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Summary 

 

Introduction  

This study investigates and values solutions to the challenges that the traditional electricity grid is facing. As the 

competitiveness of electricity in transport and heating continues to increase, this will further contribute to the 

electrification of our energy demand. These developments will require support for distributed energy resources 

such as solar panels, electrical vehicles, and heat pumps. Proceeding to design our distribution electricity 

networks in a traditional way will result in congestion problems. Electricity grids will be used differently in the 

future, and so they should be designed differently. One of the electricity market parties, the Distribution System 

Operator (DSO), responsible for operating and maintenance of electricity grids (up to 50 kV), must adapt to this 

changing environment. There are various ways for the DSO to accommodate this electrification of the energy 

demand. One of the ways identified and evaluated in this study is the implementation of a so called smart grid.  

A smart grid uses two-way flows of electricity and information to create an automated system in which the 

alignment of demand and supply can be optimized. As the capacity of the electricity grid is dimensioned based 

on the peak loads, a conventional approach to solve capacity problems is to apply grid reinforcements.  

However, this study questions whether traditional reinforcement is the best alternative and investigates whether 

smart grids are a better alternative. To research this subject a method to perform a cost-benefit-analysis is 

developed that results in the NPV of a smart grid implementation for a specific district in the Netherlands from 

the perspective of the DSO.  

 

Methodology   

In order to value a smart grid for a specific district this research focuses on the low voltage grid and uses a case 

study to determine and quantify the possible effects of smart grids. A literature study shows that there are two 

main smart grid benefits to the DSO. These entail deferred grid capacity investments and a reduction in operation 

& maintenance costs. To quantify these benefits, a model is developed that is able to simulate the total grid load 

of the case study. Based on the costs differences between the smart grid and the 0-alternative (the ‘conventional’ 

solution), the value of a smart grid can be determined.    

The key difference between the 0-alternative (the ‘conventional’ solution) and the ‘smart grid’ alternative is 

flexibility. The smart grid alternative assumes that the load patterns (both production and consumption) can be 

modified due to the incorporation of load flexibility within the energy system. This allows for an optimization of 

the load profiles, resulting in a reduction of the peak loads on the grid. It does so by automatically controlling 

flexible household devices. Based on future developments, it is assumed that these devices are: micro combined 

heat and power generation units (μ-CHPs); electrical vehicles (EVs); and heat pumps (HPs). The extent of 

flexibility is thus dependent of the potential shiftable load of these devices.  

Another alternative to realize flexibility within the case study, is to incorporate a storage system. This ‘storage’ 

alternative is also capable to optimize / ‘smooth out’ the network load profiles. When there is an excess of 

electricity production or whenever the load on the network is very low, the storage system is capable of storing 

energy within its batteries and vice versa. The benefit of storage is that it is not subject to external influences like 

heat demand and does not require support or behavioral changes from customers.      
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Results   

Flexibility from the ‘smart grid’ alternative is related to the use of the μ-CHP, EV, and the HP, the amount of 

flexibility is determined by the penetration and the profile peak load [W] of these devices. These parameters 

have been incorporated in the model. This led to three identified scenarios, which are based on feasible 

projection of future developments, which differ in the rate of penetration for each device. Regarding the 

effectiveness of the deployment of flexibility in the ‘smart grid’ alternative, it is found that the potential flexibility 

incurred from EVs has the largest contribution to ‘smoothing out’ the load curve and lowering the peak loads. 

The amount of EV flexibility does, per definition, not differ per season. For the μ-CHP and HP, the potential 

shiftable loads are significantly higher in the winter, as there is a correlation between the heat demand and the 

activity of these devices. This results in the fact that the μ-CHP and HP do not offer any flexibility in the summer 

time.            

The model simulations shows that in the case study situation, the ‘smart grid’ alternative, as well as the ‘storage 

alternative’, provides the DSO with the ability to structurally rely on flexibility in their distribution network. After 

performing a cost-benefit-analysis on the outcomes of the simulations, it is found a smart grid, when compared 

to the 0-alternative (conventional solution) and the ‘storage’ alternative, does results in potential costs savings 

in two of the three scenarios. Only the scenario in which the case study is transformed into a nearly zero energy 

(nZEB) district, no positive NPV differences are found from the implementation of a smart grid. This can be 

attributed to the fact that in this scenario the network initially requires a larger transformer capacity in 

comparison to the other scenarios. This larger transformer capacity is sufficient for entire project length (until 

2050) in all three alternatives, which implies that the benefits from deferred investments & lower O&M costs are 

non-existent: a conventional solution is thus is the most favorable in the nZEB district. 

 

Discussion & conclusion 

Storage is the least favorable alternative in all scenarios, mainly due to the high investment costs of storage 

systems. It has been recognized in literature that for the single purpose of district balancing, storage is 

commercially unfeasible. However, storage can become a feasible alternative when linked to multiple (other) 

electricity markets, such as the imbalance market or the spot market (APX). In addition, future price 

developments and the development of the technology will perchance increase the feasibility of this alternative 

too. Though implementation of a smart grid proves to be less costly, it is expected that ICT solutions, required 

for the implementation, are becoming less expensive in the future. The implications are evident: the lower the 

costs of implementation, the higher the NPV for this alternative. Furthermore, this research assumed that the 

DSO bears all the costs of the implementation of a smart grid, while proper allocation of the costs to all 

beneficiaries will result in a higher NPV.  

Another point of discussion is that only local benefits are incorporated, while with the local grid investments, 

benefits might also be realized on a national level. This implies that the costs could be divided over multiple 

applications, which result in a reduction of total costs incurred by the DSO. Depending on how national effects 

will be beneficial to the DSO, the results might be an underestimation of the real values.   

As a large part of the study relied on the quantification and monetization of the benefits, the used cost indicators 

for grid investments define the results to a large extent. Literature varies on the capital and operational 

expenditures concerning network equipment. Derivation of these kinds of costs indicators is complex due to 
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marginal and integral costs differences. Both a thorough sensitivity analysis and consensus on the use of cost-

indicators for network investments require additional research. 

It should furthermore be noted that the model assumes that all of the potential flexibility is readily available. 

This is only a realistic assumption if fully automated control systems are used to optimize the load profiles.  

In conclusion, the model in this study provides a clear and well substantiated approach to quantify and value 

required grid investments. The model therewith allows for customization and can be adjusted to match any 

district. With knowledge of the load forecast and potential flexibility levels in all alternatives and scenarios, DSOs 

have several instruments available to cope with the energy transition. Moreover, the case study results prove 

that both investment, as well as operation & maintenance costs can be reduced. The magnitude of this reduction 

is dependent on the alternative and future scenario. With the knowledge on potential savings and future 

developments, the DSO might rethink their policy and actively steer towards smart grids, creating new business 

opportunities along the way.     
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Samenvatting 

 

Introductie 

Deze studie onderzoekt en waardeert mogelijke oplossingen voor de problemen waarmee het traditionele 

elektriciteitsnet geconfronteerd wordt. Aangezien het concurrentievermogen van het gebruik van elektriciteit in 

transport en verwarming blijft toenemen, zal dit leiden tot een verdere elektrificatie van onze energiebehoefte. 

Deze ontwikkelingen zullen ondersteuning vergen voor gedistribueerde energiebronnen zoals zonnepanelen, 

elektrische voertuigen, en warmtepompen. Het op de traditionele manier ontwerpen van onze distributienetten, 

zal op ten duur congestieproblemen opleveren. Omdat elektriciteitsnetten in de toekomst anders gebruikt gaan 

worden, zullen ze dus ook anders ontworpen moeten worden. Een van de marktpartijen in de elektriciteitssector 

is de netbeheerder, die verantwoordelijk is voor de exploitatie en het onderhoud van de elektriciteitsnetten (tot 

50 kV), zal zich moeten aanpassen aan deze ontwikkelingen. Er zijn verschillende manieren waarop 

netbeheerders om kunnen gaan met de elektrificatie van de energievraag. Een van deze manier geïdentificeerd 

en gewaardeerd in deze studie is de implementatie van een zogeheten ‘smart grid’. 

Een smart grid gaat uit van een bi-directionele stroom van elektriciteit en informatie en creëert zo een 

geautomatiseerd systeem waarbij de afstemming van vraag en aanbod geoptimaliseerd kan worden. Omdat de 

netcapaciteit gedimensioneerd wordt op basis van de piekbelasting, behelst de conventionele benadering om 

capaciteitsproblemen te voorkomen het toepassen van netverzwaring.  

Deze studie vraagt zich dan ook af of traditionele netverzwaring het beste alternatief is en onderzoekt of smart 

grids een beter alternatief vormen. Hiertoe is een methode om een kosten-batenanalyse uit te voeren 

ontwikkeld, welke resulteert in de netto contante waarde (NCW) van de implementatie van een smart grid. Deze 

is gebaseerd op een specifieke wijk in Nederland (case study) en richt zich op de kosten en baten van de 

netbeheerder. 

 

Methodologie  

Dit onderzoek focust op het laagspanningsnet en een case study om zo voor een specifieke wijk de implementatie 

van een smart grid te kunnen waarderen. Een literatuurstudie laat zien dat de twee belangrijkste voordelen van 

smart grids voor netbeheerder de volgende zijn: uitgestelde investeringen voor de netcapaciteit en vermindering 

in de kosten voor exploitatie & onderhoud. Een model is ontwikkeld om deze voordelen te kwantificeren. Dit 

model is in staat de totale netbelasting van de case study te simuleren. Afhankelijk van de verschillen in kosten 

tussen het smart grid- en het 0-alternatief (de conventionele oplossing), kan de waarde van een smart grid 

bepaald worden. 

Het belangrijkste verschil tussen het ‘0-alternatief’ en het ‘smart grid’ alternatief is flexibiliteit. Het smart grid 

alternatief gaat er vanuit dat de belastingprofielen (zowel productie als consumptie) aangepast kunnen worden 

door de integratie van flexibiliteit in het elektriciteitsnet. Hierdoor kan optimalisatie van de belastingprofielen 

plaatsvinden, wat resulteert in een verlaging van de piekbelastingen op het net. Dit gebeurt door middel van het  

automatisch regelen van (flexibele) huishoudelijke apparaten. Op basis van toekomstige ontwikkelingen, wordt 

aangenomen dat deze (flexibele) apparaten bestaan uit: micro-warmtekrachtkoppeling (μ-WKKs); electrische 

voertuigen (EVs); en warmtepompen (WPs). De mate van flexibiliteit is afhankelijk van de potentieel 

verschuifbare belasting van deze apparaten.  
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Een ander alternatief om flexibiliteit binnen de case study te bewerkstelligen, is om gebruik te maken van een 

opslagsysteem. Dit ‘opslag’ alternatief is ook in staat om de belastingcurve van het net te optimaliseren / glad te 

strijken. Als de elektriciteitsproductie zeer hoog is, of wanneer de belasting op het net zeer laag is, kan het 

opslagsysteem energie opslaan in accu’s en vice versa. Het voordeel van opslag is dat het systeem niet 

onderhevig is aan externe invloeden zoals de warmtevraag. Daarbij beoogt het systeem geen 

gedragsveranderingen van de bewoners en hoeft er geen draagvlak gecreëerd te worden. 

 

Resultaten 

De flexibiliteit, verwezenlijkt door het smart grid alternatief, hangt samen met het gebruik van de μ-WKK, EV, en 

de WP. De omvang van de flexibiliteit wordt bepaald door de penetratiegraad en de piekbelasting van het profiel 

van de apparaten. Deze parameters zijn opgenomen in het model. Dit heeft geleid tot een drietal scenario’s, 

gebaseerd op aannemelijke toekomstige ontwikkelingen, welke verschillen in de penetratiegraad voor elk 

apparaat. Met betrekking tot de effectiviteit van het inzetten van flexibiliteit, blijkt dat de potentiele flexibiliteit 

van EVs de grootste bijdrage levert aan het gladstrijken van de belastingcurve (en daarmee het verlagen van de 

piekbelasting). De omvang van het EV flexibiliteit-potentieel verschilt daarbij niet per seizoen. Echter, de 

potentieel verschuifbare belasting van de μ-WKK en de WP is significant groter in de winter, doordat er een 

relatie is tussen de warmtebehoefte en de activiteit van deze apparaten. Dit heeft tot gevolg dat de μ-WKK en 

de WP in de zomer geen flexibiliteit te bieden hebben. 

