every internal supplied and

consumed MWh of €4,40 per MWh.

4.4.1.2 Reduction of energy related transport costs: dispatch flexible demand

kWh (TE2)

This value proposition makes use of the same dynamic tariff employed in the

previous section. The main difference is that flexibility in demand can be

employed to create an even better match between supply and demand. It can

be argued that the applied tariff for flexibility must be higher than the previous

dynamic tariff. Unlocking flexibility is often related with additional costs, for

instance fuel costs, extra effort by employees, etc. For this thesis these costs

are left out of scope and the same tariff as value proposition TE1 will be

applied. The calculation of this value proposition does not make use of any

simulation of flexible demand, but assumes that the potential for increasing the

level of matched supply and demand exists on a daily basis and that the full

potential for demand shifting can be employed. It therefore makes use of the

flexible power potential of 2.5% of flexible demand for 2 hours per day for

20% of the total number of connected consumers, as discussed in previous

sections.

4.4.1.3 Reduction of power related transport costs: smart spatial energy

planning (TP1)

Static peak reduction is a value proposition, which is rather innovative in area

development (spatial planning). The methodology as proposed in this thesis is

to provide an incentive for reducing the peak over the main connection by

introducing a new type of payment structure, where companies do not pay for

their individual peaks in demand, but instead pay for the peaks over the main

connection. Their peaks in demand will no longer be viewed in isolation, but

instead, payment will focus on their relative contribution to the peak through

the main connection (PoC) of the business site. Even if their individual peaks

do not change, this will ensure that they will never pay more than they do in a

regular tariff structure, while at the same time providing companies an

30 The proposed percentage will be applied in a large pilot project (see chapter 5), within a

large consortium. The regional active DSO is part is this consortium and based on several

discussions with the department of “regulatory affairs” the stated 50% is chosen.
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incentive to shift their demand away from the collective peak. If they do shift

their demand away from the peak, this will provide them a discount on their

peak tariff. Incentives such as this would allow entities who will be responsible

for the energy management for the smart microgrid (e.g. park energy

management, area ESCO’s, microgrid system operator) to provide price signals

to individual companies to optimize for peak reduction over the main

connection, by using flexible demand and smart spatial energy planning. For

example, by selecting companies for settlement on the business park that have

peaks in demand that take place on different times of the day (or in different

seasons) or by integrating DG-RES and/or storage, the peak over the main

connection can be reduced without even needing flexible demand.

In order to explain the rationale behind this value proposition, a simplified

calculation is used as an example, as depicted in the text box below.

There are different tariffs that will be looked at for this value proposition: the

monthly peak tariff and the (yearly) contracted power costs. The monthly peak

fee is a fee that consumers have to pay per kW in their highest peak of the

month. The contracted power cost is an amount paid per kW of contracted

power per month or year. Contracted power is the size of the connection

agreed upon between the consumer and the DSO, and represents the maximum

demand the consumer is not allowed to exceed if he wishes to avoid an

increase in costs. The amount of contracted power can never be lower than the

highest peak of the last twelve months. Chapter 5 will elaborate on this value

proposition for a specific case in which the percentage reduction of monthly

peak costs through aggregation for several types of demand and through the

integration of DG-RES will be simulated and calculated.

As already mentioned, these value propositions can only exist if the DSO can

offer the specific incentives. This value proposition will stimulate consumers to

decrease peaks over the PoC of a business site and to stimulate the DSO to

settle the transport independent costs on an aggregated level instead on an

individual level for those consumers who put effort in decreasing the collective

peak. This will lead however directly toward a loss of income for the DSO,

raising the question why and how this value proposition should and can be

applied for smart microgrids. An argument was made that this value

proposition is already considered in the current tariffs. If a DSO designs a

distribution grid for a business site or residential area, it will not apply the sum

of the net peak of individual connections. Diversity occurs in a distribution grid

when all loads connected to the PoC are not operating simultaneously, or are

operating at less than maximum loading. The sum of individual power

requirement maximums of a system is always larger than the total system

maximum. The diversity factor indicates this time interdependence of the
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different loads of the system on the total power requirement. In other words,

why should a DSO give an extra incentive for local peak shaving? An important

argument for this value proposition is that by creating a local loop, several

actors are working together to decrease peak load on top of this diversity factor,

creating additional value for a DSO, as discussed previously.

Company A, company B and a collective bio-CHP unit are connected

on a smart microgrid. This microgrid is connected with the overlying

distribution grid of the DSO through the POC. For this example is

chosen for a bio-CHP because of its flat base load, clarifying this value

proposition easier. In practice it can also be a wind turbine or the

dispatch of flexibility. The settled companies have base-loads as

indicated in the following table:

Month Base load
Company A
[kW]

Base load
company B
[kW]

Bio CHP
unit [kW]

Total base
load PoC
[kW]

Jan. 60 50 -20 90
Feb. 100 50 -20 130
Apr. 60 50 -20 90
May 90 80 -20 150
June 60 50 -20 90
July 60 50 -20 90
Aug. 60 100 -20 140
Sep. 60 50 -20 90
Oct. 60 50 -20 90
Nov. 60 50 -20 90
Dec. 60 50 -20 90

The table is indicating that company A has the highest year peak in

February (100kW) and company B in July (100kW). The collective

peak on the PoC is in April (150kW), and April will be considered as

the month with the highest peak . If there will be a tariff which charge

a peak tariff based on the collective peak on the PoC, the peak of April

will be charged in proportion to the individual peaks of the

companies. Company A will then be charged with a peak of 90kW,

instead of the “traditional” 100kW in February. The associated costs

for company A will be reduced by a factor 0.9. Besides this reduction,

if company A and B did not invest in a collective bio-CHP (or

cooperated in the dispatch of flexibility), the peak load in April was

then 170 kW instead of 150kW because of the bio-CHP unit. This joint

effort results in an additional factor of 0.882 (150/170). Total

reduction is this hypothetical case will be 0,9 * 0,882 = 0,794. A

reduction of costs for company A of 20,6%.
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While peaks in demand are generally bad, the individual peaks of consumers

do not determine the losses for the DSO, but the aggregated peak over the main

connection connecting the business park to the main grid is. The reason for

this can be found in the formula used to calculate electricity losses:

The quadratic dependency on the current means that losses will always be

much higher over the cable that connects the companies together, than on

cables connected only connected to a single company. Additionally, the loading

of the cable matters as well, as a higher load through the same cable will

increase temperature and thus the resistance R, also found in the formula.

However, even in a situation with only two companies, the combined current is

the main cause of additional losses. While two companies with overlapping

peaks means the total peak gets doubled, losses will increase by a factor of

four. This means that a tariff that lets companies pay for their individual peak

is not necessarily representative of reality, nor the most optimal situation. A

tariff structure that incentivizes individual companies to reduce their

contribution to the peak over the main connection, such as through shifting

flexible demand, would be much more beneficial to the DSO while not

influencing consumers. Collective peak reduction through smart spatial energy

planning can reduce the peak over the main connection, and could therefore be

used as the basis for an incentive structure.

Another issue with respect to the DSO involvement for this value proposition

concerns the cascade principle, as discussed in chapter 2 in the section about

grid tariffing, in which grid users of the lower grid layers pay for the usage of

the higher grid layers. This cascade principle applies also to the DSO, they also

are charged with these power related transport costs. This value proposition

will contribute to the fact that there will be “less higher grid” necessary, and

that the DSO will have decreased transport costs as well. The common effort of

the smart microgrid stakeholders to keep the load flows as much as possible in

the local loop, resulting in decreased costs for the DSO.

For this thesis it is assumed that not all (100%) of the generated value by

applying this value proposition should be attributed to the consumers. There is

also a microgrid which needs to be realized and operated including the

associated costs. This thesis proposes a division of the monetary value

between the smart microgrid consumers and the DSO. In daily practice

approximately 60 % of the by residential, small and –medium sized consumers

paid transport fees on the low voltage level will contribute to associated costs

for the higher grid layers [65].
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Commercial and industrial sites will usually have a connection on the medium

voltage grid layer, so a division of 60/40 of the generated value could be a

reasonable option. In other words, the DSO will give a discount of 40% on the

transport independent tariffs for the amount of collective peak reduction. The

revenues of this value proposition can be calculated by determining through

simulation the percentage reduction of the collective peak compared to the

individual peaks. This percentage of reduction will be multiplied with the

amount of yearly and average monthly peak in kW resulting in the total

amount of potential savings in kW. If this potential will be multiplied with the

above mentioned tariffs and a discount of 40% as discussed above, the

monetary value can be determined. The monetary value for this proposition

will be:

For example, in numbers, based on Table 29, the discount of 40% and an

assumption for the potential reduction of 10%, the value of every kW saved

peak over the PoC is:

Value yearly peak = 1,47 €/kW * 0,4 * 0,1 = 0,0588 €/kW

Value monthly peak = 1,83 €/kW * 0,4 * 0,1 = 0,0732 €/kW

Smart spatial energy planning is to use the composition of the business site in

order to reduce power related transport costs and generate value for the

consumers in two ways, by looking at

1. the difference between the individual peaks of connected consumers and

the peak over the main connection;

2. the reduction of the peak over the main connection as a result of the

integration of renewable energy production on the terrain itself.

Ad. 1. Separate peaks versus collective peaks.

The costs associated with the individual peaks of companies on a business site

are related to the monthly peaks, and the highest peak of the year, which

determine the contracted power costs. In order to calculate the percentages of

reduction, simulations can be used to compare the individual peak to the

collective peak by using the following formula:
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The calculation can be used for both the monthly and yearly peaks. The applied

demand profiles in the BAM remain the same shape (despite being scaled in

size up in time), the calculated reduction percentage will also remain the same

during the thirty-year run time of the project.

Ad. 2. Main connection peak reduction through DG-RES integration.

The peaks in demand over the PoC can also be reduced by consuming locally

produced energy. If DG-RES based energy will be used at the time the peak

takes place, the peak through the PoC will be reduced. The reduction

percentage can be calculated by using the following formula:

The calculation can be used for both the monthly and yearly peaks.

4.4.1.4 Reduction of power related transport costs: dynamic peak reduction

(TP2)

The second value proposition in order to reduce the transport independent

transport costs is by applying flexible demand. This is nowadays already

applied at different companies in so-called Demand Side Management systems

which may or may not be performed by entities like aggregators. This value

proposition is focusing on optimizing the smart microgrid on its own by using

local flexibility in demand. Peak shifting makes use of the amount of shiftable

power in kW to reduce the monthly and yearly peaks over the main

connection. The calculation of value makes use of the same tariffs as employed

in the previous section. As was the case in the calculation of value creation

through flexible energy demand, this value calculation also did not make use of

any form of simulation. Rather, it was assumed that the appliances that made

up the shiftable power potential were also the appliances causing the peak in

demand, meaning that the full shifting potential can be employed when the

peak in demand takes place. It was assumed that both the yearly peak and each

monthly peak could be reduced by 2.5% of the peak demand.

4.4.2 Reduced Energy Costs

The reduced energy costs are related to two main issues for this thesis, at first

the purchase of electricity from local DG-RES with variable prices and secondly

a discount on the energy tax for consumers who consume locally generated

electricity based on renewables.

4.4.2.1 Purchase of locally generated electricity based on renewables

This value proposition assumes that it will be attractive for DG-RES suppliers

to sell their generated electricity with a discount for local consumers.
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The question is why a supplier would offer a discount to local consumers,

instead of selling the generated electricity on the national electricity market

with higher profits? The business case for DG-RES developers is twofold, they

want to realize as much as possible DG-RES units with a healthy business case

and secondly, they want to sell the energy as much as possible. An interesting

trend is the possibility of consumers to participate with DG-RES project

developers. This could vary in multiple forms, from co-ownership by bonds

and shares, to bilateral agreements in the purchase of electricity. For the DG-

RES developers this consumer participation will create a large support within

the local surrounding, and increase the chance of succeeding to realize DG-RES

projects. For the consumers it could mean a discount in their electricity prices.

Another issue, following on from the previous, is the coordination of energy

flows within the local loop. Stakeholders within the energy community are

working together to consume as much as possible of the locally generated

electricity. Besides the opportunity for DGRES suppliers to engage bilateral

contracts, it could also create opportunities to decrease the unbalance costs for

the involved BRP. The supplier and a BRP are usually coupled in the same

commercial organization. A BRP delivers a forecast for the volume of

electricity production, any mismatch of actual production with the forecast will

lead to a fine (unbalance costs). A smart microgrid could actively match local

production on local demand and increase the risk on unbalance and the

associated costs.

Another issue with respect to variable electricity prices is the coupling with

feed-in subsidies (SDE+). DGRES suppliers will get subsidies based on the

difference between the actual electricity price (see orange line) and the pre-

determined fixed feed-in reference price (see dashed green line). The

reference price can be seen as a price ceiling. If the actual energy price will

become lower than the cost price of DGRES energy, the difference will be paid

by means of a subsidy (bleu bars). If the actual electricity price will become

higher than the reference price, additional subsidy will be paid (green bars).

There is however also a downside, a lower limit of the subsidy (red dashed

line), if the actual e-price will drop below this lower limit, subsidies will be

paid till the lower limit (bleu bars), the red bars indicate the losses for DGRES

operator. This particular situation can occur when a large amount of DGRES

(e.g. wind) energy is offered to the market because it’s windy. Much supply

drives prices down, leading towards low prices and no subsidy.

In a smart microgrid situation, the above scenario can be prevented by

bilateral contracts with the local consumers. Electricity prices are agreed on a

level which will also be a little bit above the lower limits (upside for DGRES)

but still attractive for local consumers by means of a discount from DGRES.
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Figure 90 Feed-in subsidy versus electricity prices

To determine an appropriate assumption of a discount for this value

proposition, several propositions with respect to variable e-prices have been

consulted in interviews and by desk research. The interviews are performed in

four sessions: one session with a business developer of a (very) large

electricity supplier, two sessions with a DG(RES) project developer in wind

energy and sustainable energy supply, and one session within the consortium

of a large pilot project in the Netherland where the BAM will be applied. For

these discussions a presentation was prepared in order to illustrate the

context of smart microgrids, and to present the value propositions as future

possibilities to increase feasibility. This specific value proposition was

introduced by two main questions: is this value proposition based on a valid

assumption and if so, what could be an appropriate discount rate (incl. a

statistical spread of this). For example, in the Netherlands there are some

propositions of wind energy firms who will offer a price which is dependable

of the wind force (more wind means higher discount). The discount will vary

between €12, - and €36, - for households. Based on a yearly consumption of

3500 kWh and an electricity price of €0,22 per kWh, the discount will vary

between 1,55% and 4,67%. For this value proposition a discount is chosen of

3,5%. To indicate the monetary value, a simplified calculation will be

performed. The average electricity price (APX) is around 60 euro per MWh. A

discount of 3.5% on the local e-price is €2.1 per MWh, in other words, every

MWh which will be consumed which is locally generated yields €2,1

This value proposition will be generating value on two items. Purchasing

locally generated energy means a direct benefit in electricity costs, but it will

also stimulate less transport over the PoC of the microgrid, which in turn leads

towards a reduction in transport costs.

4.4.2.2 Discount on energy taxes for local consumption of locally generated

electricity based on renewables

In this value proposition it is assumed that a part of the energy taxes will be

returned to the consumer. Energy taxes will be paid for all of the consumed
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electricity, however, that part which is consumed and generated by local

DGRES will get a discount in energy taxes. At this moment in time it is not

applicable, but in the future, it could be a possibility. Value propositions like

this can act as an instrument to stimulate the consumption of sustainable and

locally generated electricity. In the residential area’s (B2C) it is already

possible to recover around 7,5 eurocent energy tax per kW if they consume in

an energy-cooperation electricity in their own postal code area (postcode-

roos31). In the table below are the tax tariffs indicated as applied in the

Netherlands for electricity consumers32. The tariffs are graduated categorized

in five groups, dependent on the energy consumption levels.

year 0-10.000
kW

10.001- 50.000
kWh

50.001-
10 million

kWh

>10 million
kWh

private

>10 million
kWh

business
2015 € 0,1196 € 0,0469 € 0,0125 € 0,0010 € 0,0005
2016 € 0,1007 € 0,04996 € 0,01331 € 0,00107 € 0,00053

Table 30 Energy Tax Tariffs per kW for the Netherlands (2015-206)

The average tax tariff for a mixed set of consumers on a business site is around

the 2 eurocent/kWh. Based on the above table and the discount of 7,5 eurocent

for residential consumers, for this thesis it is assumed that approximately

2.5% tax discount can be recovered for that part of the consumed energy

which is produced by local DG-RES. So, every consumed kWh which is locally

generated (internal supply) has a value of 0,05 eurocent/kWh.

This value proposition can be tricky because revenues which are based on

taxes are often not highly reliable. Tax advantages can be easily eliminated by

the government for various reasons (e.g. political pressure). In those cases,

business cases with a longer time horizon can turn from a positive result into

negative result because of a lack of income. In some cases, it can be imaginable

that already collected taxes must be paid back, with resultant negative

financial effects on the business case. Despite the concerns on tax stability, it is

however still a value proposition which can be considered. A stimulus for

sustainability from a governmental perspective can be really important,

certainly in times when the agreed sustainability goals and objectives are not

in sight yet 33.