Uit de modelsimulaties blijkt dat het ‘smart grid’ alternatief, evenals het ‘opslag’ alternatief, de netbeheerder de 

mogelijkheid geeft om structureel gebruik te maken van flexibiliteit in hun distributienet. Na het uitvoeren van 

een kosten-batenanalyse aan de hand van de uitkomsten van de simulaties, blijkt een smart grid in vergelijking 

met het 0-alternatief en het opslag alternatief, te leiden tot kostenbesparingen in twee van de drie 

geïdentificeerde scenario’s. Alleen het scenario waarin de case study getransformeerd is tot een nul-op-de-meter 

wijk, worden bij de implementatie van een smart grid geen positieve NCW verschillen waargenomen. Dit kan 

worden toegeschreven aan het feit dat in dit scenario aanvankelijk een grotere transformatorcapaciteit vereist 

is. Deze grotere transformatorcapaciteit volstaat gedurende de gehele lengte van het project (2015-2050) in alle 

alternatieven. Dit houdt in dat er geen voordelen zijn als gevolg van uitgestelde netinvesteringen & lagere O&M 

kosten: een conventionele oplossing is dus het meest gunstig in een nul-op-de-meter wijk.  

 

Discussie & conclusie 

Opslag is het meest ongunstige alternatief in alle scenario’s, voornamelijk vanwege de hoge investeringskosten 

van opslagsystemen. Het is erkend dat opslag, voor enkel het balanceren van wijkbelastingen, economisch niet 

rendabel is. Opslag kan echter een haalbaar alternatief blijken, als deze op meerdere markten ingezet kan 

worden, zoals op de onbalans markt of op de spotmarkt voor energie (de APX). Daarnaast kunnen toekomstige 

prijsontwikkelingen en ontwikkelingen van de technologie de haalbaarheid van dit alternatief vergroten.  

Hoewel de implementatie van een smart grid minder kostbaar blijkt, is de verwachting dat ICT-oplossingen, die 

nodig zijn voor de implementatie, in de toekomst ook onderhevig zijn aan prijsdalingen. De gevolgen zijn 

eenduidig: hoe lager de implementatiekosten, hoe hoger de NCW voor dit alternatief. Dit onderzoek is er 

bovendien vanuit gegaan dat de netbeheerder alle kosten draagt voor de implementatie van een smart grid, 

terwijl een juiste verdeling van de kosten voor alle begunstigde partijen ook zal resulteren in een hogere NCW.  
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Een ander discussiepunt is dat alleen lokale voordelen zijn opgenomen, terwijl met dezelfde investering ook op 

nationaal niveau baten worden gerealiseerd. Dit betekent dat de kosten verdeeld zouden kunnen worden over 

meerdere toepassingen en daardoor dalen de kosten voor de netbeheerder. Afhankelijk van hoe nationale 

effecten gunstig zijn voor de netbeheerder, is het gepresenteerde resultaat een onderschatting van de werkelijke 

/ mogelijke waarden.  

Doordat een groot deel van de studie afhangt van de kwantificatie en monetarisering van de baten, hebben de 

gebruikte kosten-indicatoren voor netinvesteringen de resultaten in sterke mate beïnvloed. Opvattingen in 

literatuur met betrekking tot de kosten voor netinvesteringen variëren. Het afleiden van dit soort indicatoren is 

complex vanwege het verschil tussen marginale en integrale kosten. Zowel een grondige gevoeligheidsanalyse 

als consensus over het gebruik van bepaalde kosten-indicatoren voor netinvesteringen vereisen verder 

onderzoek. 

Voorts zij het opgemerkt dat het model ervan uitgaat dat alle flexibiliteit beschikbaar is. Deze aanname is echter 

alleen realistisch als er gebruik wordt gemaakt van volledig automatische stuursystemen.  

Concluderend kan worden gesteld dat het model in deze studie een duidelijke en goed onderbouwde aanpak 

hanteert ten einde de benodigde netinvesteringen te kwantificeren en te waarderen. Het model kan naar gelang 

worden aangepast en daarmee ook op andere wijken worden toegespitst. Met inzicht in de voorspellingen voor 

de netbelastingen en de potentiele flexibiliteit in alle alternatieven en scenario’s, heeft de netbeheerder 

meerdere instrumenten om om te gaan met de energietransitie. Bovendien bewijzen de resultaten van de case 

study dat zowel netinvesteringen als O&M kosten gereduceerd kunnen worden. De mate van deze 

kostenreductie hangt af van het alternatief en het toekomstige scenario. Met de kennis over mogelijke 

besparingen en toekomstige ontwikkelingen, kan de netbeheerder zijn beleid heroverwegen en actief sturen in 

de richting van smart grids.  
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Abstract 

 

Introduction This study investigates and values solutions to the challenges that the traditional electricity grid 

is facing. As the competitiveness of electricity in transport and heating continues to increase, this will further 

contribute to the electrification of our energy demand. As the peak loads are expected to increase due to this 

electrification, this will require a different design of our distribution electricity grid.  The study therefore 

questions whether traditional reinforcement is the best alternative to cope with higher peak loads and 

investigates whether smart grid are a better alternative. To research this subject a method to perform a cost-

benefit-analysis is developed that results in the NPV of a smart grid implementation for a specific district in the 

Netherlands from the perspective of the DSO.  

 

Methodology In order to value a smart grid for a specific district this research focuses on the low voltage grid 

and uses a case study to determine and quantify the possible effects of smart grids. To quantify the benefits 

model is developed that is able to simulate the total grid load of this case study. Based on the costs differences 

between the smart grid and the 0-alternative (the ‘conventional’ solution), the value of a smart grid can be 

determined. The key difference between the alternatives is flexibility. The smart grid alternative assumes that 

the load patterns (both production and consumption) can be modified due to the incorporation of load flexibility 

within the energy system. To this end, the amount of flexibility is determined: in the smart grid alternative 

flexibility is realized by controlling the activity of household devices and a second alternative incorporates a 

district storage system to realize flexibility. 

 

Conclusion The model in this study provides a clear and well substantiated approach to quantify and value 

required grid investments. The model therewith allows for customization and can be adjusted to match any 

district. With knowledge of the load forecast and potential flexibility levels in all alternatives and scenarios, DSOs 

have several instruments available to cope with the energy transition. Moreover, the case study results prove 

that both investment, as well as operation & maintenance costs can be reduced. The magnitude of this reduction 

is dependent on the alternative and future scenario. With the knowledge on potential savings and future 

developments, the DSO might rethink their policy and actively steer towards smart grids, creating new business 

opportunities along the way.     
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1 Introduction 

 

It is expected that in the near future our current electricity grid will be subject to some major changes. The rise 

of distributed energy resources, coupled with the developments of so called smart grids, will necessitate and 

enable the exploitation of flexibility within our electrical grids (SEDC, 2013).    

As the current awareness of our dependency on fossil fuel grows, so does our interest towards improving energy 

efficiency. The fuel shift towards electricity is expected to significantly increase the peak loads on the energy 

system, requiring capital intensive grid reinforcements. These peak loads are expected to increase, because of 

the increasing use of electrical devices. Solar panels (PVs) and combined heat and power systems (μ-CHPs) are 

for instance emerging as the major producers of electricity for our households. On the demand side, the electrical 

vehicle (EV) is gaining interest, as well as the heat pump (HP) that accounts for the heat demand. In recent years, 

the shares of renewable energy sources in the EU’s final energy demand have increased from 8% in 2004, to 13% 

in 2011 and the projection of the usage of renewable sources in 2050 is up to 75% (CEDEC, 2014). In line with 

this change is the engagement of the customer, who is becoming a participant on the electricity markets. The 

consumer is not only consuming energy, but is becoming a producer of energy too.    

The impact that this electrification of the energy demand has on the grid often is substantial, not only because it 

concerns devices that might have a high peak load, but also because often these devices are switched on 

simultaneously. For instance, the concurrency associated with the heat demand for households is high, due the 

similarity in behaviour of these individual households. The same applies to EV: most people get home in the 

evening and connect their vehicles to the grid for charging, causing high peak loads due to the concurrency. With 

PV, concurrency in a certain district is equal to one, as all PV panels react to the same amount of radiance at the 

same time.  

It is widely recognized that because of these impacts our current national distribution grid needs to transform 

into a fully operable bidirectional system. There is a growing need to develop methods that describe how 

distributed energy resources (DER) can be integrated into the power system. Because proceeding to operate 

electricity networks in a traditional way will result in solving capacity problems by simply putting more copper 

into the ground or replacing insufficient transformers with new ones. While the other option, creating a smart 

grid, might prove to be a more economical feasible and sustainable way of dealing with arising capacity problems 

and other constraints in electricity networks. 

With this promising development in the energy sector, questions arise about the economic potential of smart 

grids: whereas the traditional power grids are generally used to carry power from a few central generators to a 

large numbers of customers, a smart grid uses two-way flows of electricity and information to create an 

automated and distributed advanced energy delivery network. A smart grid could for instance respond to 

unwanted events (e.g. a sudden high peak load on a district transformer) anywhere in the grid and adopt 

corresponding strategies (Fang, Misra, Xue, & Yang, 2012).  

This research focuses on the quantification of the value of smart grids for the DSO on a district level. Some studies 

have discussed a methodological framework to assess smart grids, but only few have developed a systematic 

cost-benefit approach on a local scale and tested it on a case study. The aim is therefore to gain insight into the 

value that a smart grid, on a district level, has to the DSO: Does the energy transition require the DSO to upgrade 

their electricity grid or does a smart grid provide a solution?  
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1.1 Problem definition  

By 2012, 82% of the world’s total primary energy was provided by fossil fuels (Quakers, 2013). This goes to show 

our dependency on these fossil fuels, consisting of mainly oil, coal and gas. At present, it is not even hard to 

imagine that losing access to this kind of energy would cause instability to our society and economy. It cannot be 

denied however, that the peaking of petroleum and natural gas production is inevitable and irreversible. Fossil 

fuels also have a big impact on the climate change. Multiple pollutants and waste products are produced by fossil 

fuel combustion. In addition to this, there is a variety of negative health effects associated with the 

environmental impacts of fossil fuel use.           

The fact that the economy is so dependent on (cheap) energy for its growth and stability also triggers us to 

overcome this need by managing both energy demand and supply from alternative sources. European policies 

are also geared towards a transition of energy, shows by the EU targets depicted in Table 1-1. 

 

Table 1-1     EU climate targets (European Commission, 2015) 

Description 2020 2030 

Cut in greenhouse gas emissions, compared with 1990  20% 40% 

Total energy consumption from renewable energy 20% 27% 

Increase in energy efficiency  20% 27% 

 

Although many of the EU countries are said to be well on their way to meeting the 2020 targets1, this only 

endorses the need for efficiency optimization of the current electricity network, as more energy is harvested 

from (intermittent) renewable resources. This inevitably leads to new perspectives on the how the electricity 

grid can be utilized. With the balancing of the demand, for instance through the procurement of demand 

response programs, electricity use profiles can be altered in response to external factors. This leads to more 

flexibility within electricity networks. Flexibility is already acknowledged as the inevitable solution to enhance 

the economic efficiency of the electricity market, to reduce peak demands and price volatilities and it improves 

the reliability of electric power systems (Parvania, Fotuhi-Firuzabad, & Shahidehpour, 2013). In addition, a staff 

working document of the European Commission (2013) shows that procurement of flexibility may reduce the 

energy bill of residential customers by up to 10%. Summarizing, the research problem in this thesis is stated as 

follows:     

 

  

 

 

 

 

 

                                                                 
1 The European Commission's renewable energy progress report (2015) has revealed that 25 EU countries are expected to meet their 
2013/2014 interim renewable energy targets. In 2014, the projected share of renewable energy in the gross final energy consumption is 
15.3%.  

 

The electrification of our energy demand, as a result of the competitiveness of electricity in transport and 

heating, coupled with (European) policies that are geared towards a sustainable energy sector, have led 

to an energy transition. This energy transition leads to costly network reinforcements and raises the 

question if more cost-effective solutions are possible. 

RESEARCH PROBLEM 
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The main transformation of the present power system is the large scale integration of distributed energy 

resources, which causes problems to an electricity network that was designed as a centralized, unidirectional 

system. The integration of smart grids might thus enable (more) flexibility, which might resolve a lot of issues 

and prove to be beneficial to the stakeholders on the energy market.    

  

1.2 Research question  

The electricity grid will become, and at some point it already is, a grid with bi-directional power flows, supported 

by a smart ICT infrastructure. Distribution System Operators (DSOs), responsible for operating and maintenance 

of electricity grids up to 50 kV, must adapt to this changing environment. The DSO has a crucial role, as they can 

be regarded as one of the facilitators of the energy transition.  

The DSO should be able to distribute affordable and reliable electricity, while coping with the growing 

penetration of distributed generation such as wind power, photovoltaic solar panels and co-generation systems 

(such as micro combined heat and power (μ-CHP) units), as well as the rise of electrical consumption through 

devices such as the heat pump (HP) and the electrical vehicle (EV). 

Literature on the benefits of smart grids is amply available. The focus in this research however lies with the 

potential value for the DSO of the implementation of a smart grid when, on a district level, there is an increase 

in the amount of distributed energy resources, coupled with more and higher simultaneous loads. With the 

ongoing energy transition and electrification of the energy demand the question rises whether smart-grids are 

indeed more cost-efficient solutions in comparison with conventional solutions (traditional grid reinforcements). 

This resulted in the following research question: 

 

 

 

 

 

In literature various methodologies try to provide insight regarding smart grid systems and concepts that can 

offer potential value creation and can analyze the value that flexibility creates using standard or self-defined 

scenarios. The focus of this study is however to develop a CBA methodology from the viewpoint of the DSO. This 

leads to the following research questions, which are integrally answered in this thesis:    

 

 

 

 

 

 

 

 

 

 

 

 

How to quantify the value of the implementation of smart grids for the Distribution System Operators on 

a district level? 

CENTRAL RESEARCH QUESTION 

(1) Which benefits are associated with the implementation of a smart grid for the DSO?  

(2) How will the energy transition transform the demand and supply in the future? What future scenarios 

must be taken into account? 

(3) What is flexibility and what are the ways to assess flexibility within a smart grid? 

(4) Are DSOs structurally able to rely on flexibility / smartness in their distribution network?  

(5) How can the total electricity demand or peak loads be forecasted in future conditions?  

(6) How do the different benefits for the DSO depend on the various depicted scenarios? What is the value 

of each scenario? 

(7) Can modelling be a proper indicator to the DSO whether or not to initiate a smart grid project? 

 

RESEARCH QUESTIONS 
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Research objectives 

The proposed research aims to provide a smart grid cost-benefit analysis for the DSO, applied on a specific district 

in the Netherlands. As studies that develop a systematic cost-benefit approach which are tested on real districts 

/ case studies are lacking, this thesis tries to fill the gap. It therefore gains insight into the local smart grid benefits 

for the DSO, based on a real case study. 

Initially, the research will aim at developing a model that can accurately forecast district loads in future conditions 

and in the end determines whether or not a smart grid can enable flexibility on a district level. 

Furthermore, an important aim is the development of a methodology that can be applied to multiple cases. This 

as a limitation of the use of a local case study is the generalizability of the results. This requires a dynamic model 

that can be adjusted to match any typical Dutch district.    

 

1.3 Scope 

The variable nature of distributed energy resources (DER) thus poses significant challenges to the DSO’s ability 

to perform its core responsibilities of network operation management and grid stability. The main scope of the 

model proposed in this thesis is therefore on the costs and benefits of the implantation of a smart grid for the 

DSO. Therefore, an important aspect of the research approach is that it considers a bottom-up approach: starting 

point is the end-user (the consumer) who is changing his or her supply and demand of electricity, which affects 

the operational activities of the DSO.  

In order to simulate this bottom-up approach, this thesis uses a typical district in the Netherlands and thus only 

focuses on a low voltage grid. This means that only impacts are assessed that occur within the boundaries of this 

district. Moreover, the scope of this thesis also implies that only the benefits to the DSO should be distilled and 

quantified.  

Another important aspect is that implementation of smart grid enables grid flexibility. The major contribution of 

this flexibility is that it enables the shifting of peak loads in the grid. This requires a change in the load patterns 

of customers. One of the conditions in this research is that the shifting of the loads is an automated process and 

does not require any behavioural changes from the customers. Stimulation of active involvement of the customer 

to change their load patterns is therefore outside the scope of this research.  

 

1.4 Research approach  

How to approach such a complex problem? A research model is developed that shows the steps of this research. 

Overall, the approach can be divided in a theoretical part, which concerns mainly concerns ‘desk research’, and 

a practical part, which includes the design and simulation of a model. Figure 1-1 shows the research model. 
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Figure 1-1     The research model 

 

1.4.1 Methodological justification 

Literature study 

To get familiar with the terminology and the electricity market, the first step of this research has been a desk 

study on the literature on smart grids and market roles. This created an overview of the context in which the 

DSO operates. The first part of this thesis also provides the contextual framework of this research and provides 

background information on the national electricity grid.  

Furthermore, the literature study not only functioned as a contextual orientation, but also provided insight in 

already used methods for the research problem. Furthermore, the findings in literature are used as input for the 

model. This contributed to the reliability of the assumptions made in the model. In addition to this and to gain 

insight into the market from a practical perspective, meetings with experts are held.  

 

Case study model  

As is it key to understand the complex phenomena regarding the various smart grid scenarios, a case study is 

used to develop a comprehensive model. In this model, a wide variety of load profiles are used to be able to 

simulate the electricity peak loads. These load profiles, for instance profiles for HP, µ-CHP, EV, PV, etc., are 

assigned to all of the households and buildings in the low voltage grid. This will determine the demand (and 

household-supply) of electricity within the case study and when summed this will determine the peak loads.          

General transferability should be taken into account, especially when using a single case study. However, the 

developed model allows for alterations in order for it to be applicable to other cases. For the determination of 

the case selection criteria are used to guarantee that a typical Dutch district is chosen. When a case study is 

identified it should be classified (according to for instance the neighborhood typology). This in order to account 

for the general transferability.  

The case will be used to substantiate a model. Main idea behind the model is that it distinguishes three 

alternatives. This research is therefore based on the comparison of the simulation of the following alternatives: 

 

 

 

 

 

 

 

Within these alternatives, flexibility is the main determinant. This as flexibility enables shifting of the peak loads. 

To this end, the model should justify that flexibility can be utilized in the project alternatives.   

0 An alternative in which we do NOT have a smart grid (0-alternative or ‘Baseline’); 

1 An alternative in which we DO have a smart grid (Project alternative 1);  

2 An alternative in which we APPLY storage capacity (Project alternative 2).   

THE THREE ALTERNATIVES 
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Next to these three diverse alternatives, the model also distinguishes between three scenarios. These scenarios 

look at the development and penetration levels of sustainable technologies. Table 1-2 clarifies the distinction 

between the alternatives and the scenarios. The red circle indicates the situation of scenario 1 in case there is no 

smart grid.  

 

Table 1-2      Alternatives and scenarios: to determine the value of the smart grid for each scenario, a 
comparison is made between the 0-alternative and the project-alternatives. 

 
Scenario 1 Scenario 2 Scenario 3 

0-Alternative: No Intelligent Grid 
 

  

Project Alternative 1: Smart grid 
 

  

Project Alternative 2: Storage    

 

 

 

For each variant, it is expected that the electricity grid is subject to different kind of loads. These loads per 

scenario per alternative can be simulated using an Excel model.    

The developed Excel model will be based on a model developed prior by DNV GL (2011), which aimed at obtaining 

insight into occurring loads on LV-, MV- and HV-networks. The originally focus was therefore to determine the 

costs and benefits on a national level, all the way to the required central capacity. This required capacity formed 

the basis for quantifying the costs associated to the production of this central capacity. For purpose of this study, 

the original (DNV GL) model is stripped to its base and adapted to match the detailed topology and characteristics 

of the case study. This will create a transparent and clear model, which can be freely adjusted to match any case 

or simulate any possible scenario or alternative. Furthermore such a model is used to clearly identify the 

differences in the outcomes of various scenarios (inputs).    

 

Simulation & analysis 

A (case study) model is developed to quantify the various effects of all scenarios and alternatives. A next step is 

the valuation (or monetization) of this quantification step. This is done by linking the quantified effects to certain 

cost indicators for grid investments. The results of this ‘monetization-process’ are used to determine the Net 

Present Value. This is a well-known economic methodology that is able to determine the current value of a 

certain project. NPV calculations are applied to all the scenarios and alternatives, after which they will be 

compared in order to determine the value of a smart grid.   

 

  

VARIANTS 
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1.5 Expected results  

What kind of outcomes should the case study model provide? First of all, it is expected that the case study model 

is able to provide insight in the difference between the various scenarios and alternatives. As the scenarios are 

based on the future developments, as described in the introduction (e.g. the increase in DER), it is also expected 

that the total amount of load on the network will increase per year as the model simulates the total network 

load until 2050.  

The principle of this thesis is that value for the DSO can be created by a reduction of the (maximum) peak loads. 

Both project alternatives should be able to balance the demand and supply and lower the peak loads. To this 

end, the modelling results should first verify whether or not the project alternatives are able to offer and use 

flexibility. Therefore the results should show how much flexibility is available and to which extent peak loads can 

be lowered. This would ideally result in a ‘before flexibility’-situation in which (high) peaks are visible, and an 

‘after flexibility’ situation in which this load curve is flattened. The extent to which this ideal situation is achieved 

should be calculated by the model and the result can be visualized in graphs. A sketch of this concept is drawn in 

Figure 1-2 (Left). 

Because the storage capacity is fixed and available at all times, it should be able to shift a fair amount of load and 

it is thus expected that the ‘storage alternative’ has the advantage over the ‘smart grid alternative’. Put another 

way: it is expected that the load curve ‘after flexibility’ in the ‘storage alternative’ better matches the ideal 

situation than the load curve ‘after flexibility’ in the ‘smart grid alternative’.  

The balancing of demand and supply, leading to a reduction of peak loads, are furthermore expected to result in 

significant saving to the DSO. This would thus result is a more efficient grid. Intuitively a more efficient grid will 

be able to create savings: whereas conventional solutions are expected to require significant investment costs, 

after modelling, the alternatives are expected to result in a reduced required capacity (thus preventing 

exceedance of the installed capacity). This anticipated outcome is sketched in Figure 1-2 (Right).  

 

 

Figure 1-2      Left: Flexibility is expected to lower the peak loads. Right: Flexibility preventing exceedance of the maximum 
installed capacity of e.g. the transformer or cables.  

 

 

It is furthermore expected that the quantified benefits as a result of the implementation of a smart grid will 

outweigh the associated costs of implementation. At this point it is however likely that the ‘storage alternative’ 

will be the more expensive alternative, which will result in the ‘smart grid’ alternative to be the most cost-

effective solution in all scenario´s. This section only globally expressed the expectations of the results. After a 

detailed model description, Section 4.6.4 addresses the expected results in more detail.   
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1.6 Reading guide 

This section illustrates the contours of the thesis. This first chapter introduced the problem and the research 

questions and design. From this point on, the thesis first has a broad scope and converges to investigate the 

specific research question. To this end, Chapter 2 provides the context of the subject.  

Chapter 3 is structured as a literature review, delineating the benefits and concepts of smart grids described in 

literature. The review addresses the first research question and furthermore provides the input and context for 

the model that is presented in Chapter 4.  

This fourth Chapter explicitly describes the modelling approach. This chapter can be divided in two parts: the 

first part, up to 4.6 adequately determines the total network loads of the case study and answers the research 

questions 2, 3, and 5. The second part, Section 4.6, focuses on the quantification and monetization process, based 

on the outputs of the first part and is mandatory to be able to answer question 6.  

Chapter 5 describes the results of the simulations and answers research question 4.    

Chapter 6 discusses the results and elaborates on the limitations and recommendations.  

Chapter 7 presents the conclusions and provides the reader with the answers to the research questions, as well 

as the societal and scientific relevance.   
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2 Contextual framework 

 

Before a literature study is conducted that explores the specific smart grid benefits and CBA-methodologies 

already applied in literature, the environment and context of this thesis topic explained. After the contextual 

framework, the thesis converges to the subject of conducting a smart grid CBA based on the perspective of the 

DSO. Therefore this chapter first elaborates on the most important definitions, notions, and classifications 

related to the energy transition.  

First, the general characteristics of the Dutch electricity grid are described, after which possible grid structures 

are explained. The subsection, which addresses the design of a distribution network, for a large part already 

focusses on the scope of this thesis: namely the design and main requirements of a distribution network.  