31 http://www.postcoderoos.com/
32http://www.belastingdienst.nl/wps/wcm/connect/bldcontentnl/belastingdienst/zakelijk/

overige_belastingen/belastingen_op_milieugrondslag/tarieven_milieubelastingen/tabellen_tarieve

n_milieubelastingen
33 http://ec.europa.eu/eurostat/web/products-press-releases/-/8-10022016-AP
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4.5 Description of Costs
The costs for a smart microgrid consist mainly of ICT related costs. A smart

microgrid needs additional intelligence to optimize the local loop. The

intelligence will be added on top of the physical value chain and arise in the

form of technology or in services. Both of them will need additional

investments. Intelligence has many definitions, but in most cases definitions

contain issues like (self)awareness, logic, understanding, interpretation,

planning, problem solving, etc. In general intelligence can be described for this

thesis as the ability to perceive information, and to retain it as knowledge to be

applied towards adaptive behaviors within an environment or context. This

general definition can be translated into intelligence for smart microgrid

technology as illustrated in figure 91. By means of sensors and metering the

“system” is enabled to perceive information. This information will be

interpreted by control systems which will collect the data of grid components

(assets), analyze this data and take (autonomous) action or generate

information and/or solutions for operators. The effective actions will be

performed by smart assets (e.g. remote controlled operating assets). IT

systems will process the data flows and actions into visuals, operator support,

data storage, etc. All of these separate items will be connected by integrated

communication technology (ICT). These technology driven items will require

an organization to realize and exploit smart microgrid daily operation.

The involved costs for the required intelligence are dependable on the smart

microgrid objectives. The smart grid development framework will guide

developers to identify the required intelligence, allowing making a good

estimation of the costs. The BAM will split the costs into capital expenditures

(CAPEX), the one-time investments, and into operational expenditures (OPEX),

the yearly costs.

figure 91 Additional intelligence on the traditional value chain

The costs will be divided into two main issues: 1) costs to optimize the local

loop and 2) costs to unlock the flexibility at consumer side. A very general

objective of smart microgrids is to match local supply and local demand. This

thesis assumes that this objective can be reached in two steps. At first by a
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smart design of the complete area: smart spatial planning, in which local

supply will be matched with demand. This will be the biggest and easiest

“quick win” in technical terms, in terms of organization it is however rather

complex. The second step will be the dispatch of flexibility. This will be the

“fine tuning” to increase the revenues of smart microgrids. Optimizing the local

loop by smart spatial planning require ICT systems and services which will

control the energy cooperation between all involved stakeholders within the

local loop. This “energy director” will relieve local stakeholders with respect to

the complex energy sector to obtain smart microgrid objectives. The ICT

system could for instance perform activities like:

- establishment and maintenance of a smart microgrid organization /

cooperation (e.g. area ESCO);

- collect information and data in order to analyze local optimization and

energy management activities;

- energy management (control system, energy management dashboards,

establish AMI, identify algorithms to settle costs and revenues, etc.);

- pricing, billing and reporting.

Smart spatial planning doesn’t include the dispatch of flexibility. Flexibility is

not technological available at every local consumer, or the connected

consumers are not willing to offer their flexibility to the local energy

community for several reasons (e.g. the “local” incentives are too low

compared to “national” incentives, or consumers doesn’t want to participate in

a smart microgrid). Another issue with flexibility is that stakeholders should

be free to choose to participate or not. In other words, the dispatch of

flexibility will be treated as a separate cost item within this thesis. The

dispatch of flexibility requires also ICT systems which could make forecasts of

potential revenues to offer flexibility, analyze the possibilities for specific

consumers how much flexibility, when, how long, etc. they can offer, and

finally, the actual unlocking of flexibility at consumers side.

4.6 Cost Benefit Analysis

4.6.1 General description

The BAM will provide insight into the high-level feasibility of smart microgrids.

The BAM will perform a feasibility analysis on the smart microgrid as-a-whole.

There will be no allocation of revenues towards individual stakeholders. The

BAM explores the system-as-a-whole, if the system-as-a-whole isn’t feasible, it

doesn’t make sense to think about individual business cases. For project

developers it is important to know which variables will have a high impact on

results in order to explore the possibilities to change negative influences into

positive ones. For this reason, a sensitivity analysis is part of the BAM. Some of

the variables are however (very) unpredictable in terms of quantity, or even in



180

quality, because some of the already described value propositions are not

possible yet because of regulatory barriers or not applicable because a DSO

cannot cooperate for some reason. Quantitative unpredictability will be

encountered by a Monte Carlo simulation in which several input variables of

the BAM will be assigned with a probability distribution. Qualitative

unpredictability will be encountered by the possibility to switch on and off

certain value propositions in the BAM. This will gain insight into the

contribution of specific value propositions on the feasibility. Within the BAM it

is possible to switch on and off certain value propositions. If a value

proposition is not applicable, for instance because of regulatory barriers, it can

be switched off.

Associated costs and benefits for that specific value proposition will then not

be counted in the CBA. The following value propositions can be switched on or

off:

1. Collective peak reduction;

2. Dynamic transport tariff;

3. Energy tax.

Ad. 1 a pre-condition for collective Peak Reduction, is that a financial

compensation must be made available by the DSO to settle the collective peak

through the PoC.

Ad. 2 For this value proposition it is a rather obvious requirement that the DSO

can offer dynamic tariffs.

Ad. 3 For this value proposition it required that the government involved with

energy taxes will return a part of the energy tax to the local consumers who

consume locally generated electricity.

Within this thesis the following calculation scenarios can be identified as

depicted in Table 31 Scenarios for CBA’s based on value propositions, all of

them will be performed in chapter 5:

SCENARIO
COLLECTIVE PEAK

REDUCTION
DYNAMIC

TRANSPORT TARIFF
ENERGY TAX
REDUCTION

A OFF OFF OFF
B OFF OFF ON
C OFF ON OFF
D OFF ON ON
E ON OFF OFF
F ON OFF ON
G ON ON OFF
H ON ON ON

Table 31 Scenarios for CBA’s based on value propositions
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The scenarios will be calculated for three CBA’s:

1. CBA for a smart microgrid as-a-whole (CBA total);

2. CBA for local optimization;

3. CBA for flex dispatch;

The CBA for a smart microgrid as-a-whole is calculated by:

Calculations will be performed throughout exploitation duration of 30 years.

The CBA for local optimization is the summation of the value proposition

which create value without the required ICT systems to dispatch flexibility

within the local loop.

In this formula:

VPTP1 = Transport Cost (€/kW) Value Proposition “Static Peak Reduction (smart spatial

planning) “

VPTE1 = Transport Cost (€/kWh) Value Proposition “Internal Supply DGRES (dynamic

tariffs)”

VPES1 = Energy Cost Value Proposition “Purchase DGRES (discount for local energy

purchase)”

VPET1 = Energy Cost Value Proposition “Tax Discount for internal supply”

The CBA for the dispatch of local flexibility is the summation of the value

propositions which create value by the dispatch of flexibility only.
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In this formula:

VPTP2 = Transport Cost (€/kW) Value Proposition “Dynamic Peak Reduction (dispatch

flexibility)”

VPTE2 = Transport Cost (€/kWh) Value Proposition “Dispatch of Flexibility”

VPES2 = Energy Cost Value Proposition “Purchase DGRES (discount for local energy

purchase) only for flexibility”

VPET2 = Energy Cost Value Proposition “Tax Discount for internal supply only for

flexibility”

The CBA results will be presented as depicted in figure 92 indicating the cash

flow during a period of 30 year.

figure 92 Cash-flow CBA (example)

4.6.2 Monte Carlo

A Monte Carlo simulation is a simulation which applies uncertainties that exist

within a number of input variables, and determines the probability of receiving

a net positive or negative outcome. It uses user created probability

distributions and takes a number of random samples, varying the input

variables with each sample. They also provide the ideal opportunities for a

sensitivity analysis to find out what variables contribute most to the end result.

Probability Distributions Monte Carlo Simulation

Based on the insights obtained for this section based on desk research and

interviews with specialists, probability distributions were created using the

Crystal Ball software package. The distributions are added alongside the

variables as a visual indicator of the type of distribution used.
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Variable Type Of Distribution Visual
Peak
Demand

Peak demand will be determined by
combining a demand profiles from
different companies. However, they are
based on a profile from a single year. In
reality, peak demand can vary in a
yearly basis depending on, among other
variables, weather conditions. In order
to counteract any form of bias that
exists in peak demand of this particular
year, demand was compared to their
peak demands in other years based on
historical data. Based on the historical
data it was determined what the
maximum difference in peak demand
was compared to the base year in both
directions, and these maximums were
averaged across all companies to create
a range that included a minimum of 6%
and a maximum percentage of 10%
difference in peak demand. This was
then applied to the park's estimated
peak demand using a triangular
distribution.

Percentage
Internal
Supply

The percentage internal supply is
dependent on two important factors:
local supply and demand available
during a single year. The specific range
will be discussed in chapter 5.

Average
Percentage
Flexible
Demand
(Kw)

The previous section assumed an
expected percentage of 2.5% flexible
demand available. As the calculation
yielded 2.5% as estimate, this will be
used as the most likely result at the
peak of a triangular distribution with a
range of 0%-5%.

Hours of
Flexible
Demand
Available

This variable is difficult to predict
because it is dependable on the nature
of companies. Arguments were made for
2 hours of flexibility available per day,
which is used as an average, most likely
outcome in a triangular distribution,
ranging from 0 to 4 hrs.

Percentage
of Firms
with
Flexible
Demand

It is impossible to predict the
percentage of companies on a business
park with flexible demand available and
will participate in a smart microgrid.
For this thesis is assumed that around
20% of the total settled companies can
offer flexibility, with an error margin of
10%. A triangular distribution was used
with a range of 10-30%.
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Variable Type Of Distribution Visual
Transport
Tariff
Reduction
(Dynamic
Tariff)

The height of the transport tariff
reduction is still under discussion, for
this thesis an assumption of 50%
reduction is made. The actual height
could be much lower and much higher.
Therefore, a triangular distribution has
been employed ranging from 0%-100%.
The 50% reduction has been used as the
most likely outcome.

DSO
Incentive
Collective
Peak
Reduction

The incentive the DSO will provide by
enabling collective peak reduction is
also a matter of uncertainty. This thesis
assumes that the distribution of benefits
should be around 60/40 between DSO
and consumers. Therefore, a one-sided
triangular distribution ranging from
0%- 40% has been employed.

Correction
of Inflation

Variations in inflation can have a
significant impact on both costs and
benefits over time and therefore
deserve to be considered. According to
the data on inflation in the Netherlands
over the past decade, the yearly in
inflation has varied between 1% and
4%, with an average around 2%34.
Therefore, a triangular distribution will
be used with this range, and using 2%
as most likely outcome. The yearly
inflation will be applied for transport
tariffs (kWmax, kWcontract, kWh part)
and variable supply tariff for internal
supply

Capex
Aggregator

Costs estimations are performed by
using conservative scenarios.
Introducing the full range of potential
costs can therefore have a significant
positive effect on the CBA analyses. In
the case of the aggregator CAPEX, it was
indicated by several service suppliers
that CAPEX costs can potentially drop
significant in the upcoming years,
therefore the percentage of costs
reductions are used in the range of a
uniform distribution. The specific range
will be discussed in the section about
costs in chapter 5.

34 www.inflation.eu Historical inflation in the netherlands – cpi inflation, 2016
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Variable Type Of Distribution Visual
Opex
Aggregator

Depending on technology and
economies of scale, service suppliers
indicated operational costs for
aggregator could drop up to 75% in the
upcoming years. It was mentioned in
several interviews, that 75% is realistic
for instance when the aggregator will be
combined with the ESP. A uniform
distribution has been employed. The
specific range will be discussed in the
section about costs in chapter 5.

Capex ESP The CAPEX for the ESP is difficult to
predict because the ESP doesn’t exist at
this moment. Costs are therefore
indicated by R&D specialists. These
costs can decrease significant in the
upcoming years, therefore the costs are
used in the range of a uniform
distribution. The specific range will be
discussed in the section about costs in
chapter 5.

Opex ESP The OPEX for the ESP are just like the
CAPEX rather difficult to predict
because the ESP doesn’t exist at this
moment. Costs are therefore indicated
by R&D specialists. These costs can also
decrease significant in the upcoming
years, therefore the percentage of costs
reductions are used in the range of a
uniform distribution. The specific range
will be discussed in the section about
costs in chapter 5.

Discount
on Energy
Tax

The tax discount on the amount of
energy which is locally consumed of
locally generated energy is difficult to
predict. For this thesis is assumed that
the discount will be most likeliest 2.5%,
with a maximum discount of 5%, but it
could be 0% as well. For this variable a
uniform distribution was chosen with a
minimum of 1% and a maximum 5%.
The choice for 1% is made because 0%
means that the associated value
proposition doesn’t exist, in the
scenarios as depicted in Table 31, this
value proposition can switched of,
which will reflect the same effect .

Discount
Internal
Supply
Tariff

The discount for the internal supplied
tariff is assumed for this thesis around
3.5%, with a triangular distribution
with a range between 1% and 5%.

Table 32 Types and ranges of probability distributions
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4.6.2.1 Monte Carlo results

The Monte Carlo simulation will take a snapshot in time as depicted in figure

92. For each moment in time a well-chosen moment for a specific outcome in

that moment of time can be analyzed. This way the BAM analysts could

perform a Monte Carlo and sensitivity analysis for those moments which

require attention. Results of a Monte Carlo simulation for year X, for the CBA

Total could look like the probabilistic outcome as depicted in figure 93.

figure 93 Monte Carlo probability result year X (example)

The blue part in the figure indicates the certainty of a positive outcome. In this

example, as depicted in figure 93, the certainty of a net positive result will be

94.77%. The simulation also presents a summary of the statistics, indicating

the forecasted values, these are:

Summary: Entire range is from -€ 38.827 to € 168.260
Base case is € 100.031
After 10.000 trials, the std. error of the mean is € 285

Statistics Forecast values
Trials 10.000
Base Case € 100.031
Mean € 53.853
Median € 53.458
Standard Deviation € 28.478
Variance € 811.014.719
Skewness 0,1442
Kurtosis 2,92
Coeff. of Variation 0,5288
Range Width € 207.087
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Not all of the results will be used for the analysis. The most important results

which will be used for the analysis in chapter 6 and 7 are:

- Trials: the number of times Monte Carlo simulations are performed,

meaning how many times changes in the variables are made;

- Base case: the value of the outcome before the Monte Carlo simulation was

performed;

- Mean, median, mean standard error: outcomes after the Monte Carlo

simulation.

The accuracy and stability of the results can be considered in two ways. The

first one is the most simple and intuitive by means of the mean standard error.

This error indicates, in this case the amount of euro’s which is deviating from

the mean. If the number of trials increase, the mean standard error will

decrease. It is for the analyst to decide if, for instance in the depicted example

the mean standard error of € 285,- is acceptable compared to the mean of €

53.853,-. If not, the analyst can simply increase the number of trials. Another,

more complex, way is by specifying the desired precision for the forecast

statistics. The analyst can specify the desired precision for the mean or the

standard deviation by specifying the range (in absolute units or a percentage)

of the outcome. For instance, the analyst can specify that the mean must be

within plus or minus € 1.000,-. The simulation will run until the specified

precision has been reached or until the maximum number of trials is reached

(whichever is first). The analyst can also, on top of these specifications,

indicate the confidence level (e.g. 95%) to stop when precision control levels

are reached. This last way to consider the accuracy and stability will be usually

applied in more “heavy” Monte Carlo simulations which require very long

simulation times. The BAM which is developed for this thesis is standard

settled with 10.000 trials and will require calculation times less than 2 minutes

per simulation. Time issues are therefore not an issue. The standard mean

error of the simulation by applying the first method is always around 0,5% of

the mean, which is considered accurate enough for this thesis.

The sensitivity analysis indicates the variables which have the highest positive

or negative impact on the results, as depicted in figure 94. Each scenario from

Table 31 will be simulated for a particular year at the option of the developer.