The next section focusses on the energy market and describes the various stakeholders and roles that are 

involved. It also shortly addresses the changes to the market roles which result from the energy transition.  

    

2.1 The Dutch electricity grid 

The purpose of the electricity grid is to transport electricity from the location of generation to the location of 

usage. This goal is achieved on a societal responsible basis, which implies a proper ratio between the preferred 

quality and concerning costs (Oirsouw, 2011). Apart from the quality of electricity, the overall availability (supply) 

is important, due to the great societal interest of the supply of electricity. In any event, malfunctions within the 

system may occur. One of the ways to deal with this uncertainty of malfunctioning is to apply system flexibility. 

Incorporation of flexibility (e.g. sufficient reserve capacity) is associated with additional costs. At this point, a 

consideration should be made between the costs and the benefits of the reliability of the electricity supply.  

In general, there are a few prerequisites that the electricity grid has to meet, which are recurrent throughout the 

rest of this report. These prerequisites entail (Oirsouw, 2011):  

 Able to withstand the continuous change of demand (loads) and supply, without causing overloads of 

the system; 

 The system should produce electricity at the lowest cost possible and the least possible environmental 

impact; 

 The quality of the electricity should meet the minimum system requirements concerning the frequency, 

voltage and reliability.      

 

2.1.1 Voltage levels 

In this thesis, there is a clear focus on the low voltage (LV) grid. But how does this relate to the national electricity 

grid? The national grid can be divided into a transport- and a distribution function. The transportation grid deals 

with the energy supply and demand on a national level, whereas the distribution grid are more branched and 

deals with energy flows on a regional and local level. The smaller the geographical scale, the lower the apparent 

power (MVA) in the electrical circuit. The amount of connections in the distribution grid is however higher, 

compared to the transportation grids. Just to give an idea, the (Dutch) voltage levels are shown in Table 2-1. 
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Table 2-1     Dutch Voltage levels 

Grid Voltage Level Function 

HV 110 – 380 kV Transportation 

HV/MV 25 – 50 kV Transportation 

MV 10 – 20 kV Distribution 

LV 400 V Distribution 

 

These grids are linked with each other using transformer-stations. These convert the electricity from a high 

alternating voltage, to the desired low alternating voltage. The distance between these stations gives an 

impression of the extent of the grids. The average distance of two transformer-stations in the high voltage grid 

is approximately 15 km. In the medium voltage grid this distance is approximately 500 m. Another remarkable 

scale-factor is the length of the various grid levels, as Table 2-2 shows. It can be seen, that in 2009, the extent of 

the total distribution grid is 20 times as large as the transformation grid. This is due to the branched chains of 

the medium and low voltage grids. 

 

Table 2-2     Transportation and distribution grids in the Netherlands, 2009. Reprinted from Oirsouw (2011) 

Function Level Above ground (km) Underground (km) 

Transportation HV: 110 – 380 kV 2.682 3 

Transportation (national) HV/MV: 25 – 50 kV 5.492 3.760 

Distribution (regional) MV: 10 – 20 kV 0 101.965 

Distribution (local) LV: 400 V 174 145.165 

 

2.1.2 Grid structures 

There is a clear distinction between the ways a grid can be operated and the main options will be discussed 

below. This is important as the grid structure of the thesis’ case study is important in the determination of the 

future loads. The structures are gradually build-up from the most fundamental structure: a radial grid.  

 

Radial grid  

This grid has a structure in which an end connection (e.g. a home) is attached to a transformer-station with a 

single connection. This implies that there are no diverting options; an interruption in a radial grid will thus lead 

to a loss of supply.    

 

Ring-shaped grid 

In this so called ring typology, an end connection to the transformer-station can be established in two ways. In 

distribution grids these annular grids are often operated radially. Therefore, the ring has a so called net-opening. 

This implies that a failure in a connection can be rerouted to prevent the loss of supply.  

To establish a ring-shaped grid, the cable ends of the cable connecting the end users (or LV substations in case 

of a MV ring) is connected at both sides. These cables can be connected to two (different) busses on the same 

substation, or to two diverse substations. In the first case – cable ends connected to the same transformer – the 
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behaviour is roughly comparable with radial operation (USEF, 2014). This is of importance when predicting 

energy flows and current grid congestion.  

 

Meshed grid  

A meshed grid builds upon the ring-shaped grid, but now the connection point can be reached via more than two 

connections. If the meshed grid is operated radially, net-openings often occur in nodes (places where multiple 

connections meet). Again, a failure in a connection leads to a loss of supply, which can be fixed through rerouting 

of the current. 

Roughly the same issues apply, as discussed at the annular grid, when it comes to the prediction of grid 

congestion. Therefore it recommended to operate these grids radially by creating grid-openings to avoid 

unpredictable energy flows.  

 

Most of the LV grids in the Netherlands are structured and operated radially (Oirsouw, 2011). The case study will 

therefore also be structured as a radial grid. Without any failure reserve in a radial grid, a substantial integration 

of small DER could have a major impact on the performance of the existing low-voltage grids.    

 

2.1.3 Designing distribution networks  

Knowledge of the demand and supply is fundamental for the dimensioning of (LV) grids. One key aspect is that, 

when designing such a grid, that it is tailored to future situations. A DSO will always seek to reach an economic 

optimum regarding the design of a distribution grid, while accounting for the grid prerequisites (Section 2.1).  

Common household loads, such as lighting, refrigerators and other small household devices show a similar load 

behaviour during a year. These loads are in this thesis referred to as residual loads. Specific loads, such as heat 

pumps (HPs) and electrical vehicles (EVs) require a specific approach. HPs will for instance use more electricity 

when the outside temperature is low and EVs cannot be charged while driving.   

Distributed production also plays an important role in the considerations of the dimensioning of distribution 

networks. Depending on the concentration of for instance CHP or PV panels, network loads can be compensated 

or even change direction. This is important, as a connection in the radial structured case study should be able to 

either demand electricity or supply it.  

The loads in a distribution grid are subject to annual growth. As an example, from 1977 to 2013, the electricity 

use of the Netherlands rose with an average value of 2 percent per year (similar to the economic growth).  

 

 

Figure 2-1     Development of total electricity use in the Netherlands. Adapted from CBS (2015). 

 

Distribution networks are designed in such a way that this growth will not lead to major adjustments within the 

economic life time of the grid. This means that the nets are dimensioned based on the maximum amount of load 
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that occurs at the end of their lifecycle. A sound prognoses of the total amount of load thus proves mandatory. 

Estimations and choices have to be made with respect to the future development of the network loads. This is 

for instance dependent on the future behaviour of the customer, the technical developments (of electronic 

devices), the options to apply flexibility / demand-response, and a possible increase in the amount of 

connections. The model (0) must take account of these future projections.   

 

2.2 Smart markets 

The introduction and research problem have already recognized that our current national distribution grids will 

need to transform into a unified, fully bi-directional system. With customers becoming both producers and 

consumers of energy, the entire energy market system is subject to change. 

Smart energy markets pave the way for new actors, as new energy models and business cases are arising on the 

liberated energy market. In this section, a short summary is depicted of the involved entities that compose the 

value chain related to electricity production, distribution and consumption. 

 

2.2.1 Traditional electricity grid 

The traditional electricity value chain was designed using a top down approach. This implied a demand-driven 

system, in which end-users can consume a random amount of energy. This amount, the demand, should be 

matched and supplied by central generators. The physical electricity supply chain of the liberalized Dutch energy 

market is depicted in Figure 2-2. The actors involved are responsible for the physical transport and distribution 

of energy. The middle figure shows the contractual value chain. These entail the commercial processes for the 

energy produced. In all chains, there should always be a balance between the energy supply and –demand. The 

various market roles are described in more detail below, including the changes to the market roles with respect 

to the transition of energy.   

 

 

Figure 2-2      Above: Traditional physical supply chain: balance between supply and demand comprised of a certain 
capacity. Middle: Traditional contractual value chain: balance between supply and demand comprised of a 
tradable commodity. Below: DER influencing the (physical) value chain, bi-directional flows of energy.  
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Producer 

The producer transforms energy into its usable form: turning raw energy resources into electricity. They feed 

their output (usable energy) into the energy grid. The majority of producers are high-scale power plants (e.g. on 

fossil fuels or nuclear energy). The producers consist of a small number of companies.  

The increasing penetration of DER (including DG) changes the way the producer operates its assets. If only for 

the low expenses of for instance solar power generation. The introduction of flexibility in the grid through 

demand response programs or storage systems will change the demand for central capacity as well.      

 

Transmission System Operator (TSO) 

In the Netherlands, the TSO is the national grid operator, responsible for providing the power grid infrastructure 

used to transmit the electricity. They transport energy from the centralized producers to large industrial 

prosumers and Distribution System Operators (DSOs) over a high voltage grid. Another responsibility of the TSO 

is to keep the system in balance by regulating the capacity of the grid. The Dutch TSO is TenneT.     

 

Distribution System Operator (DSO) 

The DSO is responsible for all of the features and for the connections to and from the transmission grid 

(Rodríguez-Molina, Martínez-Núez, Martínez, & Pérez-Aguiar, 2014). They are mainly active on the medium and 

low voltage grid. The DSO ensures the distribution system’s long-term ability to meet electricity distribution 

demands.  

With the emerging smart grid, information flows will be bi-directional, which creates a need for increased 

flexibility in the distribution network. Various benefits can be attributed to the availability of this flexibility. As 

this thesis will come to show, grid capacity costs can for instance be minimized by balancing the network loads. 

 

Customer 

The customer, or consumer, only has a financial relationship with his electricity supplier. For simplification 

purposes, the suppliers also bill the customer for the usage of the grid (which in essence is paid to the DSO).  

Increasing deployment of DER at medium- and low- voltage levels might also be beneficial to the customer. They 

are becoming active players on the liberated energy market, as their role shifts towards that of a prosumer. In 

addition, with the realization of smart grids the consumer will be able to offer their flexibility to the market, for 

which they can for instance be compensated. 

 

BRP 

The BRP, being a part of the contractual value chain, is outside the scope of this thesis. However, this entity is 

responsible for the balance between the traded power production and consumption. They use forecasts to 

determine the most optimal economic solution for the energy to be supplied (USEF, 2014). A BRP daily informs 

the TSO (TenneT) about the amount of electricity that they are going to place on the national grid the next day. 

The TSO uses real-time measurements to ensure shortages or surpluses are compensated by altering the 

production of consumption (e.g. by altering the output of power stations). It is up to the BRP to keep these 

imbalances as low as possible to avoid mismatch penalties afterward.  
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In essence, the imbalance price stimulates the BRP to submit an accurate energy portfolio management scheme 

to the TSO and more important: to stick to that program. Grid flexibility might thus also be of interest to the BRP, 

as it might provide an additional option to optimize their portfolio and reduce grid imbalances.    

 

Supplier 

This entity controls low voltage power that is transferred to the places of consumption. Suppliers purchase the 

electricity from the DSO’s and are responsible for metering and billing. They enter into agreements with 

customers / prosumers for the supply and procurement of energy. Small end-users, such as households, often 

enter into bilateral contracts with either a fixed price per unit or prices that are linked to the current market 

conditions. With regard to the smart grid, the supplier is also responsible to reimburse the flexibility delivered 

by the prosumers (as consumers only enter into an agreement with their supplier).     

     

2.2.2 Smarter electricity grid 

Concluding from the previous section, the developments towards smart grids offer additional roles and services 

to the various stakeholders in the energy market. But what is exactly happening to the traditional grid? 

Electricity demand always shows and always has shown variability. Short-term variations in demand occur 

because electricity consumers randomly turn their appliance off and on. The net effect of these variations is small 

and conventional generators can adapt their output accordingly. Besides, certain standardised load patterns can 

be distinguished that forecasts the total amount of generation needed (Ecorys, 2014).  

The connection of DG to distribution networks brings challenges to the grid. A characteristic of DG is the 

intermittent and fluctuating nature of the resource. Solar power for instance is dependent on the amount of 

sunlight that reaches the solar panels. Therefore solar generation is hard to predict. Wind on the other hand can 

be predicted more accurately, but is subject to large fluctuations (Veldman, 2013).    