This will lead towards a very large set of simulation results, a large amount of

data and corresponding graphs, in which overview can be lost quite easily. The

results are therefore summarized in a table as depicted in figure 95. This table

show on the Y-axis which scenario is simulated and for which CBA. For each

CBA is indicated what the financial results (mean) are. If the mean, indicating

the results after simulation, is positive it will be indicated in green, if negative

in red. The most important insights which this table shows are the input

variables from the BAM which have the highest impact on the results by an

indicated percentage. These variables are indicated on the Y-axis.
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The higher the indicated percentage, the higher its impact on results. In order

to gain quick insights in its impact the variables are indicated by a collared

scale between 0% and 100% (from yellow (0%), green to red (100%)). By

doing this, the most influential variables are indicated in red which will give a

quick overall insight of the most important variables. In the next section, the

BAM will be applied in a real-life casus, and results of this table will be

discussed in more detail.

figure 94 Monte Carlo results sensitivity analysis

figure 95 Summary of sensitivity analysis variables per scenario
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Stimulerings

Scenario's
CBA Mean

Totaa l -€ 39.215 16% 38% 12% 5% 12% 0% 0% 18% 1% 1% 1% 85% 1% 1%

Optm. -€ 18.712 2% 41% 2% 5% 2% 0% 0% 19% 1% 1% 0% 86% 2% 1%

Flex -€ 20.504 66% 1% 48% 1% 45% 0% 2% 0% 1% 0% 1% 16% 1% 1%

Totaa l € 20.502 6% 12% 1% 0% 2% 1% 1% 24% 1% 0% 93% 26% 1% 2%

Optm. € 38.983 2% 12% 2% 0% 0% 1% 2% 24% 1% 0% 92% 26% 1% 2%

Flex -€ 18.481 63% 1% 44% 1% 32% 0% 13% 1% 0% 0% 41% 11% 1% 0%

Totaa l € 9.066 6% 14% 3% 0% 3% 1% 0% 23% 1% 1% 1% 29% 1% 89%

Optm. € 27.956 0% 14% 1% 0% 0% 1% 1% 24% 1% 1% 1% 28% 1% 89%

Flex -€ 18.890 63% 1% 45% 1% 34% 0% 12% 0% 0% 0% 0% 13% 0% 35%

Totaa l € 67.881 4% 9% 2% 0% 2% 0% 4% 27% 0% 0% 72% 20% 0% 57%

Optm. € 84.744 0% 10% 1% 0% 0% 0% 2% 27% 0% 0% 72% 20% 0% 57%

Flex -€ 16.864 59% 0% 42% 0% 23% 0% 21% 0% 2% 0% 40% 10% 0% 31%

Totaa l -€ 1.631 10% 33% 7% 4% 16% 23% 0% 14% 44% 10% 1% 66% 25% 1%

Optm. -€ 6.211 1% 35% 1% 4% 0% 1% 1% 15% 48% 2% 0% 70% 28% 1%

Flex € 4.580 32% 1% 24% 0% 44% 68% 1% 0% 1% 32% 2% 5% 2% 0%

Totaa l € 58.324 4% 13% 1% 0% 7% 7% 0% 21% 15% 2% 90% 24% 9% 1%

Optm. € 51.635 0% 14% 2% 0% 0% 2% 0% 21% 16% 2% 91% 24% 10% 1%

Flex € 6.688 31% 1% 22% 0% 48% 64% 5% 0% 0% 29% 18% 4% 0% 1%

Totaa l € 46.820 4% 13% 2% 1% 7% 11% 1% 22% 20% 5% 0% 28% 11% 86%

Optm. € 40.512 1% 14% 2% 1% 1% 1% 2% 23% 21% 0% 0% 28% 11% 87%

Flex € 6.308 31% 3% 23% 2% 48% 65% 5% 1% 1% 32% 1% 7% 3% 15%

Totaa l € 106.337 4% 10% 2% 2% 6% 7% 0% 29% 13% 4% 69% 19% 8% 56%

Optm. € 98.024 1% 10% 1% 2% 0% 0% 1% 30% 13% 0% 70% 19% 8% 56%

Flex € 8.313 29% 1% 22% 1% 50% 61% 10% 2% 1% 29% 18% 7% 0% 16%
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4.7 Verification and validation of the Business Analysis

Model
The Business Analysis Model (BAM) is developed to support decision making

by using information which is obtained from the results of the BAM. Decision

makers are concerned with whether the BAM and the results are “correct”.

This section will discuss the validation and the verification of the BAM.

4.7.1 Basic approaches

There are a few basic approaches [174] to decide whether the BAM is valid.

One approach (most frequently used) is that the BAM developer’s self decides

if the BAM is valid, based on results of various tests and evaluations conducted

as part of the development process. Another, more objective approach is to

involve the BAM’ users together with the BAM developers in deciding if the

BAM is valid. Another approach, usually called “independent verification and

validation” (IV&V) uses a third (independent) party to decide if the BAM is

valid. This third party needs to have a thorough understanding of the intended

purpose of the BAM. The IV&V approach can be conducted concurrently with

the development of the BAM or after the BAM has been developed. For this

thesis all three approaches are applied for the validation and verification

(V&V) of the BAM. V&V is performed:

1. by the BAM developers as part of the development process;

2. by its intended users, during the development of the BAM, the

intended users (project developers within the DSO and service

suppliers) are at decisive moments (go/no-go) in time informed

about the BAM development status and invited to validate the

BAM;

3. by a third party. This so-called IV&V is performed by a master

student of Eindhoven University of Technology for his master

thesis [175].

4.7.2 Verification and validation process for the BAM

There are multiple views on V&V processes for simulation tools [176]. For this

thesis is chosen for a pragmatic and simplified view on how V&V is related to

the development process, as illustrated in Figure 96 [177]. The depicted

“Problem Entity” is in this case the Smart microgrid which needs to be

modeled by analyzing and modeling techniques. The “Conceptual Model” is the

final logical representation (model) of the problem entity. In this thesis it

concerns the previously described four steps within the BAM. The conceptual

model is developed and implemented through a programming and

implementation phase into a simulation model, which is in this case the BAM.

Interferences between the BAM and the smart microgrid are obtained by

conducting experiments/simulations with the BAM.
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An important part in the model is “Data Validity”. Data is needed for three

purposes: for building the conceptual model, for validating the model and for

performing experiments. Available data must be appropriate and accurate, and

there has to be sufficient data available. If data needs to be transformed, this

has to be performed correctly. For this thesis, all data is screened by the

developers, users and the third party before it was applied in the BAM. Figure

96 depicts three V&V processes: conceptual model validation, computerized

model verification and operation validation.

Figure 96 Simulation Development Process & Validation [177]

Conceptual Model Validation

Conceptual model validation is determining that theories and assumptions

underlying the conceptual model are correct and that the model’s

representation of the problem entity is “reasonable” for the intended purpose

of the model. Each discussed step in the BAM is analyzed and evaluated for

multiple times during development. Issues like the appropriate level of detail,

structure and logic of the BAM and mathematical simulations are evaluated by

the developers, users and the third party by using primary validations

techniques as face validity, animation, simulation and tracing. Face validation

is applied by asking experts in a specific field of knowledge to evaluate

assumptions, equations, flowcharts, etc. in the conceptual model, to test if they

are correct and reasonable for its purpose. Animations and simulations are

used by displaying graphically the smart microgrids behavior by applying

Matlab and to discuss these results. Matlab is primary used to simulate the

technical part (step 1) of the BAM. The use of traces is the tracking

(qualitative) of several smart microgrid results of each of the mentioned steps

of the BAM and to validate that the logic is correct. Results (output) from one

step are the input for the next step.
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Computerized model verification

Computerized model verification is assuring that the computer programming

and implementation of the conceptual model is correct. The applied techniques

for this verification are structured walk troughs, and traces to check input-

output relations. Also, internal consistency checks are performed by running

the BAM with several (true and false) stochastic input variables and to check

results. Another important check is the correctness of available data by

entering different data sets into the BAM and evaluates results of the BAM on

consistency compared with other, previous data sets.

Operational validation

Operational validation is determining that the model’s output behavior has

sufficient accuracy for the model’s intended purpose over the domain of the

model’s intended applicability. This part is the most difficult validation. An

important attribute of operational validation is that the results of the BAM are

“observable” in a real smart microgrid. In this thesis this is unfortunately not

observable because there is not yet a realized smart microgrid available. In

that case the BAM output could be compared with other valid models

whenever possible. This is however also not possible because there are no

other comparable models available. The only approach in order to get a

sufficient degree of confidence in the model is to explore the output behavior

of the BAM. This can be done qualitatively or quantitatively. In a qualitative

validation analysis, the output of the BAM is examined and discussed with

experts in the electricity sector. For instance, during project meetings in the

research consortium and during the Master Thesis defense of the third party

(V&V). In a quantitative analysis, validation techniques such as sensitivity

analysis are used. An important part of this thesis is a sensitivity analysis and

results are discussed in the next sections.
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5 Case Study

5.1 Introduction
For this thesis a business site (greenfield) in the Netherlands from a large

municipality will be our smart microgrid casus. The scope of the test case will

encompass smart microgrid components as described earlier in the chapter on

the development framework which guides developers to the creation of the

smart microgrid architecture. The goal of this case study is to test the smart

microgrid development framework, and to supplement the system

architecture with a quick-scan of the financial feasibility of a smart microgrid

using the Business Analysis Model (BAM). The scope of the project will be

described by elaborating briefly on the first three steps of the smart grid

development wheel, which were taken by a dedicated project development

team in a large pilot project in the Netherlands in order to experience the

applicability of the smart microgrid development framework and the proposed

BAM. The team consisted of a diversity of actors, based on the already

identified key stakeholders (roles) from the described actor analysis in chapter

3. During this pilot project, the proposed development wheel is walked

through resulting in high level system architecture, actor descriptions, an

extensive list of system requirements including verification and validation

protocols, communication strategies, etc. Results of the development stage in

full detail are out of scope for this thesis.

Figure 97 Flowchart chapter 5

Section 5.2 will only summarize these steps which will give enough insight in

the project to fulfill a business analysis in the end. The sections 5.3 till 5.6 are

actually the Business Analysis as described in the previous chapter. Section 5.3

will explore the business site in order to determine the variables which are the

input variables for the Cost Benefit Analysis (CBA). Section 5.4 will analyze the

proposed value propositions by performing various simulations and

calculations that monetize the defined site variables. Section 5.5 will explore

the associated costs and finally, section 5.6 will perform a full CBA including a

Monte Carlo simulation and sensitivity analysis. Section 5.7 will discuss the

conclusions derived from the BAM.
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5.2 Casus
This chapter will discuss the casus in which the BAM will be applied.

Step 1

Technical
Potential

(Section 5.3)

Step 2

Value
Propositions

(Section 5.4)

Step 3

Costs

(Section 5.5)

Step 4

Results

(Section 5.6)

Design
wheel

Casus

(Section 5.2)

Conclusions

(Section 5.7)

BAM

5.2.1 Goals

In the next years a municipality in the Netherlands wants to realize a large new

business park, starting from a greenfield situation. The area is around 137

hectares, in which 45 hectares is labeled as building land. The site is mainly for

the settlement of small and medium scale industries and offices with a large

demand of electricity, heat and cold. There will be no gas infrastructure

realized on site. The municipality already gave permission for the realization of

two wind turbines (app. 4.6MW in total). The electrical infrastructure needs to

be a public grid from the DSO, a so called Closed Distribution Systems, where a

distribution grid on a business site is privatized, was not desired. The

municipality has set the goal of founding a business park that is net energy

neutral over a period of thirty years. This means that the total energy supply

over a period of thirty years has to be equal to or larger than the total energy

demand over the same period. In order to achieve this, the amount of local

renewable energy produced will need to match or exceed the expected local

demand. By applying the smart grid development framework both technical

and socio-economic risks inherent in a business park development can be

considered.

figure 98 Impressions of the business site

5.2.2 Key players

Based on the system boundaries and the scope, an actor analysis was

performed in order to find the key actors, and more specific, the strong

partners (critical stakeholders with similar objectives).
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For this thesis the following key players were identified: DSO, Aggregator,

Energy Service Supplier (ESP), Consumers, DGRES developer and supplier. The

next section will shortly introduce these key actors and indicate their

involvement in this project. Representatives of these key players were also

team members for the mentioned R&D project.

figure 99 System boundaries pilot project including key players

A consumer is an important stakeholder for smart microgrids. The concept of

smart microgrids can only succeed if the consumers are willing to join this

“energy community”. Consumers will notice differences with traditional

approaches. For instance, the settlement of the energy bill will be different,

they can be asked to offer flexibility, they should share their energy data with

an ESP, can be asked to invest in collective DG RES and purchase the generated

electricity from them, offer their generated (sustainable) energy (e.g. rooftop

PV) to the energy community, etc. The main purpose of a smart microgrid is to

facilitate sustainability goals, and to decrease (or stabilize) energy costs. These

goals can only succeed if amongst others, consumers put effort in it. Effort can

arise in many forms, from education and awareness to investments in time and

money.

The DSO is a key player because of several reasons. At first, the grid on the

business site (the microgrid) is realized, maintained and operated by the DSO.

The intelligence on top of this microgrid, which actually turns it into a smart

microgrid, is appointed to a different role: the ESP. This role can be assigned to

a certain party, which could be for instance a commercial party with a strong

focus on energy services. Anyway, there will be a very strong interface

between the microgrid and the smart part of it. This interface is on a technical,

financial and organizational level. On a technical level, the Advanced Metering

Infrastructure should be realized.
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For instance, the value proposition with respect to collective peak shaving

require a smart meter on the POC in order to facilitate this specific value

proposition, installed in assets of the DSO. At this point in time it is not

obligatory for a DSO to install metering devices on the POC. Also, the operation

of smart microgrids will be performed on energy (data) platforms which can

be located on site, or in the cloud. A DSO will have interfaces with this

platform. Important issues on all of these topics with respect to financials are

the possibility of a DSO to offer a dynamic tariff, to settle peak on an

aggregated level, etc. On an organizational level is the cooperation between

ESP, aggregator and DSO an important issue. Smart microgrids can only

succeed if all stakeholders are working together with each other.

The DG RES developer and supplier is also an important actor, because the

local loop optimization can be realized if DGRES will be integrated into it.

Secondly, the supplier of DG RES generated electricity can offer a discount to

local consumers (a variable tariff for instance), making value proposition ES1

possible.

The last two key stakeholders will be the aggregator and the ESP. The concept

of smart microgrids can only be made possible by adding intelligence to a local

distribution grid (microgrid). This intelligence will cost time and money. These

investments are meant to facilitate sustainability goals and to decrease the

energy bill of consumers. For this thesis it is assumed that the investments in

the required intelligence is made by the ESP and the aggregator and offered as

a commercial service to the consumers. There are many market propositions

possible for these two roles, which are out of scope for this thesis. The

associated costs will be calculated on an aggregated level, the allocation

towards end users is out of scope for this thesis.

5.2.3 Scenarios

To gain insight in future scenarios for this specific business site a scenario

analysis has been performed for this casus conform the proposed scenario

analysis methodology as described in chapter 3. The proposed steps in the

scenario analysis are:

 explore trends and future uncertainties;

 describe future scenarios;

 determine a strategic plan for this casus.

This section was performed to gain insight in the future technical potential of

the business site. Each scenario leads towards a different load forecast during

the exploitation time and the flexibility potential of load profiles. Each scenario

will also gain insight into the required ICT systems, the involved actors and

how a smart microgrid can be organized.
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Each of the scenarios can be translated into the stated and required variables

of the technical potential of a business site in order to perform the CBA.

Another important reason for this scenario analysis was to validate the

concept of smart microgrids and the applied smart microgrid development

framework within a mixed project team. Besides the gained insights in

technical and economic variables, also insight in the more “soft” requirements

(e.g. cooperation, mutual expectations, etc.) will be gained during these

sessions. The next section will discuss briefly the outcome of this scenario

analysis and show how a scenario analysis was performed in practice.

Trends and future uncertainties

For this casus the following high-risk factors are identified during several

scenario analysis sessions:

HIGH-RISK
FACTORS DESCRIPTION
Technical Potential
of Flexibility

Matching of demand and supply can be done by dispatching
flexibility at customer premises. This is dependable of many
variables like amount, duration, frequency of dispatch, etc.

Value of Flexibility A flexibility supplier is highly influenced by its value to offer his
flexibility. If there is no value, why bother?

Economic Climate The economic climate will determine if companies are willing
to invest in smart grid enabling technologies. Investing during a
poor economic climate will only work if there are significant
costs reductions possible. If the economic climate is improving,
companies are more willing to invest, and sustainability will
also become more important, creating opportunities for smart
grids.

Energy Prices Prices for energy from fossil sources are depending on many
factors and highly volatile. High prices are advantageous for
smart grids (which enable reduction in energy costs), low
prices indicate that there is too much energy available (e.g.
increase of cheap wind energy in the market), which is also
advantageous for smart grids (e.g. to solve congestion
problems).

Economic Load
Forecast
Commercial and
Industrial Sites

The economic load forecast depends on the economic climate.
A positive climate leads towards an increase of consumption.

Technical Load
Forecast Grid

The technical load forecast is related to the economic climate
and the value for flexibility. An improving economy increase
sustainability goals, which in their turn increase (intermittent)
loads for the grid, which increase the value for flexibility.

Costs Flexibility Unlocking flexibility needs investments in smart grid
technologies. If the value for flexibility increases, more parties
will enter this market. This will lead toward an increase ICT
related costs and an acceleration in developments.

Table 33 High-Risk Factors for smart microgrids
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Based on the above mentioned high-risk factors, two factors are chosen as the

essential high-risk factors for the scenario analysis: the technical potential of

flexibility and the value of flexibility. These two factors are the two axes for a

scenario matrix as depicted in Figure 100.

Figure 100 Scenarios for a smart microgrid

Description of future scenarios

The scenarios are translated into short story lines which contain just enough

information to understand a particular scenario. They are summarized as

follows:

Short description of scenario 1: The eye in the hurricane

The energy sector is changing rapidly. Within the smart microgrid however,

there are no technological capabilities from system users to actively

participate. The smart microgrid must be minimal equipped with intelligence.