In short: to be able to change the current energy market into a more efficient and flexible one, changes to the 

operational structure of the traditional power system are required. A prerequisite for realization of these changes 

is adding information and communication technologies (ICT) layers. Main thought is that this will constitute a 

socio-economically less expensive alternative to conventional grid reinforcements.  
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3 Literature review 

 

3.1 Introduction 

This chapter consists of a literature review that focusses on the benefits of smart grids to its stakeholders and 

discusses methods to conduct cost-benefit analyses in electricity networks that are already being applied.  

The review is concept centric, meaning that the concepts in literature determine the organizing framework. In 

the end, it presents concluding implications and guidelines for the following chapters of this thesis.  

 

Scope and goals 

Whereas this review investigates the general aspects and benefits of smart grids, such as improvements in the 

infrastructure system (related to flows of energy, information-management, and communication-management), 

it does so by differentiating between the different stakeholders. The identified stakeholders throughout this 

article are: the utility operators; the (end-)customer; and, although not discussed in detail, the society as a whole.  

This review furthermore discusses various methodological approaches employed in literature to determine the 

costs and benefits related to the implementation of these smart grids and especially the implementation of DER. 

The goal is to identify the potential benefits of SGs described in literature, and also to give an overview of 

methodologies that are used to determine value related to the implementation of a SG.     

 

Review structure 

The review is structure as follows. First the origin and used definitions of smart grids are described. After 

discussing the origin of smart grids, more attention is paid to the realisation: what is needed to implement a 

smart grid? In the third section the actual benefits, as derived from literature, are reviewed. First possible benefit-

classifications are described, after which an overview is presented based on one of these classifications. Each 

following subsection discusses the (major) benefits.  

After reviewing the SG benefits, methodologies for conducting a cost-benefit-analysis are discussed. In the end 

this review elaborates on some SG applications or case studies, followed by a discussion and conclusion.  

 

3.2 The origin of Smart Grids  

Literature on the subject of smart grids has taken a significant growth since 2008. This as the utility industry 

across the world is trying to address the arising challenges that face the current electricity grid. (Fan et al., 2013) 

described the current electrical grid as a broadcast grid, which refers to the few-to-many distribution of 

electricity. In this traditional grid, a few central power generators provide all the electricity production in a 

country or region, and then broadcast this electricity to the end-users over a large network of cables and 

transformers. By means of load-forecasts, which are developed over time, utility operators generally over-supply 

for the demand. This because the supply is forecasted considering the peak load conditions. If the demand is 

higher than is it on average, they may have to turn on power plants that use non-renewable sources of energy, 

such as coal fired plants, to generate additional supply of energy to cope with the demand. But what if the 

average demand is far below the peak demand? In this case there is a surplus of unused (central generated) 

electricity. Therefore the goal of smart grids is to match the demand to the available supply by using 

communication technology and providing incentives (e.g. differentiating prices at certain times) to the consumer 



 
 

 

 

S.J. Barentsz - The Value of Smart Grids 16 Literature review 

to defer the peak loads to times when the demand is below average. This improves the utilization of the available 

capacity (Fan et al., 2013). 

Though the conceptual thoughts on smart grids are uniform in literature, an unambiguous definition of smart 

grids is lacking. This as there are various activities and technologies associated with it. Smart grids are, in a 

nutshell, various enhancements of the 20th century power grid (Fang et al., 2012). Farhangi (2010) summarizes 

the characteristics of this ‘traditional’ electricity grid. He states that, in nature, our electricity grid is 

unidirectional. It converts only one-third of fuel energy into electricity, without recovering the waste heat. Almost 

8% of its output is lost along its transmission lines, while 20% of its generation capacity exists to meet peak 

demand only. Smart grids address these shortcomings of the existing grid. Therefore, by utilizing modern 

information technologies, the smart grid is capable of delivering power in more efficient ways and is capable of 

responding to wide ranging conditions and events. To make an effort towards defining the concept of a smart 

grid the following delineation of a smart grid is used and recognized by the cited authors throughout this review: 

 

 

 

 

 

 

 

This description covers the entire spectrum of the energy system from the generation to the end points of 

consumption of the electricity. However, as we will come to see when discussing the benefits, the integration of 

users in the smart grid concept is equally important as the ICT solutions enabling this integration. Therefore, a 

definition by the European Union is cited below.  

 

 

    

 

 

 

 

 

Although many different definitions have been proposed for the smart grid, in most cases, the authors have 

chosen narrowly focused definitions related to their specific applications and local needs. Veldman (2013) 

concludes that, although definitions may vary, the core of the smart grid is adding ICT to today’s electricity 

distribution networks on a large scale, while taking the various stakeholders involved into account. For more 

input on definitions of smart grids, we refer to Shabanzadeh & Moghaddam (2014).  

 

  

“A smart grid can be regarded as an electric system that uses information, two-way, cyber-secure 

communication technologies, and computational intelligence in an integrated fashion across electricity 

generation, transmission, substations, distribution and consumption to achieve a system that is clean, 

safe, secure, reliable, resilient, efficient, and sustainable.” 

retrieved from Gharavi & Ghafurian (2011) 

“A smart grid is an electricity network that can intelligently integrate the actions of all users connected 

to it – generators, consumers and those that do both – in order to efficiently deliver sustainable, economic 

and secure electricity supplies.” 

retrieved and adapted from Shabanzadeh & Moghaddam (2014)  
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3.3 Realisation of a smart grid 

This thesis assumes that there either is a smart grid, or there isn´t. But at which point is it possible to state that 

a smart grid is successfully implemented? And which conditions should be met in order to even consider 

realisation?   

Although the previous section showed that an unambiguous definition might not be available, there are several 

reports that try to develop a roadmap for the implementation of smart grids. These ‘standardized roadmaps’ to 

realise SGs came up in different areas, countries or organizations. All develop standards in the various countries 

(e.g. Austria (Roadmap Smart Grids Austria, 2009), UK (Electricity Networks Strategy Group, 2010), and Spain 

(Forner et al., 2010) (all cited in Fang et al. (2012)) have in common that they recognize the need for a 

communications infrastructure and protocols to support to the flow of metering information from the customer 

to the grid. Therefore, both national governments and stakeholders are actively involved in the realisation of 

such infrastructures and the development of standardized implementation methods. This because they 

acknowledge that a smart grid will integrate the actions of all users connected to it and makes use of advanced 

information, control, and communications technologies to save energy, reduce cost, and increase power 

reliability  (Fan et al., 2013). 

The NIST2 (2010, as cited by Ancillotti, Bruno, & Conti (2013)) states that for the implementation of smart grids 

the following mechanisms are required:  

 Enabling deployment of distributed energy resources - such as the heat pump, combined heat and 

power combinations, electrical vehicles and photovoltaic panels);  

 Enabling enhanced communication networks – achieved by deploying advanced metering and 

monitoring systems to realise real-time awareness of grid status;   

 Enabling interaction of consumers with energy management systems – this leads to real-time demand 

response and energy management strategies (through flexibility);   

 Enabling enhanced efficiency and sustainability of the electrical grid – achieved by incorporating real-

time distributed intelligence (automated protection, optimization and control functions). 

These aspects are widely recognized as key capabilities for the successful implementation of smart grids, a.o. by 

Clastres (2011); Fan et al. (2013) and Siano (2014). 

The value or magnitude of the benefits from smart grids depends on the interconnection of the potential installed 

flexibility at the end-user, the distribution networks, and the central generation sources. Although it might be 

outside the scope of this review, the components of each of these entities need a way of communicating. The 

Smart Meters Co-ordination Group (2009, as cited by Fan et al. (2013)) therefore stresses the fact that ensuring 

interoperability between the different system components is essential. This review is based on and assumes a 

successful realisation of a smart grid, disregarding the exact (communication) infrastructure requirements or 

interoperability levels. It can therefore describe the methodologies used to value the smart grid from a cost- and 

benefit- point of view.  

 

                                                                 
2 National Institute of Standards and Technology, a non-regulatory agency within the U.S. Department of Commerce. Their mission is to 
promote innovation and industrial competitiveness by advancing measurement science, standards, and technology.  
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3.4 Benefits of Smart Grids 

Probably most literature on smart grids, cover the subject of benefits. In the past years, a lot of work has been 

done to understand the economic, reliability, environmental, and security impacts of smart grid technologies. In 

this review, an overview of the benefits associated with the implementation of a smart grid is provided in  Table 

3-1. This shows the benefits identified in literature and tries to subtract the key benefits, based on the amount 

of citations.   

There are a lot of different approaches that define and categorize smart grid benefits. Several studies seem to 

group the various types of benefits associated with smart grids into various categories. The most common 

categorization is in terms of economic-, environmental-, reliability-, and safety- & security- benefits (EPRI, 2010;  

NETL, 2010). This is partly explained by the fact that the studies often built on previous work and in time this 

categorization seems to be standardized. For instance, the EPRI (2010) framework is cited in almost every CBA 

research after 2010 and seems to succeed in providing a standardized approach towards determining smart grid 

benefits and costs. This categorization is also popular because of the fact that the categories are mutually 

exclusive.  

As some benefits may apply more to one specific stakeholder in the energy system, various authors divide the 

benefits per stakeholder. Baer, Fulton, & Mahnovski (2004) for instance developed a list of potential benefits and 

organize this list by three principal stakeholder groups to whom the benefits will accrue: the suppliers of 

electricity, the end-users and the society at large. Gil & Joos (2008) apply a similar classification; according to the 

allocation of the effects of a smart grid. They distinguish between the customer, the distribution utility, and the 

society and intend to estimate the extent of the economic benefits created by distributed generation.  

Morris, Abbey, Wong, & Joos (2012) discuss the benefits from a microgrid3 and they clearly distinguish and 

categorize five stakeholders: microgrid customers, grid customers, independent power producers, distribution 

network operator, and the society. As a microgrid can be considered as specific portion of the smart grid, it also 

deals with integration of DER within the distribution network and reaps the benefits associated to it. Benefits 

always accrue to one or multiple stakeholders. For instance with the deferral of the peak electricity demand, the 

central capacity and transmission costs, incurred by the producer and TSO, could be reduced up to 67 billion 

euros in Europe (Faraqui, 2010, as cited in Fan et al., 2013). This intuitively reveals the situation that although 

costs are often incurred locally, the benefits are partly generated on a national level. On a local level, other 

benefits are realized. Bearing this in mind, this review sorts benefits based on the stakeholder.  

Some studies did not focus on defining categories or had a different perspective on these categories. As such, 

the JRC (2012) does not regard specific categories of benefits, but focuses on a societal perspective in the CBA. 

The SGCC (2013) on the other hand distinguishes between direct- and indirect economic benefits to customers. 

The way in which the benefits are categorized, vary among the studies. However, one can delineate three major 

categories, stated in Table 3-3.  

  

                                                                 
3 A grid that is operated disconnected from the main power system. It can be seen as a conglomeration of small generation and loads that 
operate as a coherent system and connects to a wider grid as a single point load.  
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 Table 3-1     Benefits associated with the implementation of smart grids allocated to three stakeholders / beneficiaries. (in bold type = important and widely recognized benefit)  

* The authors are shown on the next page in Table 3-2 and can also be traces in the bibliography 

 

Beneficiary  Benefit group Possible benefits Achieved by (for example) Authors* 

Customer Reduction of energy costs  ToU rates 

Price-incentive based programs 

1,2,3,4,5,7,12,18 

 Improvements in reliability Reduced outages and slow voltage 

variations 

SAIDI and SAIFI indexes 1,2,3,4,5,6,7,10,11,13,14,15,17,18 

 Improvements in power quality Reduced (fast) voltage variations Volt/VAr Control 1,2,3,4,5,6,7,9,11,13,14,15,17,18 

     

Utility Operators 

(UO) 

Reduction of utility operation and 

maintenance costs (O&M) 

Optimized generation operation 

Reduced Ancillary Service Cost 

Reduced congestion costs 

Reduced equipment failure & 

maintenance cost 

Reduced meter reading cost 

Reduced electricity losses 

Service Outage Management, Fault 

Location 

1,2,3,4,5,6,7,9,10,11,12,14,16,17, 

18 

 Deferred (upgrade) investments  Reduced generation, transmission and 

distribution capacity (ranging from HV-

networks to LV-networks) 

Peak load reduction through DG 

Avoided investments in central production 

capacity 

1,3,4,5,6,7,8,10,11,12,14,16,17, 18 

 Reduced energy service purchases   1,3,4,5,7,12 

 Reduction in compensation for bad 

reliability and quality 

  1,7 

 Reduction in electricity theft   2,4,5,17 

     

Society Reduction of pollutants Reduced CO2 emissions  1,5,6,7,9,12,14,17,18 

 Reduction resource usage Reduced oil usage   1,5,7,17 

 Reduction infrastructure footprint   1,7,17 

 Downward pressure on electricity prices   1,7,17 

 Increase in employment  New research and job opportunities 1,6,7,12,17 

 Improved economic growth   17 
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Table 3-2     References to the numbers used in Table 3-1 

Source Description 

1 Morris et al. (2012)   

2  SGCC (2013)  

3 Gil & Joos (2008)  

4 JRC (2012)  

5 EPRI (2010)  

6 Schwaegerl, Toa, Mancarella, & Strbac (2009) Focuses on micro grids 

7 NETL (2009)  

8 Piccolo & Siano (2009)  

9 Sun et al. (2011)  

10 Marnay, Asano, Papathanassiou, & Strbac (2008)  

11 Smart Grid Task Force (2015) Focuses on flexibility from distributed resources.  

12 CE Delft (2012) Focuses on national CBA 

13 Sullivan & Schellenberg (2011) Focuses on benefits that result from reliability improvements 

14 Veldman (2013)  

15 US DOE (2012) Focuses on reliability improvements from the application of distribution 

automation. 

16 van Pruissen & Kamphuis (2010) Studies the influence of embedding high concentrations of heat pumps in 

currently built domestic residences.  

17 NETL (2010) States explicitly that benefits are the greatest for the society as a whole.  

18 Baer et al. (2004)  
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Table 3-3     Categorization of smart grid benefits 

Categories of benefits Examples of studies 

Direct and indirect benefits 
Smart Grid Task Force (2015); Blom et 

al. (2012); SGCC (2013) 

Customer, Utility Operator (UO), Society  
Gil & Joos (2008); Morris, Abbey, Wong, 

& Joos (2012) 

Economic, Reliability, Environmental, Safety & Security EPRI (2010); NETL (2010) 

 

Although not every study explicitly gives a definition of benefits, in this review the definition by EPRI (2010) is 

wielded. They define the term ‘benefit’ to be an impact of a smart grid project that has value to a firm, a 

household, or society in general. In addition, to facilitate comparison, benefits may be expressed in monetary 

terms. This proves an important aspect when considering the cost-benefit analysis of any smart grid project.  

For the purpose of this study, this review categorizes the benefits based on stakeholder groups. First, potential 

benefits (that flow to) the customer are described, after which the same is done for the utility operator. The third 

stakeholder, society as a whole, is not taken into account. This as the main benefit to society, reduction of 

pollutants (according to literature), does not contribute to the objectives of this study, which is to determine the 

value of smart grids for utility operators (the DSO in particular).   

In order to create a clear review of these benefits, the amount of references of each benefit determines the 

significance of this benefit. This literature review therefore describes the most important benefits associated 

with the implementation of smart grids. One should keep in mind that all smart grid benefits show overlap and 

can hardly be considered in isolation. The following example illustrates this:  

 

 

3.4.1 Customer benefits 

The customer is referred to as the stakeholder at whom the electricity value chain ends. This concerns residential 

end-users, and small- and medium-sized enterprises. With the transition of energy, they become active up- and 

downloaders of energy, so they are also referred to as prosumers. The benefits for this stakeholder are discussed 

in the following two subsections.     

 

3.4.1.1 Reduction of energy costs  

Summary of concepts described in this subsection 

Reduction of energy bills through DG 

Reduction of energy bills through time varying rates 

Reduction of energy bills through prepayment programs 

Reduction of energy bills through customer energy management 

 

A reduction in peak loads because of flexibility of DER, can contribute to both deferred upgrade 

investments (resulting from for example a reduction of required distribution capacity), as well as a 

reduction of utility operation and maintenance costs (resulting from for example a reduction of 

distribution network losses). This might also mean that pollutant emissions are reduced as well! 
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At first sight, the benefit of a reduction of energy costs seems pretty straight forward. With the implementation 

of a smart grid, including for instance a heat pump and solar panels, customers can save money on their energy 

bill, as they become ‘prosumers‘ of energy. EPRI (2010) also states that with smart grid functions, such as the 

implementation of smart meters, customer usage patterns can be altered, which results in cost savings. In 

addition, Siano (2014) states that a smart grid enables demand response, which refers to changes in electricity 

usage by end-users from their nominal consumption patterns. This can be either in response to changes in the 

price of electricity over time, or in response to incentive payments designed to induce lower electricity use at 

times of high wholesale market prices or when the reliability of the system is in danger. This interaction between 

the customer and the ‘market’ creates economic benefits to the customer, when electricity consumption is for 

instance deferred to periods with lower market prices.     

USEF (2014) acknowledges the fact that demand response through load shifting and the storage and 

management of locally generated energy can provide benefits. They elaborate on the fact that demand response 

and smart grids create new means to realize flexibility in the distribution grid. USEF describes a framework in 

which system operators can use flexibility provided by customers to locally reduce the peak load in the 

distribution grid. The framework strives to enable the continuous optimization of the energy supply and demand 

from all assets in the system in an attempt to find the lowest costs for the overall system. Through flexibility in 

the electricity value chain generation costs can be reduced. This can be achieved by for instance a more ideal 

shaped load profile of consumers, a reduction in peak generation capacity, and preventing load curtailment4 by 

shifting loads. The benefits for the customer lie in the fact that he can be compensated for the offering of 

flexibility to the utility operator.  

The SGCC (2013) especially focuses on benefits of smart grids for customers, assuming that all economic benefits 

to utility operations eventually flow through customers in future rate cases. They state that the direct benefits, 

that offer the greatest potential rate relief on customer bills consists of:  

 Time varying rates: Smart meters can facilitate time-varying rate offerings to customers. Economic 

benefits originate from a reduction in peak demand reduction and energy conservation; 

 Prepayment programs and remote disconnect/reconnect: Smart meters can also facilitate prepayment 

programs, resulting in reductions of energy use, increase in customer satisfaction, and decrease in utility 

operating costs; 

 Customer energy management: through the use of a smart meter, customers have more detailed 

information from smart meters, creating value through customers’ energy usage management and 

feedback.   

Other benefits mentioned by the SGCC (2013) address the improvement of reliability and power-quality, which 

are discussed in the next section.  

 

  

                                                                 
4 Load curtailment can be described as the interruption or trimming of electrical devices (e.g. solar panels), often due to high (and 
uncontrollable) network loads.   
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3.4.1.2 Improvement of reliability and power-quality  

Summary of concepts described in the review 

Reduction of SAIDI and SAIFI 

Automated feeder switching 

Automated islanding and disconnecting 

Automated Volt/VAR control 

Enhanced fault protection 

 

Reliability benefits entail the reduced costs to customers resulting from fewer service interruptions and power-

quality disturbances. The study by Sullivan & Schellenberg (2011) focuses on economic benefits that can result 

from reliability improvements. They explain a few important dimensions of service-reliability: the number of 

customers affected, the frequency with which outages or voltage disturbances occur, and the duration of the 

service interruptions.  

When dealing with reliability issues, authors often use objective statistical indicators when assessing the 

reliability of systems. Most utilities describe the reliability of distribution circuits in terms of simple and 

transparent indicators. These indicators are:  

 SAIDI: system average interruption duration index (the sum of all outage durations divided by the 

number of customers);   

 SAIFI: system average interruption frequency index (the count of all extended outages divided by the 

number of customers);   

 CAIDI: customer average interruption duration index (SAIDI divided by SAIFI);  

 MAIFI: momentary average interruption frequency index (the count of momentary outages divided by 

the number of customers). 

These definitions can provide a valuable basis for assessing changes in the reliability of electric transmission and 

distribution systems over time.  

As is the case with multiple benefits, reliability can be beneficial to the utility too. This as utility maintenance and 

operating costs decline as the reliability improves. Benefits flow to customers in the form of avoided economic 

losses they experience due to unreliability. In determining the value of reliability, Sullivan & Schellenberg (2011) 

state that one cannot simply make an ex-post comparison of reliability performance (e.g. calculate SAIDI-before 

and compare it to SAIDI-after). Year-to-year statistical variation in reliability indicators can obscure or magnify 

the observed impacts of reliability improvements. 

The US DOE (2012) discusses the improvement of reliability for both residential, as well as commercial and 

industrial customers (not always linked to the LV grids). They conclude that the benefits from fewer interruptions 

for residential users range from greater convenience, to savings from less food spoilage, to avoidance of medical 

and safety problems. For commercial and industrial users, reduced outages often mean higher level of outputs 

and productivity and lower levels of scrap and spoilage. Reducing the frequency of outages, as measured by SAIFI 

and MAIFI, is said to be realized through the undergrounding of cables, storm hardening, infrastructure 

improvements, and automated distribution systems. The latter covers the automation of the grid through the 

integration of communication networks, control systems, and field devices. With this integration, electricity 
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faults can be located and isolated quicker, and service restoration operations are easier. An example of a smart 

grid function with regard to this improvement of reliability is given below.  

 

 

 

 

 

 

 

 

 

 

As for the duration of the outage, as measured by SAIDI, the US DOE (2012) relates this to the implementation 

of distribution automation and more efficient operating and restoration practices. This can for instance be 

realized through automated switching5, as this eliminates the time required to dispatch field crews to manually 

activate switches. Automated switching also enables isolation of the portions of the feeder (cable) that are not 

damaged, which reduces the number of customers affected by sustained outages.  

It is thus dependent of the sort of function that is implemented within the (smart) grid, whether benefits can be 

achieved. EPRI (2010) describes a wide variety of these functions that contribute to reliability related benefits. 

The most important functions are summarized below: 

 Automated feeder switching3: automatic isolation and reconfiguration of faulted segments of 

distribution feeders via sensors, controls, switches, and communications systems.  

 Automated islanding and reconnection: automatic separation and subsequent reconnection of an 

independently operated grid (for instance a microgrid, which by definition can operate in parallel with 

the grid or as an island).  

 Automated voltage and VAR control: the automatic controlling of devices that can increase or lower 

voltage levels to keep the voltage in a required range. (Applies to devices such as capacitor banks, 

voltage regulators, and transformer load-tap changers). The network voltage levels have to be 

controlled to prevent over and under voltage conditions caused by load fluctuations. Reactive power is 

also controlled by Volt VAR Control. This to minimize system losses.    

 Enhanced fault protection: higher precision and greater discrimination of fault location and type.  

For a complete list of functions, we refer to the CBA methodological approach by EPRI (2010). One should once 

more keep in mind that some of these summed functions also contribute to other benefits. Volt/VAR control 

might for instance also contribute to the benefit of a ‘reduction of utility operation and maintenance costs 

(O&M)’. After all, Volt/VAR control contributes to maintaining a proper voltage, preventing (, amongst others,) 

over-voltage situations that might cause over-excitation (causing thermal damage) of for instance the 

transformer (McNutt, n.d.).   

 

                                                                 
5 Automated switching reduces the number of customers that are out of power during an outage, because automated switches back feed 
customers from other circuits. So the system automatically switches to another circuit to prevent customers to suffer from an outage.  

1) Diagnosis and notification of equipment conditions can prevent equipment failures. (automation) 

2) FLISR (Fault Location, Isolation and Service Restoration) actions involve reductions in the number of 

customers affected by sustained outages. This happens when automated feeder (cable) switching is 

installed on a feeder (cable) and the circuit is divided into sections, which can reduce the customers 

affected during an outage by rerouting power and protecting non-affected sections and the customers 

they serve.  

 

 

 

EXAMPLE (US DOE, 2012) 
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3.4.2 Benefits for Utility Operators 

The utility operators demarcate the stakeholders that deal with the supply and delivery (including transmission, 

and distribution) of the electricity. Important utilities in the energy value chain are the supplier, transmission 

system operator (TSO), distributed system operator (DSO), and the Balance Responsible Party (BRP). The 

delineations of these roles are outside the scope of this review and are discussed in Section 2 of this thesis.     