This intelligence should not be focusing on the optimization of the local

network and an internal energy market, but only on individual energy

consumption per company. The smart microgrid in this case is a static and

sober featured intelligent system in which users themselves has much

interaction. Given the high appreciation for flexibility, there is a desire to equip

the grid as little as possible with some degree of intelligence against low costs.

Who knows whether a company will settle with a high technical potential for

flexibility.

Short description of scenario 2: Dynamics Squared

The local situation at a business park offers lots of opportunities for system

optimization. There is the ability to respond on internal and external requests

to dispatch flexibility, and requesting parties are willing to pay a lot for this.

This smart microgrid is a very dynamic and rich featured intelligent system, in

which the actors participate intensively related to sustainable energy.
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Short description of scenario 3: Freedom and happiness

The local situation in this scenario is the worst possible variant for a smart

microgrid. Companies have no possibilities for offering flexibility and if they

do, its value is very low. The smart microgrid in this case will only be visible by

meeting regulated requirements, for example by installing smart meters. In

this case, the smart microgrid contains the lowest degree of intelligence and

there is no possibility for participating actors to interact with each other

regarding a smart energy supply system.

Short description of scenario 4: Silent Beauty

This scenario is characterized by lots of potential for offering flexibility, but

there is no need and/or appreciation for it. This is a complex situation because

the stability of this scenario is very low. An incentive and/or trigger regarding

flexibility, can arise within a very short timeframe and there are potentially

large opportunities for exploiting flexibility, so this scenario can quite quickly

move toward scenario 2. This means that initially there are minimal

investments in intelligence and the smart microgrid is a static and sober

featured system in which users has very little interaction. As incentives for

flexibility in the future can arise, it is desirable to equip the system with a small

degree of intelligence and the ability to scale up.

Strategic visions

Based on the previous descriptions of the scenarios conclusions can be drawn

regarding technology, information and organization for smart microgrids

during the user phase:

Technology Smart microgrids need intelligence in every scenario. This

intelligence consists of physical and logical components. It is

necessary that smart microgrids can be scaled-up regarding its

technology. This way smart microgrids meet functionalities of

its users, for now and in the future. The degree of intelligence

depends on various aspects such as interoperability within and

beyond commercial & industrial sites.

Information The mutual exchange of information between participants in

smart microgrids is essential in every scenario. This concerns

not only technological oriented information (e.g. status,

condition and flexibility potential), but also economic oriented

information (e.g. incentives and energy prices).

Organization Within smart microgrids different organizational aspects are

important to secure the robustness of the systems design in the

various scenarios. Examples of such organizational aspects are

the processes & procedures within participating parties,

strategic and tactical goals of individual participating parties as

well on an aggregated level.
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At this moment it is likely to assume there is a kind of base scenario (business-

as-usual) in which a smart microgrid concept is not applied at all. The most

likely first step towards smart microgrids will be in scenario 3. From this

scenario, two future movements can occur, both ending in scenario 2. The first

movement (1) means that by an increase of distributed (renewable)

generation, the need for flexibility will increase and thus its value as well. The

second movement (2) means that innovative technological developments open

up opportunities for unlocking flexibility at customer premises. Both moves

lead towards a high appreciation of, and potential for flexibility, which will

increase the potential for smart microgrid concepts.

For this thesis only one scenario will be used to analyze results. Within this

chosen scenario a forecast of yearly demand will be a fixed set of data.

Subsequently, variations on this fixed scenario are applied by adding a

probabilistic function to the flexibility potential in kW and kWh during the

Monte Carlo simulations. For the CBA is chosen to select scenario 2, which will

be simulated and calculated.

Figure 101 Future Scenario Movements

5.3 Technical Potential

The physical project realization did not start when finishing this thesis, it is a

greenfield and the settlement of companies (consumers) did not start yet. The

proposed wind turbines are however realized successfully. Companies are

interested in their settlement on this particular business site, but the economic

perspective and climate was not very attractive up to now, slowing down the
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sale of building plots. So, no conclusive data on demand is available yet. In

order to counter this, a very rough analysis was performed beforehand, based

on expectations of company types and the amount of space necessary by

project developers of the municipality. This analysis concluded that the

expected demand for the business park will be 13.85 GWh per year after

reaching full capacity. For this thesis is assumed that the load growth in the

business park will happen linearly, increasing over a period of ten years, after

which it will remain constant.

This expectation allows for the calculation of the total expected demand over

the project lifetime. Two types of renewable energy will be present on the

business park to counter this demand: wind and solar in order to reach energy

neutrality. The amount of expected wind production has already been

provided: two Enercon E-92 turbines have been placed on the grid, with a total

rated power of 4.6 MW.

The turbine operator has determined (P50 forecast35) that the expected yearly

production of these turbines will be 9.40 GWh. This means that the amount of

solar electricity production can be made a function of the expected demand

and wind production in order to reach the required energy neutrality over an

exploiting time of 30 years.

The assumption made for this thesis is that the number of solar panels present

in the area will grow linearly and step wise over a period of twenty years. This

means that the total solar production, after reaching its full capacity in year

twenty, can be calculated. This is done by considering the size of the demand

surplus that exists over thirty years, and the linear growth of the solar

production over the first twenty years, and amounts to be at least 3.60 GWh

per year to reach net energy neutrality. In order to achieve energy neutrality

on a yearly basis, production should equal at least 4.45 GWh per year. Not only

are these growth rates expected to be a realistic representation of the reality of

the business park, but it will also allow the observation of the business park in

three different phases. During the first ten years, the business park will act as a

pure greenfield: both demand and supply are still growing. During the second

decade of operation demand has reached its full capacity, but supply will

continue growing, simulating a brownfield that is increasing its share of

renewables. In the final decade both supply and demand have reached their

full capacity, and the park acts as a regular brownfield.

35 The P50 value is the production that will be achieved, at least in 50% (the probability) of

the coming years (statistically speaking).
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The growth of demand and renewable production sources, along with the

different phases of development, are displayed in figure 102. The expected

amounts of demand and supply can be used to generate demand and supply

profiles. These are necessary for the cost-benefit analysis, as they are the basis

for the value propositions that make up the benefit side. In the next section,

these value propositions will be elaborated upon. An elaboration on the data

necessary for the simulations will be provided, before moving on to the

process of generating the data and ending with the calculation of the benefits.

figure 102 Growth of supply and demand over time, and phases of

development

5.3.1 Supply

Solar

The total surface area and type of solar panels that will be present on a

business park is often very uncertain, and the assumption for the amount of

production that will happen on this particular business site is therefore based

on the minimum required production to meet the municipality goal of net

energy neutrality over a thirty-year period. Because of this, the irradiation data

in Watt per data point can immediately be converted into a production profile

in Watt, without having to consider surface area and efficiency. This can be

done by assuming that every measurement, which takes place at only one

specific moment in time, was representative for the average irradiation during

the corresponding 15-minute period. These calculations lead to a production

profile per m2, which can be scaled up to match the total expected production

of 3.60 GWh per year after reaching full capacity. The production profile for a

single year is displayed in figure 103.
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figure 103 Solar production in kW per 15-minute period for a single year

As discussed, the growth assumption for PV is linear growth over a period of

twenty years. In order to create such a profile, the finalized production curve is

scaled up over a period of twenty years, starting at 5% of the expected full

capacity and increasing production by 5% of full capacity per year. This growth

has been considered during the calculation of the expected full capacity. The

production profile over the thirty-year run time of the project is displayed in

figure 104.

figure 104 Solar production in kW per 15 minute period over a period of 30

years

Wind

A power curve approximation was created in order to realize a wind

production profile, by making use of the turbine parameters: the 2.35 MW

rated power, a cut-in speed of 3.5 m/s, rated power generation from 14 m/s, a

cut-out speed of 25 m/s, and a third-power dependence on wind speed

between cut-in and rated speeds. Wind speeds were rounded up to the nearest

0.5 m/s, as this was the resolution used for the power curve approximation.

Combined, this led to a wind production profile found in figure 105 (left).
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If 2014 was an average wind year, the summed production over the entire

profile should be very similar to the P50 prediction of the wind turbine

operator, which indicates the average wind production expected. However, the

calculated production was significantly lower than expected. When looking at

the distribution of wind speeds, it could be noted that rated speed was barely

ever achieved. Based on the low wind speeds found in the distribution, it was

assumed that the wind turbine operator's prediction was most likely still

accurate, and that the issue was that 2014 was a very low wind year in the area

surrounding the measurement station. In order to achieve the expected

amount of production, the turbine output power could not be scaled up, as this

would exceed the turbine rated power. A more realistic solution is to instead

scale up the wind speed, turning the wind distribution into one that represents

a supposedly average wind year. It was found that this could be achieved by

multiplying all wind speeds by a factor of 1.542 before applying the turbine

power curve. The difference in production profile over the course of a year

based on the wind speeds being applied to the power curve can be found in

figure 105 (right). Because the wind turbines are already present on the

business park, and will remain unchanged throughout the thirty-year duration

of the project, this profile will be repeated for every year of the project

duration.

figure 105 Production profiles for 2014 before (left) and after (right) being

scaled

5.3.2 Demand

As the business park has not started filling up yet, and there is still a lot of

uncertainty with regard to the types of companies that will eventually settle on

the park, three different demand profiles have been generated to represent

three different potential scenarios:

1. Commercial, mainly offices and a distribution center;

2. Industrial, only small sized industrial plants;

3. Mixed, a mix of commercial and industrial profiles with each

contributing 50% of total demand.

Because of the lack of settled companies, no data is available for the actual

business park. These demand profiles therefore had to be created from data
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elsewhere. For this thesis anonymized data from ten different commercial

buildings and three medium sized industrial plants was provided, each

representing a different sector but applicable within a business site like being

used for this thesis. The commercial buildings differed in peak demand from

about 200 kW to 2500 kW, thus representing different sizes. A number of

commercial buildings came with separate profiles for heating demand, which

was provided using natural gas. Therefore, this had to be converted into an

electrical demand using a hypothetical heat pump with a Coefficient of

Performance of 4. The data for 8 out of the 10 commercial buildings was from

2014, with the other two containing data from 2013. Despite the possible

influence of temperature differences between the data from 2013 and 2014, no

attempt was made to correct these. Temperature influences on demand might

provide differences on a daily basis, but profiles showed similar patterns on a

seasonal basis. Furthermore, due to the dominating influence of the 2014 data,

which included the offices with the largest peaks and base loads, correction for

temperature differences was considered as unnecessary.

For the industrial plants three consumption profiles were used. The data

available ran from January 1st to November 30th, meaning there was no data

available for December. Therefore, this data had to be extrapolated. In order to

consider temperature differences on the profile, and to avoid not considering

the Christmas period, it was decided not to extrapolate using the profile from

January or November. Rather, December was split into four periods: the first

three representing the first three weeks, and the last representing the period

surrounding Christmas up to New Year's Eve. For the first three periods, the

average temperature was calculated and compared to weeks in January,

February, and November. This was necessary due to significant fluctuations in

the temperature during December. The profiles from the weeks matching these

first three periods best based on average temperature were re-used. The

Christmas period was based on the period between January 1st and January

5th. This period showed a much lower overall load than the rest of the month

and year, with New Year's Day having a near zero base load. Therefore, the

period between January 2nd and January 5th was used as basis for the

Christmas period, with the January 1st profile being re-used for December

25th and 26th, the two days of Christmas in the Netherlands. An issue in case

of a purely industrial business park, and to a lesser extent the mixed business

park, is that data from only three companies is used. This means that the

defining moments of each of these three company profiles is over-represented

in the final profile, meaning that results obtained from the industrial park are

most likely less accurate and should only be used as an indication. As a result

of this, any differences between the industrial park and reality will also have a

significant influence on the mixed park, reducing its accuracy as well.
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Because of this, only the data from the commercial park will be used for the

cost-benefit analysis itself. The value generated through the value propositions

will still be calculated, in order to gain insight into the cohesion between the

different demand profiles and the value propositions. The different demand

profiles can be seen in figure 106, figure 107 and figure 108. An example of

what the demand profile looks like over the course of thirty years can be found

in figure 109, which displays the commercial profile.

figure 106 Yearly demand profile for a business site filled with only

commercial companies

figure 107 Yearly demand profile for a business site filled with only industrial

companies

figure 108 Yearly demand profile for a business site filled with a mix of

commercial and industrial companies
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figure 109 Demand profile for the commercial park over a period of 30 years

as applied in the BAM

5.4 Value Propositions

Step 1

Technical
Potential

(Section 5.3)

Step 2

Value
Propositions

(Section 5.4)

Step 3

Costs

(Section 5.5)

Step 4

Results

(Section 5.6)

Design
wheel

Casus

(Section 5.2)

Conclusions

(Section 5.7)

BAM

5.4.1 Reduction of transport tariffs: local consumption of local DG-RES

(internal supply)

The first value proposition concerns the rate of internal supply, the amount of

locally produced renewable energy that is consumed on site. This can generate

value for a DSO in costs reduction as already discussed in chapter 4. In return

for this cost reduction and to stimulate the matching of demand and supply, a

dynamic transport tariff will be employed in the shape of a reduction in the

tariff per kWh for electricity that is produced and consumed locally. figure 110

shows the percentage of demand which is supplied internally on a yearly basis.

The general trend found in these curves is one that will be found in most future

figures and is a direct result of the changes in composition in the business park

over the thirty years this figure represents. Because of this, the general trend

in other figures will not be specified unless it differs from this one. During the

first ten years, the percentage internal supply decreases rapidly. This is

because total demand for the business park increases, and increases at a much

higher rate than the number of additional renewables added. During the

second decade the growth of demand stops, but the addition of extra

renewables continues in the form of the linear addition of solar panels. This

causes the percentages of internal supply to increase once again, but not as

steeply, considering the limited size of the growth.
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The final decade sees a flattening off of all curves, as both demand and supply

have reached their full capacities and are assumed to remain constant.

However, despite the linear increases in solar production and demand, the

curves themselves are not linear: both the drop off during the first decade and

the increase during the second suffer from a slope that becomes less steep over

time. The decreasing drops off in the first decade is logical: no matter how high

demand gets, if there is an amount renewables produced at the same time, part

of the demand will remain supplied internally. The small amount of solar

production and solar production increase means that the supply profile is

almost linear, while demand rises quickly. The graph will therefore continue to

slow down its decrease, but never reach 0%. The decreasing upward slope in

the second decade is more interesting, mainly because of the difference

between the commercial and industrial curves, with the slope of the industrial

curve decreasing at a much higher rate. What this means is that the increase of

solar energy has less of a positive effect on the industrial profile than the

commercial profile. This can be explained by the fact that the industrial profile

has more peaks or higher peaks than the commercial profile. This means that

an increase in the base amount of solar production, but not a massive increase

in the production peaks, will be less effective than in the case of a higher base

load and lower peaks, such as the commercial profile.

figure 110 Percentage of electricity demand supplied through locally

generated renewable energy over thirty years for the three different demand

compositions, also indicating the different development phases

The amount of internally supplied renewable electricity is high overall. During

the first year, when production exceeds demand by a ratio of about 6:1, the

percentages of internal supply are about 75-80%.
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However, during the last decade, when the ratio of total demand to total supply

is only 1:1.11, the percentage internal supply is still in the 55-60% range. Even

during the time of the worst ratio, year 10 with a ratio of 1:1.27, the number

never drops below 50% for any of the demand profiles. This means that the

demand and supply tend to follow relatively similar patterns and variations.

What makes this remarkable is that this innate matching of supply and

demand takes place despite the production of renewable energy sources being

highly irregular and the changes that take place over time with regard to the

composition of the renewable energy sources. In this specific situation, the

amount of wind being produced exceeds the amount of solar energy being

produced by quite a margin (9.4 GWh of wind versus about 3.2 GWh of solar

after year 20). Normally, solar energy would be the source that follows

variations in demand for companies much better than wind. The peak in solar

production is during the afternoon, when all companies are in full operation,

and the seasonal peak is in the summer, when most companies experience

peaks in demand due to air conditioning. Wind speeds tend to favor the fall

and winter seasons, and do not tend to decrease at night when company

demand is low [170].

The percentages in figure 110 do not represent the monetary value necessary

for the cost-benefit analysis yet. In order to calculate the actual costs and

benefits, the amount of energy (in kWh) supplied internally is required, as well

as a financial conversion method. figure 111 shows the amount of energy

supplied internally for each of the different demand profiles on a yearly basis.

Despite the curves in figure 110 decreasing during the first decade, figure 111

shows that the amount of energy supplied internally keeps increasing. This is

because of the large surplus of production that exists during the first years as a

result of the low demand not consuming all energy supplied by the wind

turbines, and the fact that an increased production will be better at filling in

the surplus.

For 2016, the DSO determined the tariff for large scale consumers to be

€0.0088 per kWh, meaning that the 50% cost reduction would amount to

€0.0044 per kWh of locally produced renewable electricity consumed locally.

Combined with the data from figure 111, this leads to the values in figure 112.