 

3.4.2.1 Deferred upgrade investments through installed DG 

Summary of concepts described in the review 

Reduction of electricity generation 

Reduction of capacity investments 

Reduction of peak loads and congestion 

Offering of flexibility through DG 

 

Nowadays, the potential of distributed generation solutions to defer distribution system planned upgrades is 

widely recognized (EPRI, 2010; Gil & Joos, 2008; JRC, 2012; Morris et al., 2012; NETL, 2009; Schwaegerl et al., 

2009). The avoided costs due to the connection of DG, i.e., the ability of DG to defer the investments of expanding 

or upgrading the distribution system, is usually evaluated case-by-case, based on the specific conditions of the 

network and the characteristics of the DG unit(s) (Piccolo & Siano, 2009).  Table 3-1 emphasises the fact that 

deferment of upgrades to the physical grid one is one of the most common benefits described in literature.   

Gil & Joos (2008) also describe the deferral as a benefit of DG. They state that with the implementation of DG, 

electricity can be produced near the loads. This way, especially during peak load hours, power flows can be 

significantly reduced. A constraint is that the total amount of distributed generated capacity should not exceed 

the local load. In the end, utility operators can postpone the need to upgrade overloaded cables that range from 

the LV-transformer to the dwellings. EPRI (2010) acknowledges this benefit as such, and defines it from a capacity 

point of view: traditionally, utility operators ensure that the generation capacity can serve the maximum amount 

of load that planning and operations forecasts indicate. However, this generation is based on peaks in the 

demand, which only occur very short periods each year. Reducing this peak demand and flattening the load curve 

should reduce the generation capacity required and lead to deferred investments.  

This benefit in essence makes sure that an investment can be withheld for a given number of years. Therefore, 

the benefit is given by the time-value of money (based on the fact that money is worth more now than it is in a 

few years). Piccolo & Siano (2009), amongst others, therefore describe the total benefit to the utility brought 

about by the DG unit(s) as the difference between the NPV of the investment required for a feeder group without 

a DG unit and the NPV of the investment required for the same feeder group with a DG unit connect to a bus6. 

Depending on the load growth per feeder, which in its turn is also dependent on the chosen future scenario, the 

year when the scheduled expenditures are required can be determined.  

More recent work by the Smart Grid Task Force (2015) focuses on flexibility from distributed resources and 

discusses the benefits for providers, as well as for users of flexibility services. More flexibility will be needed in 

the future to ensure that the system is able to cope with the future challenges. Flexibility proves to be an 

important indicator to achieve (a.o.) deferred reinforcement investments. In their research, Dierckxsens, De 

                                                                 
6 a busbar is a metallic strip that conducts electricity within a transformer (or another electronic apparatus). The feeders (cables) branch out 
and provide households of electricity. These feeders originate from and are connected to this busbar in the transformer.  
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Brabandere, & Deprez (2012) compare the costs of grid reinforcement with energy storage and power 

curtailment. They conclude that the economic viability of alternatives to network reinforcement in low voltage 

grids depends strongly on the infrastructure costs for the feeders and on the costs for storage. The alternatives 

will likely be the optimal solution when communication and control infrastructures become more standardized 

(as costs will decrease).     

The UK has also developed an economic modelling approach for network investment, the “Transform model”, 

which compares smart and traditional solutions through to 2050. If flexibility avoids investments, the value of 

flexibility equals the CAPEX and OPEX of the avoided reinforcement. If flexibility services enable the DSO to defer 

investments, the benefit of flexibility can be calculated as the avoided return on capital over the deferral duration 

(Smart Grid Task Force, 2015). Slootweg, Veldman, Gibescu, & Kling (2013) estimates that investment costs for 

DSOs can be reduced with 45% to 72% depending on the scenario for the future energy system.  

DG operators will thus have an opportunity to provide flexibility services and can contribute to avoiding or 

delaying reinforcement costs. So if grid constraints become visible in the long term planning process, DSOs may 

procure flexibility from consumers, via suppliers and/or aggregators, to avoid congestion. Veldman (2013) 

addresses the value of flexibility too, and discusses the benefits of a market-oriented smart grid, in which 

customers are enabled to offer their flexibility to the market. If fast price response of the flexible residential 

demand can be realized with smart grids (i.e. closer to real time), demand can also be used for power balancing 

and value can be created on balancing markets. However, it depends on the scenario if the realization of the 

smart grid concept has a positive or negative influence on network investments. Veldman (2013) illustrates this 

with the following example: 

 

  

If low electricity prices coincide with low-demand moments, shifting of flexible demand to moments with 

low prices may reduce required network capacity. This might lead to deferred investments (situation A). 

However, if the share of electricity production by intermittent energy sources (e.g. PV) in the total 

electricity production increases, prices may be low when the electricity production by intermittent sources 

is high. In this scenario flexible demand will shift to moments of low prices that coincide with moments of 

high intermittent electricity production (which do not necessarily correspond to low-demand moments). 

This leads to high demand peaks and will require high network capacity: the result is that investments are 

not deferred (situation B). 

 

 

 

 

 

 

              

   Situation A    Situation B 

 

 

 

 

EXAMPLE (VELDMAN, 2013) 
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Although this thesis does not intensively investigate the effect of intermittent energy sources on the fluctuations 

in electricity supply, it acknowledges that in the future prices might be low when intermittent generation is high, 

causing high demand peaks and the requirement for additional network investments.   

Veldman (2013) also notes that a deferral of network investment nictitates for instance the investment in 

sensing, monitoring and control equipment in the distribution networks, to realize the intended cost savings. 

This once again shows that a certain benefit cannot be considered in isolation, but is part of an integral system. 

 

3.4.2.2 Reduction of electricity cost 

Gil & Joos (2008) define this benefit from a utility operator point of view. A distribution utility guarantees the 

electricity supply to customers by purchasing power from the whole sale market through both long-term bilateral 

contracts with brokers and short term purchases from the electricity spot market. With regard to this short term 

(hourly) spot market, it might be cost-effective (beneficial) to the utility operator to aggregate and purchase the 

electricity produced by customers-owned distribution generation during the hours where the electricity prices 

are the highest (i.e. during peak loads or generation scarcity). This situation occurs if the rate offered to the DG-

owner for its output is lower than the wholesale electricity price paid in the spot market. 

 

3.4.2.3 Reduction of utility operation and maintenance costs (O&M) 

Summary of concepts described in the review 

Reduction of (DN) losses 

Reduction of maintenance costs 

Reduction of operation costs 

 

Various specific benefits can be subdivided into groups. A vast amount of these benefits, mentioned in literature, 

can be sorted under the heading of a reduction of operation and maintenance costs for the (distribution) utilities.    

One of these specific benefits is the ability of distributed generation to reduce distribution network losses (EPRI, 

2010; Gil & Joos, 2008; Smart Grid Task Force, 2015).  In this review, network losses concern all electrical losses 

incurred by the distribution of a kWh from a generator to a consumer. Reduction of these losses occur when the 

output by the DG does not exceed the local demand. When is does not exceed the local demand, the currents in 

the electricity cables can be reduced. Due to the (quadratic) dependence (a certain form of (AC-)resistance) of 

the losses on the magnitude of the current, reducing the cable (feeder) currents by half will reduce the losses by 

a factor of four (Gil & Joos, 2008). These losses are dependent of the (topographic) characteristics of the grid 

(e.g. location, length, etc.).  

Schwaegerl et al. (2009) discuss the reduction of losses of so called microgrids. Microgrids comprise LV 

distribution systems with distributed energy systems (PV, heat pumps, µ-CHP) and storage systems (EV). Such 

systems can be operated in a non-autonomous way (interconnected to the grid), or in an autonomous way (when 

disconnected from the grid). The microgrid concept thus focuses on local supply of electricity nearby the loads.  

With this, the microgrid concept is capable of maximizing loss reduction potentials of both dispatchable (e.g. µ-

CHP, as the user can determine the dispatch) and intermittent (e.g. PV panels) DER units. Schweagerl et al. (2009) 

furthermore describe various architectures and control concepts of the implementation of microgrids. 

Marnay et al. (2008) also consider the benefits associated with the implementation of a microgrid. They identify 

that the economics of microgrids arise from the evaluation methods for distributed generation for the customer 
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perspective and from traditional expansion planning for the utility perspective.  They state that the potential of 

the economics of integration of e.g. PV and µ-CHP into system operation will be dependent of: the level of 

penetration, the density and the correlation between generation operation patterns and demand profiles.  

The Smart Grid Task Force (2015) elaborates on how flexibility can help to reduce network losses. They define 

flexibility as a service provided by a network user to the energy system by changing its generation and/or 

consumption patterns in response to an external signal. As network losses have a value, they state that value of 

flexibility corresponds to the amount of electricity that has not been lost. In addition to this statement, they 

however also denote that in cases where flexibility is used to defer network reinforcements, network losses may 

increase as the existing infrastructure is heavier loaded.    

The framework proposed by EPRI (2010) covers a wide array of benefits that deal with a reduction of M&O 

related costs. One of these is the reduction of maintenance costs. This has to do with costs associated with 

sending technicians into the field to check the condition of the equipment. Online diagnosis and reporting of 

equipment condition would reduce or eliminate the need to send people out to check equipment. The same 

applies to operations costs, which can be reduced by automated or remote controlled operation of for instance 

capacitor banks, feeder switches, or the reading of meters.   

 

3.5 Cost-Benefit-Analyses of Smart Grids 

3.5.1 CBA approaches 

Every CBA method describes the need of mapping out the benefits resulting from the implementation of a smart 

grid. Although some approaches might differ in perspective (e.g. SGCC (2013) only focuses on the customer), the 

general set-up of the CBA studies corresponds. This means that every approach first determines the (potential) 

benefits that are derived from the capabilities of the implementation of a Smart Grid. When determining the 

(monetized) costs and benefits of any project, a reference value is mandatory. In research, this reference value 

is referred to as the baseline and is often described as the situation in which a smart grid is NOT implemented.   

JRC (2012) acknowledges that there are only a few projects that have conducted some form of CBA. They state 

that this is due to either confidentially reasons, or the fact that a CBA is beyond the scope of the project. In 

addition, literature on CBA is still fragmented and there is not a general accepted CBA methodology. However, 

the methodology proposed by EPRI (2010), commissioned by the US Department of Energy, provides a basis for 

estimating the benefits of individual Smart Grid projects. This method is considered to offer a structured 

approach to perform a CBA and is therefore discussed in more detail in section 3.5.2. 

Before the methodology by EPRI, there was no structured CBA approach for smart grid projects. It is notable, 

that since 2008, the topic has gained a lot more attention in literature. There are no prior studies identified 

(before EPRI in 2010) that elaborate on the application and validation of smart grid projects. However, the high 

potential of smart grids were widely recognized early on. At first, most research focussed on the development of 

metrics in order to be able to evaluate smart grid projects. As such, the Office of Electricity Delivery and Energy 

Reliabiliy (2008) published a report in which metrics for measuring progress towards the implementation of 

smart grid technologies, practices and services are described. Together with various stakeholders, metrics were 

assigned to seven smart grid characteristics7. In addition, the Gridwise Alliance (2009) developed a set of metrics 

                                                                 
7 The seven smart grid principal characteristics are developed by NETL’s Modern Grid Strategy Team and are widely recognized and adopted 
by the industry (NETL, 2008; Gridwise Alliance, 2009; EPRI, 2010). A smart grid: 1) enables informed participation by customers; 2) 
accommodates all generation and storage options; 3) enables new and improved products, services and markets; 4) provides power quality; 
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to evaluate criteria such as economic stimulus effects, energy independence, and interoperability (this criterion 

moreover consists of qualitative metrics). From these kind of prior studies, reports and workshops progress was 

made towards measuring smart grids and this thus involved identifying metrics, establishing baselines and 

collecting data to track developments. 

Apart from the vast amount of literature on smart grid benefits described in Section 3.4, studies that attempt to 

develop a systematic approach to evaluate the implementation of smart grid technologies on real time cases 

prove scarce. The JRC (2012) states that the reason for this is that the evaluation of a smart grid project based 

on their investment and resulting benefits can prove difficult. This primarily due to high initial investment costs 

in combination with very uncertain revenues from benefits. For instance, for the benefits to really start paying 

off, all new market players should have successfully assumed their roles. Another complication is the fact that 

smart grid functions are associated with multiple benefits. An example is Real-Time Load Management (through 

AMI). This might lead to deferred distribution capacity investments, but also to reduced electricity losses and 

reduced sustained power outages. A third reason why conducting a proper CBA for smart grid projects might 

prove difficult is because of the changing role of the customer. Consumer participation is needed and often 

uncertain, leading to a lack of behavioural information (Gangale, Mengolini, & Onyeji, 2013). 