The figure shows the amount that could be saved for each year. Considering

the fact that creating this type of value is possible regardless of the

composition of the type or size of demand on a business park, it could be

worthwhile to employ it on other business parks.
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figure 111 The amount of energy (kWh) of electricity demand supplied

through locally generated renewable energy over thirty years for the three

different demand compositions, compared to the base demand

figure 112 Value TE1

Monte Carlo Distribution Function

Internal supply is depending on the local demand and supply. While these will

vary during every single year, a choice was made to keep the demand and

supply of wind power constant during the Monte Carlo process. For wind

power this choice was made because a given P50 production expectation is

very accurate, and any variations will average out over the total period of

thirty years. Due to the fact that the same base profiles are used for every year,

and no changes will occur after reaching full capacity of demand and supply in

for instance year 20, this year 20 will be representative for the following years.

Any abnormality in the data will therefore be repeated every year during the

entire exploitation time for the simulation, and heavily influence results.

In the case of demand this was because while the total demand is uncertain,

the minimum amount of solar power expected is dependent on because the

amount of solar power will determine whether the municipal goal of energy

neutrality can be reached. Variations in demand will create mutual

dependencies and are out of scope for this thesis.
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Instead, the expected amount of solar power is varied between the worst-case

scenario, the minimum required for net energy neutrality over thirty years,

and a best-case scenario of net energy neutrality on a yearly basis using a

uniform distribution. The best-case scenario amount was plugged in to the

original simulation and led to a range of 61.12% to 63.50% for year 20.

5.4.2 Reduction of transport tariffs: Dispatch of flexible demand

This value proposition makes use of the same dynamic tariffs as employed in

the previous section. The main difference is that flexible demand can be

employed to create an even better match between supply and demand. The

calculation of this value proposition does not make use of any simulation of

flexible demand, but assumes that the potential for increasing the level of

matched supply and demand exists on a daily basis and that the full potential

for demand shifting can be employed. It therefore makes use of the flexible

power potential of 2.5% of flexible demand for 2 hours per day. This potential

has been applied to the commercial demand profile only. The generated value

for this value proposition is depicted in figure 113. Compared to the values in

figure 112, these are relatively insignificant amounts.

figure 113 Value TE2

5.4.3 Reduction of transport tariffs: Collective peak reduction by smart spatial

energy planning

Smart spatial energy planning is to use the composition of the business site to

generate value for the consumers in two ways, by looking at:

1. the difference between the individual peaks of connected consumers

and the peak over the main connection

2. the reduction of the peak over the main connection as a result of the

integration of renewable energy production on the terrain itself

This paragraph will at first simulate and calculate the potential energetic

reductions for these two issues before the monetary value can be determined.

5.4.3.1 Separate peaks versus collective peaks

A difference between the individual peaks of the companies can be found with

regard to both the monthly peaks, and the highest peak of the year, which

determines the contracted power costs.
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Therefore, these percentages have been calculated using simulations of

demand of individual companies compared to the total demand for each of the

business park. The simulation was performed for both the monthly and yearly

peaks by using the formula as discussed in chapter 4. The results are

represented in Table 34. Due to the fact that these percentages are based on

demand profiles, which remain the same shape despite being scaled in size up

over time, these percentages will remain the same during the run time of the

project.

COMMERCIAL INDUSTRIAL MIXED
Average Reduction Monthly Peak 8.75% 7.35% 12.38%
Reduction Yearly Peak 11.03% 8.70% 14.08%

Table 34 Percentage reduction of monthly peak costs through aggregation

Table 34 shows that the mixed profile benefits the most from aggregated peak

reduction. This can be explained by considering that the commercial profile

shows significant peaks during summer and winter, whereas the industrial

profile does not seem to suffer as much from seasonal influences. This means

that the peaks of the different types of companies do not tend to overlap,

meaning that when averaging the two types of profiles out the peaks reduce

further than when compared to profiles of a similar type. The difference in kW

between the separate and aggregated versions of the average month peak and

year peak are displayed in figure 114 and figure 115.

figure 114 Reduction in average monthly peaks (kW) as a result of collective

peaks versus individual peaks
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figure 115 Reduction in yearly peaks (kW) as a result of collective peaks

versus individual peaks

5.4.3.2 Main connection peak reduction through the integration of DGRES

Peaks in demand over the main grid connection can also be reduced by

integrating DGRES in the local loop. Due to the two different tariffs being

applied to different peaks in demand, the reduction of both the average

monthly peak and highest peak of the year as a result of renewable energy

production will be calculated separately by using the formula as discussed in

chapter 4. The percentages with which the average monthly peaks and the

yearly peaks can be reduced are displayed in figure 116 and figure 117.

figure 116 Percentage monthly peak reduction as a result of DGRES

integration in the local loop
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figure 117 Percentage yearly peak reduction as a result of DGRES

integration in the local loop

The general trend that can be found is that the percentage drops quickly with

rising demand. This is because the peak stays at the same point in time, due to

fact that the same profile is used for every separate year. The height of the

peak in kW increases, while the amount of renewable production at that point

does not rise as quickly. After year 10 there is a slight increase noticeable in

the percentage, meaning that there is also solar production at the time the

peak takes place. Finally, it can be noted that monthly peak reduction is higher

for the mixed profile, and that the reduction of the year peak is much lower for

the industrial profile than the others, which show similar percentages. The

latter part can be explained by the fact that peak demand in the commercial

profile is higher than in the industrial profile, meaning that the commercial

profile will be responsible for the highest peaks in the mixed profile. Due to the

peaks in demand in the commercial and industrial profiles generally taking

place at the same time with the same amount of renewable production, similar

reductions in the year peak make sense. The reason for the mixed park having

more monthly peak reduction can simply be explained by fortunate timing:

some of its monthly peaks are caused by the commercial profile, especially in

the winter, and some of its peaks are caused by the industrial profile. The fact

that there is more RES production at the times these peaks take place is not

something that is related to the specific composition. The above graphs with

calculated reduction percentages can be converted into reductions in kW.

Results are depicted in figure 118 and figure 119.
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figure 118 Average monthly peak reduction in kW as a result of DGRES

integration in the local loop

figure 119 Average yearly peak reduction in kW as a result of DGRES

integration in the local loop

5.4.3.3 Total peak reduction over de PoC and monetary value

In order to be able to monetize the simulated peak reductions, the above

results must be combined. The values found in figure 114 and figure 115 can

be combined with the values found in figure 118 and figure 119 to determine

the total amount of value that can be created through this value proposition.

The total amount of monthly and yearly peak reduction can be found in.
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figure 120 Monthly peak reduction in kW Value Proposition TP1

figure 121 Yearly peak reduction in kW Value Proposition TP 1

The monetary advantage provided to the consumers on the business park can

be done by entering the monthly and yearly peak reduction in kW in the BAM

and apply the formula as discussed in chapter 4. The potential value created by

this value proposition per year is depicted in figure 122.

figure 122 Value TP1 in euro’s
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5.4.4 Reduction of transport tariffs: Collective peak reduction through flexible

demand

The second value proposition in order to reduce the transport independent

transport costs even more is by applying flexible demand. This value

proposition is focusing on optimizing the smart microgrid on its own by using

local flexibility in demand. Peak shifting makes use of the amount of shiftable

power in kW to reduce the monthly and yearly peaks over the main

connection. The calculation of value generation makes use of the same tariffs

as employed in the previous section. As was the case in the calculation of value

creation through flexible energy demand, this value calculation also did not

make use of any form of simulation. Rather, it was assumed that the appliances

that made up the shiftable power potential were also the appliances causing

the peak in demand, meaning that the full shifting potential can be employed

when the peak in demand takes place. This means that it was assumed that

both the yearly peak and each monthly peak could be reduced by 2.5% of the

peak demand. The generated value for this value proposition is depicted in

figure 123.

figure 123 Value TP2 in euro’s

5.4.5 Reduced energy costs: purchase local energy from local DGRES

Purchasing locally generated energy which is generated by DGRES units within

the local loop could result in a discount on the supply tariff. In chapter 4 is

defined that a reasonable discount percentage will be around 3.5%, resulting

in a monetary value of 2.1 €/kWh for every locally consumed and generated

kWh. The monetary value can be calculated for smart spatial planning without

the dispatch of flexibility, and for situation when only flexibility will be used in

order to consume this locally generated energy. The calculated monetary value

for this value proposition is depicted in

figure 124 Value ES1 internal supply discount without flexibility dispatch
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figure 125 Value ES1 internal supply discount for the dispatch of flex only

5.4.6 Reduced energy costs: discount on energy taxes

The average tax tariff for a mixed set of consumers on a business site is around

the 2 eurocent/kWh. For this thesis is assumed that approximately 2.5% tax

discount can be recovered for that part of the consumed energy which is

produced by local DG-RES. So, every consumed kWh which is locally generated

(internal supply) has a value of 0,05 eurocent/kWh. The monetary value of this

value proposition for this casus is depicted in figure 126 and figure 127.

figure 126 Value ES2 Tax Discount for internal supply

figure 127 Value ES2 Tax Discount for flexibility
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5.5 Costs

In order to apply smart microgrids, two additional roles are added to the

traditional supply chain, acting as mediating partners between the consumer

and several other actors: the Aggregator and the Energy Service Provider

(ESP). Their respective focus within a business park is already discussed in

chapter 4.

The aggregator as a facilitator of flexible demand is a role already found in

many Smart Grid projects. The aggregator uses flexibility available in the

electricity demand of its (national based) customers, and shifts or sheds this

flexible demand based on price signals. The aggregator combines data on the

demand of individual companies with predictions of renewable energy

production and uses flexibility in demand to optimize demand utilization for

only that specific company. The price signals used for this optimization can

come from a number of sources or markets, for example the intra-day or day-

ahead price in the APX market, peak demand reduction incentives, maximizing

the amount of renewable electricity consumed, or the imbalance market. The

aggregator algorithm determines the most optimal way to shift demand based

on this data and the expected demand of an individual company, and

communicates the optimal shifting pattern back to the specific company. An

energy management system located at the company will then automatically

turn on and off individual electronic appliances at the desired moment in time.

Activities of an aggregator could be for instance:

- Determining (financial) conditions with respect to flexibility offers to

energy suppliers;

- Determining (financial) conditions with respect to flexibility offers to the

TSO, DSO;

- Determining (financial) conditions with respect to flexibility offers to the

ESP;

- Forecasting market prices, demand profiles, etc. in order to respond on

(price)signals from energy suppliers, TSO, DSO, ESP;

- Actual dispatch and offer of flexibility;

- Billing and reporting.

An ESP is figuratively positioned on the main grid connection of the business

park and uses data from the business park as a whole for so-called 'local
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optimization'. This optimization is based on a number of already discussed

value propositions. The financial incentives for local optimization are meant to

outweigh the incentives the aggregator traditionally uses, allowing the ESP to

steer the flexibility provided by aggregators while individual companies retain

the freedom to choose their own aggregator. Furthermore, the service part of

the term `energy service provider' refers to the fact that it has the potential to

fully unburden its customers. It can manage its clients' data, take care of

necessary billing, and provide individual companies insight into measures that

can be taken to save energy, as well as arrange the financing required to make

these changes, in exchange for part of the savings. Combining these services

with the incentives it can offer for local optimization, will make the ESP

complementary to the aggregator, rather than a direct competitor. The

aggregator makes it possible for the ESP to optimize locally, and the ESP can

make optimization for aggregators more financially attractive. Whereas the

aggregator is a more typical and well-defined role within the electricity sector,

the ESP is designed specifically based on the smart microgrid systems

architecture. The activities of an ESP could be for instance:

- Pricing

o Publishing (variable) transport tariffs of the TSO, DSO;

o Publishing (variable) energy prices from electricity markets

and DG RES suppliers;

o Forecasting transport tariffs in order to optimize the local

situation;

o Forecasting energy prices in order to optimize the local

situation.

- Data management

o Collecting data of all connected customers

o Establish energy dashboards

o Establish Advanced Metering Infrastructure, etc.,

o Determine optimization algorithms for local optimization;

o Determine billing algorithms;

o Determine formats for billing and reporting (templates).

- Billing and reporting

o Validate data on correctness, completeness, etc.;

o Generate invoices for individual customers;

o Generate stakeholder reports, etc.

The basic necessity for a cost-benefit analysis is the cost component. This

section will provide an overview of the costs associated with both the energy

service provider and the aggregator roles. The costs will be split into capital

expenditures (CAPEX), one-time investments, and operational expenditures

(OPEX), yearly costs. These estimates were provided by ENGIE Smart Digital

Solutions and a survey on several system suppliers in the market, and are still
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subject to a large degree of variance due to development still being in its early

stages. The costs used for the cost-benefit analysis will be the most

conservative estimates in order to avoid surprises down the road.

5.5.1.1 Aggregator costs

5.5.1.1.1 CAPEX Aggregator

The CAPEX associated costs with the aggregator is relatively simple to

determine considering that the technology available for creating flexibility in

demand is already available, the only CAPEX component is buying and

installing the technology. There are various business models for aggregation

services depending on various customer requirements. The CAPEX costs vary

between €0,- (a free offer) for relative simple CAPEX related technologies and

services and costs which are calculated at around €5.000,- per company

(€1.500,- is for hardware and €3.500,- for installation). These last costs are

based on CAPEX for companies in the large and complex industrial sector, in

which the requirements for ICT systems can be far more complex than at

commercial companies.

The last mentioned CAPEX costs can most likely be reduced by cheaper

hardware, which is being developed, or more efficient installation procedures.

Expectations are given by service suppliers that the CAPEX can drop to about

€3.500,- (30%). The costs for aggregation services for small, medium

industries and commercial buildings are based on a tender calculation of an

aggregator platform to host multiple clients. These costs were divided by the

maximum number of clients which can be served by this particular system and

applied in the BAM. These costs are estimated around € 800,- per client. Based

on section 1.2.2 and [22], settled companies in general on a business site can

be roughly divided into the (small to medium) industrial (50%), logistic (25%)

and business services sector (25%). The mentioned percentages indicate that a

business site consist in general of 50% industrial companies, etc. For this

thesis is assumed that the mentioned highest CAPEX costs only will be

applicable in the large industrial sector, and that the small and medium

industry, logistic and business service sector can apply relative simple CAPEX

related systems and services. The expectation is that the values can be

positively skewed, meaning that most of the values occur near the minimum,

because technology will become rapidly cheaper and simpler, the industrial

sector will integrate energy management by them self, the industrial sector

consists of small and medium sized companies with less complex aggregation

system requirements, etc. The BAM will therefore use a triangular distribution,

the most likely costs are set at € 800- with a minimum of € 0,- and a maximum

of € 3500,-. These CAPEX costs will be allocated in the model every time a new

company with flexible demand settles on the park.
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For this thesis is assumed that only 20% of the settled companies will have the

potential for flexible demand on the business park, and a linear growth in

settlement is assumed. The model assumes settlement happens in year 1, 3, 5,

6, 8 and 10.

5.5.1.1.2 OPEX Aggregator

The OPEX for the aggregator consists of the costs associated with creating data

readouts of consumers and running the aggregation algorithms in a cloud

environment. These costs are, just like the CAPEX dependable on various

business models of an aggregator. Sometimes, aggregators will invoice a

percentage of the value which is created with customer’s flexibility (around

15%), others will ask a fee for their OPEX related costs. For this case these

costs are estimated to be around €95,- per month, or €1.140,- per year, per

client. The expectation is that these costs can drop to €25,- per month (€300,-

per year) in the near future. This variation in OPEX will be entered in a Monte

Carlo’s uniform distribution.

5.5.1.2 Energy Service Provider

5.5.1.2.1 CAPEX ESP

The energy service provider technology is not available yet and still requires

development. The costs associated with the technology are estimated around

€200.000,- with an uncertainty margin of 30%. Because these costs are

development costs, there is chosen for this casus not to enter development

costs into the BAM. These costs can be gradually earned back by smart

business models of the ESP. However, there are CAPEX costs involved for ESP

services. The CAPEX for a system which can handle 25 clients is estimated at

€5.000,- per business site with an uncertainty level of 30% and entered into

the BAM in a Monte Carlo’s uniform distribution.

5.5.1.2.2 OPEX ESP

The OPEX for the energy service provider consist of costs for the necessary

support systems such as a cloud environment, etc. and costs for an analyst to

control and maintain the algorithms used, as well as to adjust them based on

any errors or discrepancies. The OPEX for support systems is estimated at

€13.200,- per year with an uncertainty margin of 30%. The analyst is expected

to require 0.1FTE at €60,- per hour, amounting to €12.480,- per year. This

brings the total OPEX to around €25.680,- per year with the same uncertainty

level of 30% and entered into the BAM in a Monte Carlo’s uniform distribution.



224

5.6 Results Business Analysis

5.6.1 CBA Results

The results of the Cost Benefit Analysis will be presented as discussed in

chapter 4, by two figures:

1. Cash flow over a period of thirty years;

2. Monte Carlo probability calculation for year 20 (sensitivity analysis).

The cash flow indicates the CBA results over a period of thirty years by

applying the entered values of the indicated variables in the BAM. These

variables are however provided with a probability function. The cash flow will

not take these probability functions into consideration. By applying a Monte

Carlo simulation for year 20 these probability functions are taken into

consideration. Year 20 is chosen because in this specific year, the business site

will act a brown field in which both supply and demand have reached their full

capacity.

The following sections will present the results of the Cost Benefit Analysis

from the BAM, after running a Monte Carlo simulation. By applying the BAM

three important results will be calculated. A CBA in which local optimization is

simulated. As discussed in chapter 4, local optimization means that by smart

spatial energy planning, supply and demand is matched up-front by smart

selecting consumers and DGRES units. The other CBA will only focus on the

dispatch of flexibility which is potentially available on a business site, for

instance to increase the objective of reaching energy neutrality as much as

possible. In both cases there are different costs involved. The third CBA will

combine the results of the first two CBA’s. Each of the CBA’s will follow the

scenarios as stated in chapter 4. Each of the scenario’s, the discussed value

propositions can be switched on and off in order to see its effect on the final

results.

The next sections will present the results of the BAM threefold:

1. Results of the BAM in total;

2. Results of the BAM for smart spatial planning;

3. Results of the BAM for the dispatch of flexibility.
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SCENARIO COLLECTIVE PEAK
REDUCTION

DYNAMIC
TRANSPORT TARIFF

ENERGY TAX
REDUCTION

A OFF OFF OFF
B OFF OFF ON
C OFF ON OFF
D OFF ON ON
E ON OFF OFF
F ON OFF ON
G ON ON OFF
H ON ON ON

Table 35 Scenarios for CBA’s based on value propositions

The first results present the figures of the cash-flow and the probability

outcomes of the total CBA which is the summation of the results of smart

spatial planning and the dispatch of flexibility. By applying a Monte Carlo

simulation for year 20, the probability of the result in year 20 will be calculated

by taking the stated probability functions into consideration. This will give

insight into the probability of the outcome (by a depicted forecasted

probability function (Bell curve)) and the most important variables which

affect the outcome the most. The complete results of each of the simulated

scenarios will be presented in the appendix in a summarized table as discussed

in chapter 4. The results are analyzed and discussed in the final section

“conclusions of the business analysis”.

There are two scenarios, for example, as indicated in Table 35, presented in

order to see the two extreme results of the calculation results for the BAM in

total: scenario A in which none of the value propositions are applicable, and

scenario H, the most optimistic scenario, in which each of the value

propositions are possible.

Results of the BAM in total for scenario A:
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ITEM COMMENT
Certainty Level Is 0,00% There is a certainty level of 0% that there will be a

positive result for this scenario
Entire Range Is From -€ 73.667
To -€ 604

The results after varying the variables in the Monte
Carlo simulation with the allocated probability
functions are in a range as indicated.

Base Case Is -€ 31.723 The value of the calculated result before the Monte
Carlo Simulation was performed.

After 10.000 Trials, The Std.
Error Of The Mean Is € 10

The mean standard error after the Monte Carlo
Simulation indicating the accuracy of the results.

Results of the BAM in total for scenario H:

ITEM COMMENT

Certainty Level Is 94,89 % There is a certainty level of 94.89% that there will
be a positive result for this scenario

Entire Range Is From -€ 37.312
To € 143.244

The results after varying the variables in the Monte
Carlo simulation with the allocated probability
functions are in a range as indicated.

Base Case Is € 45.341 The value of the calculated result before the Monte
Carlo Simulation was performed.

After 10.000 Trials, The Std.
Error Of The Mean Is € 290

The mean standard error after the Monte Carlo
Simulation indicating the accuracy of the results.

5.6.2 Sensitivity Analysis Results

The sensitivity analysis indicates the variables which have the highest positive

or negative impact on the results. Each of the mentioned scenarios is

simulated. This lead towards a very large set of simulation results, a large

amount of data and corresponding graphs, in which overview can be lost quite

easily. The results are summarized in Table 37. This table show which scenario

is simulated, for which CBA and which variables were of the most impact on

the results. In order to see easier results, the variables are indicated by a

collared scale between 0% and 100% (from yellow (0%), green to red

(100%)). The higher the indicated percentage, the higher its impact.
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5.7 Conclusions of the Business Analysis

This section present conclusions which are taken from the applied Business

Analysis Model (BAM) for a large pilot project in the Netherlands. The pilot

project can be considered as a representative business site in the Netherlands.

Although the fact that the analyzed pilot project is a greenfield site which is not

in operation yet, conclusions are also taken based on simulations which

explored the pilot project after 20 years in which demand en supply have

reached their full capacity, thereby indicating a brownfield which is common

practice in the Netherlands. The supply side is offered by wind turbines and

PV, their size can be considered as representative for commercial and

industrial sites in general in the Netherlands. The demand site is based on

simulations, because there are no consumers settled yet on site and no

historical data was available. The generic applied consumption profiles and the

aggregation of them into a total consumption profile of the business site is also

representative for commercial and industrial sites in the Netherlands. The

BAM will analyze three possible situations related to smart microgrids: the

possibility in which only smart spatial planning will be applied, a possibility

where only the dispatch of flexibility is taken into consideration, and a

situation where these two are combined. The dispatch of flexibility is

performed by the aggregator by means of ICT systems designed for the

aggregator’s activities, the smart area approach is performed by the Energy

Service Supplier (ESP) which requires (other) ICT systems as well, dedicated

for the ESP activities.

The next sections will present the conclusions from different perspectives

towards the BAM. The first perspective is a scenario perspective, in which

different value propositions which are currently not possible yet for various

reasons are explored to see the influence of a specific value propositions on its

own on the feasibility of smart microgrids. The second perspective is a cost

benefit perspective. In this perspective there will be a closer look at the most

promising scenarios by an analysis of the potential savings and the CBA for the

mentioned smart microgrid situations. The last perspective is the Monte Carlo

Perspective in which will be analyzed what the most influential variables are

on the results and why a value proposition is feasible or not.
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5.7.1 Scenario perspective

The performed CBA’s applied several scenarios based on collective peak

reduction, dynamic transport tariff and tax reduction, as described in the

previous chapter. A precondition for the value proposition “collective peak

reduction” is that a DSO can offer an incentive to settle peak tariffs as a

collective over the PoC of a business site. DSO’s are however not obliged to

offer this service and as discussed in a previous discussion, a DSO is already

taking this collective peak shaving partly in consideration by means of the

diversity factor. A precondition for dynamic tariffs is that a DSO can offer a

dynamic tariff. At this moment, dynamic tariffing is not possible in the current

institutional framework. A precondition for tax reduction is that the

government will offer tax reductions for that part of electricity consumption

which is locally generated. This tax reduction is not offered at this moment by

the Dutch government. Each of these value propositions cannot be applied at

this moment in time, because of regulatory barriers. By switching these value

propositions on and off in the BAM, the effect of each of these mentioned value

propositions can be analyzed in order to see its influence on the results.

The first scenario is scenario A, in which none of the value propositions are

switched on. If there are no possibilities for collective peak reduction, the

application of a dynamic transport tariff and an energy tax reduction, a general

conclusion is that the concept of smart microgrids will not be feasible at this

moment in none of the mentioned situations (smart areas or flexibility

dispatch). In other words, in a business-as-usual scenario, in which there are

no opportunities to create value by means of the mentioned value

propositions, and there are made investments in the smart microgrid ICT

systems which enable the value proposition, smart microgrids are not feasible.

Scenario B will only take the value proposition of tax reduction into account.

The results of the CBA are in that scenario not positive, leading to the

conclusion that this value proposition on its own does not contribute to the

feasibility of smart microgrids.

The same goes for the collective peak reduction. Scenario E will only take this

collective peak reduction into account, and these results are also not

contributing to the feasibility of smart microgrids.

Scenario C only consists of the application of a dynamic tariff. This is the most

promising scenario, and thereby also the most promising value proposition.

The remaining scenarios are a combination of two or three scenarios. The most

promising scenarios for calculated CBA’s are scenario C, D G and H. If the value

propositions for collective peak reduction and tax reduction will be excluded in
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the most promising scenarios, only scenario C will remain. In other words,

combining scenarios does not increase feasibility.

A general conclusion with respect to the feasibility of smart microgrids related

to the scenarios with the mentioned value propositions is that only a dynamic

tariff contributes towards a healthy business case.

5.7.2 CBA perspective

The CBA’s are performed for the dispatch of flexibility, the application of smart

area’s and the sum of the both of them for various situations as discussed in

the introduction. The business case for the aggregator will not be feasible in

each of the calculated scenarios. In the Monte Carlo perspective will be

analyzed why the business case for the aggregator is not feasible on a business

site. The analysis for the aggregator will therefore be further left out in this

section.

In order to get some sense for the amount of savings on the costs for the

business site by applying a smart microgrid there are two scenarios analyzed

for year 20 in order to calculate the potential savings. The applied scenarios

are:

- Scenario H: the most optimistic scenario in which each of the value

propositions are made possible: there is an energy tax reduction for the

internal supplied and consumed energy, a dynamic tariff could be applied,

and the peaks are settled as a collective by the DSO;

- Scenario C: the most realistic scenario, this scenario will only assume that

a dynamic tariff will be possible. Dynamic tariffs are subject to a large

amount of discussions and several experiments, a general conclusion is

that the dynamic tariff scenario is a realistic scenario.

The business site’s features which are basic assumptions in order to calculate

potential savings are based on the analyzed casus as discussed in the previous

chapter:

DESCRIPTION VALUE
Number of Companies 30
Yearly Consumption 13,85 GWh
“Traditional” Costs
Transport (30%)
Supply (70%)

€ 1.424.469,-
€ 427.341,-
€ 997.128,-

Yearly Local Production 12,87 GWh
Internal Supply 61,2%

Table 36 Assumptions for the business site to calculate the savings
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Table 37 Results Sensitivity analysis Smart Microgrid Casus
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The “traditional” costs means the electricity costs in a traditional situation,

where there will be no smart microgrid applied. These costs are the

summation of the costs with respect to supply and transport of energy. The

supply costs are based on €72,- per MWh (Source APX 2016) and the starting

point for the above calculation. The ratio between supply- and transport costs

for the B2B sector is in daily practice around 30% transport and 70% supply

(in comparison: households have a ratio of 20/80). This way transport- and

“traditional” costs are calculated “backwards”. The calculated savings are

presented in Table 38. These saving are calculated on the level of the PoC,

indicating what the joint savings are if stakeholders are energetically

cooperating with each other, the allocation towards individual stakeholders is

out of scope for this thesis.

SCENARIO H
(OPTIMISTIC)

SCENARIO C
(REALISTIC)

Benefits
Value Proposition Te1
Value Proposition Te2
Value Proposition Tp1
Value Proposition Tp2
Value Proposition Es1
Value Proposition Es2
Total Benefits

Costs
Net Result

€ 15.000,-
€ 417,-

€ 55.341,-
€ 17,-

€ 26.431,-
€ 6.308,-
€103.514,-

€ 58.144,-
€ 45.370,-

-
-

€ 55.341,-
€ 17,-

€ 26.431,-
-

€81.789,-

€ 58.144,-
€ 23.645,-

Reduction Percentage (Relative to the
Traditional Costs Of € 1.424.469,-) 3% 1.7%
Reduction Percentage on Transport Part
(Value Propositions Tp & Te) 17% 13%
Reduction on Supply Part (Value Proposition
Es1)

2.6 % 2.6 %

Table 38 Savings for applying the smart microgrid as-a-whole

The reduction percentage in total is related to the traditional costs as indicated

in table 35. The reduction of the percentage on the transport and the supply

part are determined by comparing the net result with the transport- resp.

supply costs as indicated in table 35.

The above calculated savings are performed for the CBA “total”, it includes the

smart area approach and the dispatch of flexibility. This means that the

aggregator is included in these calculations, including the associated costs. The

CAPEX and OPEX for the aggregator are relatively high compared to the rather

low benefits, the potential savings are negatively affected by this.
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If the aggregator is not taken into consideration, meaning that the costs and

revenues with respect to the dispatch of flexibility are excluded, the calculated

savings, just for the smart area part are presented in Table 39.

SCENARIO H
(OPTIMISTIC)

SCENARIO C
(REALISTIC)

Benefits
Value Proposition Te1
Value Proposition Tp1
Value Proposition Es1
Value Proposition Es2
Total Benefits

Costs
Net Result

€ 15.000,-
€ 55.341,-
€ 26.431,-
€ 6.308,-
€103.080,-

€ 51.791,-
€ 51.289,-

-
€ 55.341,-
€ 26.431,-

-
€81.772,-

€ 51.791,-
€ 29.981,-

Total Savings (Compared to the
Traditional Costs
Of € 1.424.469,-)

3.6% 2.1%

Reduction Percentage on Transport
Costs (Value Propositions Tp & Te) 17% 13%
Reduction on Supply Costs (Value
Proposition Es1)

2.6 % 2.6 %

Table 39 Savings for applying a smart area approach

Based on the calculated savings, a general conclusion is that most of the

savings are realized with respect to the transport related energy costs (17%

resp. 13%). Savings with respect to energy related costs are relatively small

(2.6%). Applying the smart microgrid concept will be most beneficial for the

transport related costs.

5.7.3 Monte Carlo Perspective

The Monte Carlo simulation gives insight into those variables which will have

the highest influence on the results. In order to analyze for each individual

value proposition what these variables will be, scenario B, C and E will be

analyzed. Scenario B is only focusing on the energy tax, scenario C is only

focusing on the dynamic tariff and scenario E is only focusing on the collective

peak reduction.

For this thesis is analyzed for each of these three scenarios what the most

important variables are. Table 40 present the most important variables of the

sensitivity analysis for the Smart Area CBA’s.

The most important variable in each of the scenarios with respect to the smart

area developments are the high costs for the operational expenditures (OPEX)

of the Energy Service Supplier (ESP). The OPEX for the ESP consisted of system

costs and costs for analysts. These costs are part of a commercial market

proposition and it can be argued that these costs can be decreased by a factor
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which is higher than the 30% uncertainty from the Monte Carlo Simulation. If

the smart microgrid concept will applied on a national scale, these costs can be

decreased because the ESP can upscale its portfolio. Another reflection is that

the ESP combines several activities on a specific business site. For instance,

combing (national) aggregator services, typical “installer” activities like

maintenance, realization, energy audits- and consulting in the complete value

chain etc. These marketing- and commercial reflections are not taken into

consideration in the Monte Carlo simulations, but can offer great opportunities

for the ESP “concept”.

SCENARIO FOCUS VARIABLE %
B Energy

Tax
1. OPEX ESP
2. Yearly index on internal supply

discount
3. Discount on energy tax

74%
29%
24%

C Dynamic
Tariff

1. Dynamic Tariff
2. OPEX ESP

87%
30%

E Collective
peak
reduction

1. OPEX ESP
2. Inflation costs
3. DSO Incentive collective peak

reduction

74%
48%
29%

Table 40 Sensitivity analysis Smart Area CBA year 20

In the most feasible scenario, where a dynamic tariff can be applied (scenario

C), the height of the dynamic tariff which a DSO can offer is a really important

variable. In the Monte Carlo simulation, a triangular distribution was added to

this energy related transport tariff, with a range from 0 to the traditional

tariffs, with a most likely value of 50% of this traditional tariff. In other words,

consuming locally generated electricity will be charged with a lower (50%)

energy related transport tariff. Because of the importance of this variable, a

number of different tariffs are entered in the BAM for scenario C, in order to

see the influence on the feasibility for the Smart Area approach and to

challenge the stated 50%. The results, without a Monte Carlo Simulation, are

presented in Table 41. Based on these analyses it can be argued that the

dynamic tariff discount of 50% is open for discussion, and the discount can be

increased up to 25% in order to become feasible for the smart microgrid

concept, a discount of app. 20% results in non-feasibility.

The CBA for the aggregator is in general not feasible. After analyzing the Monte

Carlo simulation results, and the results of the sensitivity analysis for the

dispatch of flexibility, the two most important variables on these negative

results in scenario B, scenario C and scenario E are:

- The number of flex providers (85%), and

- The OPEX for the aggregator (45%).
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TARIFF
DISCOUNT CASH FLOW

NET RESULTS
YEAR 20

25 % € 2.292

20 %
-€ 3.242

Table 41 Alternative dynamic tariff discounts scenario C

This is caused by the made assumption in this thesis that the aggregator is only

focusing on the local business site, meaning that the unlocked flexibility at

consumer premises will only be applied for the optimization of the local

situation. This will never be the case in real life, an aggregator will always

focus on a national level, which can increase its feasibility potential because

the number of flexibility providers increase significant. This is however out of

scope for this thesis, which is only focusing on optimizing the local loop.
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6 Conclusions, contributions and recommendations

6.1 Reflections on the research questions
The main objective of this thesis was twofold: to propose a pragmatic

development framework for smart microgrids and a BAM for analyzing the

financial feasibility of the concept, taking account of future value propositions.

The main question we sought to address was:

How can we realize local electricity exchanges between producers and

consumers on and near a commercial/industrial site, via a smart

(micro)grid and what are the benefits of this type of collaboration?

The sub-questions which can be derived from the main question are:

1. What major developments are taking place within the energy sector that is

relevant for stakeholders in the B2B sector? (Chapter 1)

2. How do existing power systems function and where and why are smart

microgrids located in this context? (Chapter 2)

3. What would be an appropriate development framework for smart

microgrids on commercial and industrial sites? (Chapter 3)

4. Is the proposed framework applicable in real world and able to be

implemented by a mixed team of project developers? (Chapter 3)

5. How can we best analyze the financial feasibility of smart microgrids on

commercial and industrial sites? (Chapter 4)

6. Case study: Are smart microgrids financially feasible on commercial and

industrial sites? (Case study in Chapter 5)

7. What are the most important factors for the successful roll-out of smart

microgrids on commercial and industrial sites? (Chapter 6)

Chapter 1 defined the scope of this thesis and described the ongoing energy

transition. Chapter 2 briefly discussed the theoretical background of power

systems. We addressed the first two sub-questions in Chapters 1 and 2 by

describing the current energy sector from a business perspective and how the

electrical energy supply system currently functions. We also sketched a

possible future scenario for how current energy systems will gradually evolve

into smarter, decentralized and digitized power systems in which multiple

stakeholders cooperate in order to achieve their ambitions with respect to

sustainability objectives, or to decrease their energy costs. We then introduced

the concept of smart microgrids – power systems on a local scale which can

make an important contribution to energy transition objectives. In Chapter 3,

we proposed a framework for developing smart microgrids at an architectural

level, which will be necessary for them to be a success. Smart microgrids are

complex multi-disciplinary systems that involve a large range of actors in a

sector where requirements and objectives are highly changeable.



237

The framework focuses in particular on technical and organizational systems.

In Chapter 4, we turn to the business case, performing financial modeling via a

business analysis model (BAM) to test the feasibility of smart microgrids –

essential for successful roll-out. In a number of steps, our proposed BAM

assessed which technical input variables are important to identify up front,

which value propositions can create value within smart microgrids, and what

costs will be necessary to unlock this value. The final step is the cost-benefit

analysis (CBA), including a Monte Carlo Simulation and a sensitivity analysis.

We then put the smart microgrid development framework and the BAM to the

test in a large pilot project in the Netherlands run by a diverse project team

consisting of a broad representation of key actors in the energy sector. We will

now present our main conclusions based on this validation process. Section 6.1

will focus on the framework, and Section 6.2 on the BAM. In Sections 6.3 and

6.4, we will discuss the contributions of this thesis to the energy sector and our

recommendations for further research.

6.2 Conclusions regarding the Smart Microgrid Development

Framework
Our smart microgrid development framework was developed to serve as a

guide for smart (micro)grid projects. We tested it on a large pilot project run

by a mixed project team. Our conclusions regarding this framework are based

to a large extent on an extensive evaluation among the project team members.

We first noted with satisfaction that the team found the framework highly

pragmatic. Two important pieces of feedback mentioned by several team

members were that, before starting using the framework for a specific project,

team members should receive an introduction to the basics of Systems

Engineering to explain the rationale behind the framework, and to the

framework itself to explain the development process it follows. If team

members understand the purpose of the framework and its “rules”, this will

have the useful side effect of increasing their knowledge of the electricity

sector and of smart (micro) grids in particular. One of the most important

advantages of the framework that was noted is that it will create a mutual

understanding of the interoperability between several (sub)systems, the

common and individual goals of project participants, and the reasons why

certain solutions were selected. This mutual understanding is not limited to

technical knowledge, but includes financial, legal, automation, organizational

“(sub) systems” as well, which the framework links into a cohesive system.

Each member of the team must understand that a requirement (or change) in

one part of the system can impact another part of the system for another

discipline (breaking down “silo thinking”).
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Another important pre-condition for creating a successful system is that

projects should be led by a senior project manager who has an overview of the

complexity of the sector, understands the framework and takes a holistic view

without getting bogged down in the technical aspects.

Developing smart microgrids during the conceptual phase always requires

more effort than people expect. A powerful aspect of the framework is that it

offers a customized approach. It can be successfully applied to different types

of projects with a range of appropriate tools. A further important benefit of the

framework is that it takes account of system stakeholders (e.g. consumers)

during the development process. This basic rule for a user-centric approach

can be easily forgotten in the case of greenfield sites where consumers are not

yet established, but their goals and needs must still be taken into

consideration. Furthermore, it is very important to have well-defined roles and

responsibilities for the different actors to avoid confusion. Those roles and

activities will also influence commercial and industrial users’ business.

During the testing and validation of our framework, the first three steps to

analyze goals, actors and requirements proved enormously important. This

process costs time and money, but it will pay dividends down the track. These

three steps will form the basis for every technical and non-technical

(sub)system in a smart microgrid. They do not define the end product, but do

add huge value on the shared journey towards that product by exploring the

future functioning of the entire system and developing use cases (or conops). It

is important to bear in mind that the framework focuses on the conceptual

phase, during which different stakeholders have different perspectives on

smart grids and it is best to keep things “as simple as possible, but not too

simple”. The use of graphics, as used in this thesis, also proved very helpful.

This issue of simplicity becomes very clear when discussing the key issues of

interoperability and integration of subsystems, where it is very easy to get

bogged down. The best way to maintain control over interoperability issues is

to keep things simple from start and work from the top down.

6.3 Conclusions regarding the Business Analysis Model
We developed a BAM in order to gain insight into and validate the financial

feasibility of the smart microgrid concept. The BAM includes two types of

analysis: firstly, a CBA to validate cash flow during the total exploitation time

and secondly a Monte Carlo Simulation to define a probability function for

several variables in order to then perform a sensitivity analysis and validate

the probability of a certain outcome. It is possible to run several future

scenarios regarding the technical potential of a commercial/industrial site

through the BAM. Variables such as load growth, flexibility of consumption

profiles, DG-RES integration can also be included.



239

The BAM also identifies multiple value propositions of a smart microgrid for a

range of stakeholders, some of which are not yet permitted in the current

regulatory landscape. For this reason, value propositions can be switched on

and off in order to assess the effect on feasibility. However, in this thesis, we

also gained insight into what is likely to happen once “future” value

propositions can be applied – if, for instance, the Electricity Act 1998 is

amended in the (near) future.

In our test analysis, we assessed three different value propositions which led

to eight possible combinations for CBAs and Monte Carlo Simulations, which

can be summarized as follows:

1. Collective peak reduction: stakeholders should work together to

decrease the peak over the point of connection of the

commercial/industrial site. The distribution system operator (DSO)

should provide an incentive to these stakeholders for their efforts.

2. Dynamic tariff: stakeholders should consume as much of the electricity

generated locally by DGRES units on site as possible to try to keep the

energy flows within the local loop. The DSO should provide an extra

incentive for the locally-generated and consumed energy.

3. Energy tax reduction: to stimulate the generation of sustainable “green”

energy on a local scale and its consumption by the local community, the

Government should reduce the energy tax on the proportion of energy

consumed that is generated by local DG-RES unit within the local loop.

We concluded that smart microgrids can only succeed if additional ICT

intelligence is introduced to the traditional value chain. This will entail

additional costs to build the necessary systems. The BAM takes account of the

specific costs of each of the value propositions.

Our major conclusions from testing the BAM on the pilot project were

calculated based on three main scenarios:

1. a smart microgrid where only smart high-level area developments are

applied, for instance by integrating DG-RES units into the local loop

and/or consumers with a specific or changeable load profile (e.g. from

day to night);

2. a smart microgrid which can only dispatch flexibility in production and

or consumption profiles within the local loop;

3. a complete smart microgrid which is the sum of the previous two

scenarios.

In the first scenario, smart area developments (including the necessary ICT

systems) are performed by a new type of actor introduced by the smart

microgrid development framework called the energy service supplier (ESP),
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who acts as a kind of energy director for the commercial/industrial site (see

Chapter 3).

In the second scenario, dispatch flexibility in production is performed by the

aggregator – an existing role – which must also include their own specific ICT

systems to identify and control customers’ flexibility.

In each of these scenarios, the dispatch of flexibility did not prove feasible. This

is primarily because the number of flexibility providers (and thus the amount

flexibility) within the local loop is far too low to create economic value and

cover the necessary costs to unlock and control this flexibility. To cover these

costs, aggregators must also offer flexibility to market parties outside the

smart microgrid and sell it to the highest bidder. In other words, the dispatch

of flexibility for local optimization alone is not feasible. Project developers for

smart microgrids for commercial/industrial sites should focus on optimizing

the local loop by means of smart spatial planning.

If it is not possible to apply our proposed value propositions, the smart

microgrid concept will not be feasible, primarily due to the ESP’s operational

expenditures. Even if these costs are set at zero in the BAM, which is entirely

unrealistic, the results are hardly encouraging. Therefore, at least one value

proposition must be applied to increase the financial feasibility. The most

promising value proposition is the dynamic tariff, which had an 88 per cent

certainty level of a positive outcome in the CBA. Again, the ESP’s operational

expenditures had the greatest impact on the feasibility of this value

proposition.

The collective peak reduction and energy tax discount value propositions are

not feasible in themselves. When both combined with a dynamic tariff, the

certainty level rises to 94 per cent but this does not significantly improve the

financial results. Project developers should therefore focus on dynamic tariffs.

If dynamic tariffs are not possible, the other value propositions need not even

be considered.

Likewise, the total financial revenues or savings resulting from the smart

microgrid concept were not overly impressive. In the most realistic scenario –

the dynamic tariff - the total savings of the entire smart microgrid compared to

business-as-usual were approximately 1.7 per cent. These savings must also

then be divided between the individual companies in the grid. The greatest

savings to be made were on transport costs.
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6.4 Contributions of this thesis

6.4.1 Scientific contributions

This thesis presents the first validated application of the smart microgrid

concept for commercial and industrial sites in the Netherlands where supply

and demand are matched on a local scale. Local matching within smart

microgrids or “local loops” has previously been raised in the public debate, but

never studied in this manner. One possible and realistic future scenario is that

the architecture of the electricity supply system will be based on local loops.

Smart microgrids will be implemented on a local scale, and each

commercial/industrial site will require a customized solution due to their

different regional characteristics, landscape, size, actors, technical potential,

etc.

This thesis proposed an innovative development framework for the system

architecture of smart microgrids based on Systems Engineering theory which

would facilitate successful, customized implementation. Systems architecture

takes account of technical solutions as well as organizational and business

aspects and – crucially – the interaction between these elements. The

framework will facilitate a structured development process in close

cooperation with local stakeholders which form part of the system

architecture that is tailored to the local situation.

We also developed a BAM to provide insight into the financial feasibility of

smart microgrids. A key part of the BAM is the introduction of the concept of

value propositions – drivers which can convert the technical potential of a

commercial/industrial site into monetary value with respect to energy, the

transport of energy, and supply-demand balancing on a local scale. An

important scientific contribution of these value propositions is the insight they

provide into the importance of local cooperation between stakeholders on

their energy supply system, without which a number of value propositions

cannot be realized. Our work revealed a broader perspective on the earning

potential of local cooperation in the energy sector.

Our BAM also introduced a quantitative evaluation method for the smart

microgrid concept and for calculating its economic feasibility and performance.

Our method takes account of the uncertainty of various factors by applying a

Monte Carlo Simulation to provide insight into the most important feasibility

variables.

We tested our framework and BAM on a large pilot project run by a dedicated

project team composed of representatives of key smart microgrid

stakeholders.
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The framework, the proposed instruments, and the BAM, were thoroughly

evaluated in this real-life case by the project team and the results indicated

that they were both innovative and relevant for practical application.

We were able to demonstrate that smart microgrids on commercial and

industrial sites can create valuable advantages. Besides the technical

advantages resulting from the smart integration of renewables and

cooperation between consumers, there are also significant “soft”

improvements (e.g. creating an energy community). However, we also

demonstrated that smart microgrids are not yet financially feasible on a local

scale for two main reasons. The first relates to the benefits identified in the

CBA; the best way to incentivize the implementation of smart microgrids is to

introduce a dynamic transport tariff to reward actors for using “less

distribution grid” and consuming locally-generated electricity. Actors on

commercial and industrial sites who cooperate with regard to their energy

behavior (including related costs) and thereby create value for the DSO will

not receive any compensation under the current regulatory framework. The

other reason relates to the costs identified in the CBA; it is only possible to

implement smart grid concepts on a local scale by making additional

investments in ICT systems and related services for a local ESP, who serves as

“energy director” on the site. The operational costs associated with these

systems and services are too high at this moment in time. If a dynamic tariff is

applied and the ESP’s operational expenditure decreases over time, feasibility

will increase.

Another scientific contribution of this work is the revelation that the current

focus on flexibility in the energy sector should be national rather than local.

The costs related to unlocking local flexibility on the consumer side are too

high to be recovered on a local scale. Flexibility potential is important for the

energy transition, but the local focus must lie on the spatial planning of energy

supply systems. This is an innovative approach that recommends shifting the

focus on smart grid applications towards the pro-active integration of multiple

actors and multi-disciplinary systems at an earlier point in time rather than

reactively focusing on a single actor and/or disciplinary perspective.

6.4.2 Contributions to professional practice

We conducted this research in close cooperation with a mixed representation

of stakeholders in energy supply systems on commercial and industrial sites.

We have contributed content on the topic of smart grids and microgrids and on

organizational issues in the smart grid sector, as follows:

During this research project, and more specifically during the team sessions of

the pilot project, the topic proved more complex than initially expected.
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There were many discussions regarding definitions caused by a lack of

knowledge, experience, etc. The most difficult issue was always the

interoperability between the large number of technical and non-technical

(sub)systems. This research was carried out in a mixed team and each member

discussed it with colleagues from their own company. We therefore

contributed to a broader understanding of smart (micro)grid subsystems and

the actors involved, and highlighted the fact that smart (micro)grid

development can only succeed through cooperation.

One of the biggest learning points for the participating companies from

applying our smart microgrid development framework was that smart

microgrids are more than just technology. In fact, the non-technological issues

were the biggest challenge. Given this insight, the companies changed their

focus and contribution from a technical perspective towards a more generalist

perspective.

The focus of the pilot project was very broad at the outset – exploring

electricity, heating and cooling systems, and other issues. We realized that this

was too ambitious. Focusing on electricity alone was hard enough. It also

became quite clear that multi-energy systems are highly relevant from a

technical and financial perspective, but require significant further research.

This issue was discussed within the project team and with the Netherlands

Enterprise Agency – a governmental organization that supported this project

with a subsidy, suggesting the possibility of a dedicated multi-energy systems

R&D project in the near future.

We proposed a number of value propositions and an alternative grid

infrastructure (microgrids and a local loop) that requires a significant level of

involvement from the DSO. Several discussions took place with the

Department of Innovation and the Asset Management Department of a

particular DSO. At first, these two parties seemed to be living in two

completely different worlds, which gradually drew closer together. Of course,

the Asset Management department is obliged to comply with the Electricity Act

1998 and the Department of Innovation is in the business of pushing

boundaries, but a mutual understanding did appear to blossom. This study was

not the sole instigator or reason for the improvement of this relationship, but

our discussions certainly increased their understanding.

The proposed introduction of the new role of energy service provider to act as

an energy director for commercial and industrial sites to optimize the local

loop led to extensive discussions with the DSO. These mainly focused on which

activities DSO could or could not carry out within the current regulatory

framework, and what kind of activities other commercial parties would be
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permitted to perform. Our study contributed to this discussion by providing

insight in the complexity of smart (micro)grids.

Within the smart grid sector, there is significant focus on flexibility in

consumer profiles and expectations regarding their value are quite high. We

also discussed these expectations on the smaller scale of smart microgrids. We

demonstrated that the dispatch of flexibility will only make sense if applied on

a national scale, or only by individual consumers as a part of their own energy

management system. The dispatch of flexibility is too expensive for too little

benefit to be applied only on the local scale. On the other hand, smart spatial

planning proved a very promising avenue, and to date has not been widely

discussed in the smart grid sector. Our contribution to the topic of smart areas

led to an increasing number of activities within several companies.

Despite its assumed complexity, Systems Engineering proved a valuable

methodology with great potential for future smart (micro)grid projects,

because it provides a lot of insight into the complexity of such projects and will

put all parties on the same page. During the development process, the

members of the pilot team grew more and more enthusiastic in response to

our new insights, which had a positive impact on the team as a whole and the

project’s wider reputation.

We learned that taking a Systems Engineering approach stimulates top-down

development. In daily practice, team members meet representatives of

commercial and industrial sites whose sole focus is, for example, their desire to

have their own wind turbine, because “it is so sustainable”. Our framework

advocates following a top-down approach, starting with overall objectives and

working “downwards” to concrete and rapidly achievable solutions. This may

reveal a variety of new solutions outside of the initial scope. These “quick

wins” were always in line with long-term visions and objectives.

6.5 Recommendations for further research
There are a number of directions for future research related to our smart

microgrid development framework, our BAM feasibility analysis and

regulatory issues.

6.5.1 Development framework

Our first recommendation is to broaden the scope of this research towards a

development framework for multi-energy systems (electricity supply systems

integrated with heating and cooling and/or gas systems) and hybrid systems.

It is likely that our framework, which is based on established and broadly

applicable Systems Engineering theory could be applied to multi-energy

systems and helps define architectural frameworks for such systems.
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Each step of our design wheel could be validated in respect of multi-energy

systems. In particular, the interoperability between electricity and heating and

cooling systems could be of interest.

We applied our development wheel (see Chapter 3) to a hypothetical case. We

discuss each step of the wheel and illustrate it with examples of relevant

methodologies and tools, e.g. actor analysis or communication. This would be

another interesting avenue for further research. In order to make the

development framework widely applicable, a short-list of methodologies and

tools for each step in the design wheel could be complied, including

recommendations, pros and cons, short descriptions, etc. to support

developers in choosing the appropriate tool or method.

Our smart microgrid development framework could also be applied within a

project environment as a “stand-alone” methodology for a new development

team for each project. The framework could also be integrated into “quality

management systems” (e.g. ISO 9000) as a working method for organizations.

Companies that use it as one of their business propositions could fully optimize

their operational management system for framework. This will, however,

require further research from a business management perspective.

6.5.2 Technical and economic feasibility

Further to the subject of multi-energy systems, yet another research

recommendation relates to our feasibility BAM. As discussed in Chapter 5,

smart microgrids that only focus on the electricity supply system are not

particularly financially attractive. In daily practice, it is also difficult to

implement feasible heating and cooling systems on a local scale. It would be

interesting to analyze the technical potential of multi-energy systems on

commercial and industrial sites, identify value propositions, and perform a

CBA including a Monte Carlo Simulation.

This thesis concentrated on the integration of DG-RES units within local loops

and storage was beyond our scope. In the (near) future, storage units at a

distribution level will become increasingly technically and financially feasible.

Further research into a BAM for integrating large storage systems into the

local loop would be of value.

We proposed value propositions within the local loop which are not yet

possible due to regulatory barriers. It would be interesting to further examine

the dynamic tariff and collective peak reduction value propositions. Since the

main revenue from a smart microgrid takes the form of decreased transport

costs and these value propositions are based on incentives given by the DSO,

which can only be justified if smart microgrids also create value for the DSO.

This requires further research from a technical perspective on a national scale.
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We focused on local optimization, but what would happen on a national scale if

multiple commercial and industrial sites were to apply local optimization?

Would these local loops really decrease transport costs for DSOs in practice?

And if so, what would be a justifiable incentive for system users to encourage

smart microgrids?

Another research topic of interest would be an in-depth analysis of the roles

identified in our actor analysis in Chapter 3, which can be assigned to various

stakeholders. A particularly interesting role is that of the ESP, which can be

assigned to a commercial service supplier or a DSO as an active distribution

grid manager working to optimize a commercial or industrial site. The tasks of

the ESP, the necessary types of systems, ways of distributing costs and

revenues to end users, and other issues remain to be defined.

6.5.3 Regulatory issues

Our first recommendation with respect to regulatory issues is also relevant to

defining the role of the ESP, which also touches on regulatory issues. Since

existing roles in the energy sector may change or even disappear as part of the

energy transition, it would be interesting to examine the changing role of the

DSO with respect to its tasks, and incentives once smart microgrids are

implemented on a national scale.

Local loops also merit further research. Local loops are created, for instance,

by connecting large wind turbines (>2MVA) in such a way that DG-RES and

consumption are physically connected via a single point of connection to the

grid, creating a smart microgrid or “gated community”. At present, this cannot

be implemented due to regulatory barriers. This is one of the core issues for

the successful roll-out of the smart microgrid concept on a distribution level.

The application of a dynamic tariff and the creation of local loops warrant

further investigation.

A dynamic tariff could be applied to optimize local loops from both a technical

and an economic perspective. Technically speaking, it could act as an incentive

to keep the load flow within the local community as much as possible, and to

decrease the load on higher grid layers. Economically speaking, it could act as

an incentive to decrease energy-related costs, and to increase the integration

of DG-RES. This thesis focused on commercial and industrial sites and

households were out of scope, but on an aggregated level they could also be

operated as smart microgrids. Further research could be carried out on

different levels of dynamic tariffs. Would the same incentive be applicable to

households from a regulatory perspective?
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During this research project, we discussed the topic of local loops with the

Dutch Authority for Consumers & Markets – a government agency that

cooperates with ministries, regulators, other government agencies, scientific

institutions, complaints boards and organizations to protect the interests of

businesses and consumers. The consortium of the pilot project in this thesis

has formally requested an exemption from the tariff structures and conditions

of the Electricity Act 1998 for the integration of two large wind turbines

(>2MVA) within a local loop 36. This is not currently permissible under the

Dutch grid code; the turbines must be connected outside the local loop. The

ACM considered this request to deviate from the Electricity Act 1998 and

ultimately decided to reject it. Its decision was based on the following most

relevant arguments, which could serve as recommendations for further

research from a regulatory/legal perspective:

1. The ACM determined whether the request was an individual case or a

case with specific circumstances. Dutch DSOs must apply grid tariffs and

conditions in a non-discriminatory manner. This was not so for the case

in this thesis, however. The ACM has rejected other similar requests and

if this request were to be allowed it would be contrary to the principle

of non-discrimination. This is a promising direction for further research.

These similar cases could be assessed to determine whether a change to

the Dutch grid code is necessary to permit local loops.

2. The ACM took into consideration the issue of exceptional undesirable

effects in the future. Dutch DSOs are not permitted to discriminate

between different grid connections. ACM is considering the possibility

that the local loop could be optimized for a specific balance between

supply and demand. Small changes in capacity may occur, but if a large

(new) system user (e.g. a wind park) were to request a grid connection

which cannot be connected to the local loop, it must be connected

outside it, in which case the associated costs are usually higher. Most

importantly, if the large new system user wanted to join a smart

microgrid on that particular site, it may not be possible due to capacity

limitations from a DSO and ESP perspective. This would also be contrary

to the principle of non-discrimination. This therefore forms a final

recommendation for further research: would it be possible for a smart

microgrid to exclude new large grid connections that could disturb the

optimized supply-demand balance? And, if not, would closed

distribution systems be a desirable solution for this issue?

36 For more information see:

https://www.acm.nl/nl/publicaties/publicatie/17353/Afwijzing-ontheffingsaanvraag-

tarievencode-ENGIE-en-Kloosterlanden
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Questionnaire Evaluation of the Smart Microgrid

Development Framework

Introduction

The purpose of the evaluation is to learn from our experiences as

organizations and individuals and to improve the Smart Grid Development

Framework.

The following general questions may be considered:

- What were the bottlenecks in this conceptual phase of applying the Smart
Microgrid Development Framework?

- How are these bottlenecks solved?
- What went well (very well)?
- What could be better?
- What could I (personally) have done differently or better for a better

result?
- Was the Smart Microgrid Development Framework suitable for this

(conceptual) phase?
- Was the organization (team, etc.) and communication well organized?
- Was the quality of the first results good?
- Can we identify reasons why something went wrong and what measures

we could have taken to prevent them?
- Are the applied solutions also useful for the second phase (basic

engineering) of the Smart Microgrid Development Framework?
- Was the right knowledge in the team available?
- Were our procedures sufficient?
- Were all the necessary disciplines represented / connected during the

conceptual development?

The following sections provide questions for specific project parts, namely:

- Project efficiency (typical project evaluation to the aspects Money, Time,

Information, Organization and Quality);

- Impact on client / users (to what extent are the needs of clients and / or

users met)

- Impact on the development team (what is the influence of this phase of the

Smart Microgrid Development Framework on the development team);

- Business and direct organizational success (what is the influence of the

Smart Microgrid Development Framework on the participating

organizations);

- Preparing the future (what are the long-term influences of the Smart

Microgrid Development Framework)

-
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Project efficiency

Evaluation Time and Information

- What is the original delivery date and what delivery date has been

realized?

- Are the project milestones been realized in a timely manner?

- Is there a declaration of derogations?

- Did everyone have the right information?

- Was it ever clear which version of the information was right?

- Was everyone aware of changes in information?

- Was it clear who should provide and / or receive information?

- Was the information accessible?

- Was the (way of and frequency of) information supply well fitted within

this phase of the Smart Microgrid Development Framework?

- Were the meetings properly arranged (frequency, participants, reports,

information, duration, location, etc.)

- Was the client's information regarding this phase of the Smart Microgrid

Development Framework available and correct (think of specifications,

standards, assignments, etc.)

- Was the interaction and information provision between client, team and

third parties well organized?

Evaluation Organization and Quality

- What are the positive and negative experiences with the project

organization?

- Was the organization adequate for this phase of Smart Microgrid

Development Framework? (think of the involvement of the right

disciplines and persons, a clear division of roles, tasks and competences)

- Was everyone adequately equipped for his task (think of availability of

knowledge, resources, powers, rights, time, etc.)

- Was communication with the rest of the organization as desired

(indirectly involved in this phase of Smart Microgrid Development

Framework)

- Is the client satisfied (during and after this phase of Smart Microgrid

Development Framework)? How was that determined?

Evaluation Money

- How went the establishment, correctness and completeness of the sub-

and total budgets?

- Are specific activities significantly under- or over-budgeted? If so, what

was the cause for this?



252

- Budget and cost. Are the planned margins reached? What were the causes

of the positive or negative deviations?

- How went the budget monitoring and mode of registration?

- Did the realized deviations of the financial goals be signaled in time?

- How was the cash flow?

- How went the reconciliation with the controller & administrator?

- Was the method of financial administration of assignments for and

invoicing of (external) delivery of materials and services appropriate?

- How went the handling of a changed work scope?

- Was the frequency or moments of progress reports / progress forms

appropriate?

Process

Projects are realized according to a project process.

- Have problems with this phase of Smart Microgrid Development

Framework been identified with regard to the process?

- Is or should there be deliberately deviated from the process? If so, what

was the reason for this?

Consider deviations from:

- the project objective and scope

- project phases and milestones

- standard project organization

- reporting

- use of support systems

- capacity planning

Evaluation Risks

- Has the risk inventory been found appropriate?

- What risks have occurred?

- Are retrospective measures been taken to mitigate risks?

- Has the estimate of the effect of an accrued risk been correct?

Impact on clients / users

- Does the Smart Microgrid Development Framework affect the

performance of the client?

- Is the client satisfied?

- Are the results in this phase of Smart Microgrid Development Framework

useful for the (paying) client?

- Are the results in this phase of Smart Microgrid Development Framework

useful for users?
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- Would the client return for future projects by applying the Smart

Microgrid Development Framework?

Impact on team

- Is the team satisfied and motivated?

- Is the team loyal to the project?

- Does the team have high morale and energy?

- Is the team working in this phase of Smart Microgrid Development

Framework experiencing fun?

- Experienced team member’s personal growth?

- Will team members stay in the organization if the Smart Microgrid

Development Framework will be applied?

Business and direct organizational success

- Was the Smart Microgrid Development Framework an economic business

success?

- Did the Smart Microgrid Development Framework increase the profit

potential for the organization?

- Would the Smart Microgrid Development Framework generate a larger

market share?

- Would the Smart Microgrid Development Framework generate a higher

shareholder value?

- Does the Smart Microgrid Development Framework contribute to the

performance of the organization?

Preparing for the future

- Does the Smart Microgrid Development Framework contribute to future

projects?

- Does the Smart Microgrid Development Framework lead to additional

projects?

- Does the Smart Microgrid Development Framework help to enter / create

new markets?

- Does the Smart Microgrid Development Framework create new

(technological) knowledge?

- Did the Smart Microgrid Development Framework contributed to new

business processes?

- Did the Smart Microgrid Development Framework developed better

management capabilities?
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Learning Points

What are the most eye-catching things that went well during this phase of the

Smart Microgrid Development Framework? Try to name the following things

or how they met:

- Assumptions and customer requirements

- Project plan

- Planning (realistic?)

- People (team composition, cooperation)

- Communication (sufficient and good?)

- Reporting (frequent and good?)

- Consultation structure (correct and effective?)

- Unexpected problems or delays
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Results Business Analysis

Results smart microgrid casus “as-a-whole”

Scenario A
Summary:

Certainty level is 0,00%

Entire range is from -€ 73.667 to -€ 604

Base case is -€ 31.723

After 10.000 trials, the std. error of the mean is €

10

Scenario B
Summary:

Certainty level is 0,67%

Entire range is from -€ 69.929 to € 9.842

Base case is -€ 25.432

After 10.000 trials, the std. error of the mean is €

11
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Scenario C
Summary:

Certainty level is 84,12%

Entire range is from -€ 55.704 to € 135.105

Base case is € 23.635

After 10.000 trials, the std. error of the mean is €

285

Scenario D
Summary:

Certainty level is 89,13%

Entire range is from -€ 54.364 to € 132.433

Base case is € 29.926

After 10.000 trials, the std. error of the mean is €

285

Scenario E
Summary:

Certainty level is 0,00%

Entire range is from -€ 8.682 to -€ 2.392

Base case is -€ 5.928

After 10.000 trials, the std. error of the mean is €

10
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Scenario F
Summary:

Certainty level is 11,61%

Entire range is from -€ 59.625 to € 23.813

Base case is -€ 10.017

After 10.000 trials, the std. error of the mean is €

122

Scenario G
Summary:

Certainty level is 90,68%

Entire range is from -€ 46.829 to € 142.277

Base case is € 39.050

After 10.000 trials, the std. error of the mean is €

287

Scenario H
Summary:

Certainty level is 94,89%

Entire range is from -€ 37.312 to € 143.244

Base case is € 45.341

After 10.000 trials, the std. error of the mean is €

290
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Results smart microgrid casus for local optimization (smart areas)
Scenario A

Summary:

Certainty level is 0,14%

Entire range is from -€ 66.838 to € 3.751

Base case is -€ 25.378

After 10.000 trials, the std. error of the

mean is € 114

Scenario B
Summary:

Certainty level is 3,68%

Entire range is from -€ 64.488 to € 14.051

Base case is -€ 19.089

After 10.000 trials, the std. error of the

mean is € 11

Scenario C
Summary:

Certainty level is 88,60%

Entire range is from -€ 49.727 to €

140.876

Base case is € 29.963

After 10.000 trials, the std. error of the

mean is € 284
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Scenario D
Summary:

Certainty level is 93,21%

Entire range is from -€ 49.027 to €

137.211

Base case is € 36.251

After 10.000 trials, the std. error of the

mean is € 285

Scenario E
Summary:

Certainty level is 6,73%

Entire range is from -€ 59.846 to € 16.162

Base case is -€ 10.380

After 10.000 trials, the std. error of the

mean is € 117

Scenario F
Summary:

Certainty level is 24,25%

Entire range is from -€ 54.197 to € 28.258

Base case is -€ 4.091

After 10.000 trials, the std. error of the

mean is € 121
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Scenario G Summary:

Certainty level is 93,77%

Entire range is from -€ 39.865 to €

147.334

Base case is € 44.961

After 10.000 trials, the std. error of the

mean is € 286

Scenario H Summary:

Certainty level is 96,84%

Entire range is from -€ 31.185 to €

148.603

Base case is € 51.250

After 10.000 trials, the std. error of the

mean is € 290
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Results smart microgrid casus for the dispatch of flexibility
Scenario A

Summary:

Certainty level is 0,00%

Entire range is from -€ 8.949 to -€ 2.714

Base case is -€ 6.345

After 10.000 trials, the std. error of the

mean is € 10

Scenario B
Summary:

Certainty level is 0,00%

Entire range is from -€ 9.140 to -€ 2.676

Base case is -€ 6.343

After 10.000 trials, the std. error of the

mean is € 10
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Scenario C
Summary:

Certainty level is 0,00%

Entire range is from -€ 9.058 to -€ 2.673

Base case is -€ 6.328

After 10.000 trials, the std. error of the

mean is € 10

Scenario D
Summary:

Certainty level is 0,00%

Entire range is from -€ 8.976 to -€ 2.661

Base case is -€ 6.326

After 10.000 trials, the std. error of the

mean is € 10

Scenario E
Summary:

Certainty level is 0,00%

Entire range is from -€ 8.682 to -€ 2.392

Base case is -€ 5.928

After 10.000 trials, the std. error of the

mean is € 10
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Scenario F
Summary:

Certainty level is 0,00%

Entire range is from -€ 8.780 to -€ 2.472

Base case is -€ 5.926

After 10.000 trials, the std. error of the

mean is € 10

Scenario G
Summary:

Certainty level is 0,00%

Entire range is from -€ 8.865 to -€ 2.479

Base case is -€ 5.911

After 10.000 trials, the std. error of the

mean is € 10

Scenario H
Summary:

Certainty level is 0,00%

Entire range is from -€ 8.919 to -€ 2.352

Base case is -€ 5.909

After 10.000 trials, the std. error of the

mean is € 10
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List of acronyms
MLP Multi-Level Perspective

IT Information Technology

OT Operation Technology

ICT Integrated Communication Technologies

DGRES Distributed Generation based on Renewable Energy Sources

B2B Business to Business

B2C Business to Consumer

CHP Combined Heat and Power

DSM Demand Side Management

DR Demand Response

SE Systems Engineering

BAM Business Analysis Model

CBA Cost Benefit Analysis

CAPEX Capital Expenditures

OPEX Operational Expenditures

TSO Transmission System Operator

TNO Transmission Network Operator

DSO Distribution System Operator

DNO Distribution Network Operator

HV High Voltage

MV Medium Voltage

LV Low Voltage

BRP Balance Responsible Party

TAVT Transmission Related Consumer Tariff

TOVT Non-transmission Related Consumer Tariff

VPP Virtual Power Plant

SGAM Smart Grid Architectural Framework

ESP Energy Service Supplier PoC Point of Connection

AMI Advanced Metering Infrastructure
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