  

3.5.2 EPRI Methodology 

In this section the EPRI methodology is elaborated, as it offers a 10 step structured approach to estimate the cost 

and benefits of smart grid projects. The report covers a wide array of smart grid characteristics that can optimize 

the performance of the power system. It recognizes the fact that this implies market innovations and services, 

as well as the enhancement of current technologies (e.g. Smart appliances, Electrical Vehicles (EVs), Voltage/VAR 

control, etc.).       

EPRI (2010) first summarizes several studies on methods to estimate smart grid benefits. Conclusions drawn are 

that the studies pointed out that the primary economic benefits for utilities were ‘avoided or reduced operation 

and maintenance costs’ and ‘deferred capital costs’. With respect to previous studies, EPRI categorizes four 

fundamental categories – being economic, reliability & power quality, environmental, and security & safety – 

and stresses out that these are mutually exclusive. Another example for this fact is that the reduction in T&D 

losses not only implies an economic benefit, but also entails that emissions are reduced (environmental).        

Like Gil & Joos (2008) and Morris et al. (2012), EPRI acknowledges the fact that benefits and costs of smart grids can 

accrue to different stakeholders. These beneficiaries can be roughly grouped into utilities, end-users (consumers) 

and the society at large. The total benefits are determined as the sum of the benefits of these three groups, 

taken into the account any transfer payments between these beneficiary groups.  

  

3.5.3 Methodology built on EPRI 

The Joint Research Center (JRC, 2012) offers an additional framework that draws on the work of EPRI. The 

proposed content of their guidelines can be seen as a structured set of suggestions or as a checklist. The focus 

of the CBA, in contrast to some other guidelines discussed in this review, is on a societal perspective, considering 

the impact on society at large. Both quantitative, as well as qualitative aspects are taken into account.  

The JRC agrees that there is a lack of studies that have attempted to develop a systematic approach to the 

definition and evaluation of the benefits and costs of Smart Grid projects. They consider the high initial costs and 

                                                                 
5) optimizes asset utilization and operating efficiency; 6) anticipates and responds to system disturbances in a self-healing matter; 7) operates 
resiliently against physical and cyber-attacks and natural disasters.   
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the uncertain benefit streams of Smart Grid projects as one of the most important reasons for the lack of a formal 

analysis framework. This is true, as Smart Grids often affect the entire value chain and requires new ways of 

thinking and cooperation from all actors involved. Therefore, another key factor is the active participation of 

customers that is essential for gaining benefits from the Smart Grid (Gangale et al., 2013).  

The proposed JRC framework is applied on a Portugese project called InovGrid, which aims to replace Low 

Voltage (LV) meters with electronic devices, using AMM (Automated Meter Management). The methodology 

consists of first listing the assets (e.g. an installed Distribution Transformer Controller), consecutively mapping 

them on to the functionalities it provides. These functionalities are then mapped on to benefits they enable 

(using the benefits identified by EPRI, 2010).  

Next, JRC (2012) stresses the need for a baseline, or a ‘Business As Usual’ (BAU) scenario, as a CBA calculates the 

marginal, or incremental, costs and benefits associated with Smart Grid investments. Both historical data (for 

relatively fixed metrics, such as the dwelling growth rate), as well as forecasted data (for metrics that are 

expected to vary over short periods, such as demand growth) are used to develop the project baseline.     

As the JRC framework focuses on a LV case study, the results depend on many project-specific factors. It is 

therefore hard to generalize the findings and to extrapolate guidelines from this case that can be applied to 

different typologies of projects. To anticipate on the developed methodology in this thesis, the proposed model 

does offer guidelines and can be applied to different projects. 

JRC (2012) also proposes a sensitivity analysis that indicates to what extent the profitability of a project is affected 

by variations in key quantifiable variables. For instance: the calculation of benefits is very sensitive to the 

estimated growth rate of energy consumed. In the InovGrid project, a 1% increase of this variable, would result 

in an increase of 16% of the NPV. To conclude, the JRC (2012) has developed a comprehensive framework, which 

incorporates prior methods and adds both a sensitivity analysis, as well as a qualitative impact analysis (non-

monetary).  

 

3.6 Application of CBAs 

While the previous sections elaborated on the benefits and on the various CBA methods, next the applications 

of the CBA are described and the results of previous studies are shown. The scope of applied CBAs widely differs 

in literature and the following parameters are identified. Bold text delineates the scope parameters used in this 

thesis.  

 

Table 3-4    Scope parameters regarding smart grid CBA studies.   

Scope Parameters Various options 

Scale HV (transmission network, TSO)  

MV (distribution network, DSO) 

LV (distribution network, DSO, consumers) 

Solutions Conventional  

Smart grid technologies 

Storage systems 

 

3.6.1 District cost-curves 

More recently, case studies are being conducted that show the added (economic) value of smart grid 

applications. Ecofys (2014) conducted a CBA on two Dutch districts and drew up two alternatives: a conventional 
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approach and a smart solution approach. Both were applied to a transition scenario in which basically the 

concurrent peak loads of households increased in time. The required investment costs to cope with these higher 

peak loads were analysed with a load flow model. Based on the required capacity (resulting from the load flow 

model) and indicators for net investment costs, a cost curve is created, showing the relation between the peak 

demand of an average household and the costs for net investments. The higher the peak load, the higher the net 

investment costs will be. When peak loads are reduced through smart grid solutions, this thus results in deferred 

investment costs.  

The study covers two existing and representative medium Voltage network-cases and although both cases result 

in deferred investment costs, the extent of this benefit seems to differ greatly per case. The first case consists of 

an urban area with 4700 households. The analysed distribution network covers residential areas and business 

sites. In this case, the investments as a results of network reinforcements are €204 per additional kWp per 

household. The second case represents a rural area with approximately 3500 households (detached dwellings). 

Main difference of the two cases is the distance between the households. This case results in investments from 

network reinforcements of €740 per additional kWp per household.  

The difference in results of both case is due to the different network layout (topology, capacities, etc.) and the 

size of the network in both districts. The households in the second case are connected to a network with a size 

of 90 km, whereas the first case is connected to a network of 35 km.   

In this study, the payback of the selected smart solutions are thus realized through savings on investment costs, 

no other effects are included. Through peak reductions the savings in the smart grid alternative in 2050 add up 

to €5 per household in the first case and €23 per household in the second case.   

 

3.6.2 Conventional solutions 

In essence, research by Hermes (2009) applies a similar method to Ecofys (2014), but does not apply or elaborate 

on smart grid solutions. In their research the impact of distributed generation on various LS-networks (districts) 

in the Netherlands is determined. The methodology used identified constraints in the LS-networks of each district 

in a predefined scenario. In total seven scenarios are calculated using the software of Phase to Phase, called 

‘Vision Network Analysis’. This results in possible capacity constraints of the MS/LV transformer, MS- and LS- 

cables and voltage fluctuations. Although Hermes (2009) does not apply any form of smart grid solutions such as 

demand response to lower the peak loads, it does show a part of the problem and the potential for the 

implementation of smart grids. The results show that a rise in DER will in the future require conventional network 

reinforcements, both on the level of the transformer (in case of integration of CHP and PV), as well as 

reinforcement on the level of the cables (in case of a large integration of HPs). With respect to this thesis, this 

article is essence describes the reference case, used to conduct a smart grid CBA.    

 

3.6.3 CBA from the perspective of the customer 

The SGCC (2013) covers the subject of benefits for Smart Grids from a customer point of view. Using actual Smart 

Grid deployments, the SGCC tries to translate these benefits into euros per customer per year. Distinct from 

many other researches, the SGCC does not distinguish between economic benefits to utility operations and 

economic benefits to customers, as they argue that all economic benefits eventually flow through to customers 

in future rate cases.  

With the use of a baseline case (a business as usual scenario) and an ideal case (optimized Smart Grid capability 

employment) the report concludes that the NPV yields net benefits of approximately €220 per customer in the 
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baseline scenario and €636 per customer in the ideal case. The CBA used a 13-year horizon and applied a discount 

rate of 2,74 percent (based on the interest rate from a 10-year U.S. government bond). As seen before, the SGCC 

also concludes that distributed automation and management systems for DG (i.e. DERMS) are required to reliably 

connect greater quantities of renewable generation to the grid. This however does require considerable 

investment to the traditional grid.   

 

3.6.4 Alternatives and scenarios  

Study by Blom et al. (2012) covers the futuristic trends of the (central) generation of our electricity. They 

therefore elaborate on three plausible future national scenarios, which include: (1) a business as usual scenario 

(we keep on going the way we do), (2) a big increase in decentralized generation and flexibility, and (3) a big 

increase in nuclear energy. These scenarios are associated with the impact that smart grids will have in the future. 

One of the results is that the introduction of smart grids is independent of whatever future development in 

energy supply might occur: all three scenarios prove to be beneficial. This however concerns a national cost-

benefit analysis commissioned by the Dutch Ministry of Economic Affairs.  

 

3.7 Discussion & conclusion 

The transition of energy does seem to challenge our traditional grid in the future. With its origin around 2008, 

literature and studies are vastly exploring smart grids and new developments turn the related challenges into 

opportunities for all stakeholders involved in this transition. This review tried to synthesize all the available 

concepts and benefits on the subject of smart grids, using a concept-centric approach.  

This approach is the basis for the development of the cost-benefit methodology depicted in chapter 4 and is 

related to the central research question in this thesis. It systematically answers the first research question related 

to the benefits associated with the implementation of a smart grid and standardized CBA methods. Benefits 

found in literature are scaled to the number of references, which resulted in two main benefits for the utility 

operators:  

 A reduction of utility operation and maintenance costs (O&M);  

 Deferred (upgrade) investments. 

Although there are some smart grid projects that have conducted a CBA, none have provided standardized 

guidelines that are applicable on a (low voltage) case study, based on the perspective of the DSO. The lack of a 

smart grid CBA on a district level is often linked to a lack of project data, which might not always be available, 

due to for instance confidentiality reasons. In some cases it is linked due to the fact that a detailed CBA is beyond 

the scope of the smart grid project (JRC, 2012).   

Furthermore, this literature review has shown that in most scenarios, without the implementation of a smart 

grid, problems arise quickly. It is usually the transformer that is identified as the first constraint to growing 

network loads.   

No study was identified in which a negative smart grid business case was found. However all CBA related 

literature pointed out that the findings were to some extent based on (critical) assumptions. This often concerned 

the costs indicators, the identified benefits, the market characteristics (sensitivity of the scenario), and the level 



 

Literature review  33  S.J. Barentsz - The Value of Smart Grids 

of customer participation. The results from the wide-scale roll-out of (low voltage) pilot studies8 can contribute 

to lowering the overall sensitivity and provide guidelines for instance concerning the exact amount of the 

incurred costs.       

With the DSO being responsible for the control of the medium- and low- voltage networks, this party is also 

responsible for required network reinforcements, due to the rise of DER in the near future. Most studies that 

perform a CBA from the perspective of the DSO, also allocate the costs associated to the implementation of 

smart grids to the DSO. Though this is found to be the general consensus, allocation of costs and benefits remain 

a point of caution in all CBAs.   

  

                                                                 
8 For a list of current pilot studies, we refer to the document available at http://tki-switch2smartgrids.nl/wp-

content/uploads/2014/02/Projectcatalogus_IPIN_projecten_2014.02.04.pdf, and the project page of TKI Switch2Smartgrids, available at 
http://tki-switch2smartgrids.nl/projecten/. 



 
 

 

 

S.J. Barentsz - The Value of Smart Grids 34 Literature review 

  



 

Model  35  S.J. Barentsz - The Value of Smart Grids 

4 Model 

 

4.1 Introduction  

This goal of this chapter is to develop a model that is able to quantify the effects of the implementation of a 

smart grid in a new housing district called ‘Meekspolder’. This is achieved by gaining understanding of the 

occurring (peak) loads in the LV-network and the required (generation) capacity. In the end, the goal is to 

monetize these (quantified) effects, and thus to put a price on the implementation of a smart grid. 

To this end, a model is proposed that calculates the impact of decentralized energy resources for a clear set of 

scenarios depending on the presence of a smart grid. The growing amount of these decentralized sources 

requires a proper integration in the LV- and MV- electricity networks. Therefore the emphasis of this model is on 

the balance between electricity supply and demand on a local (district) level and on the effects (and value) of the 

implementation of a smart grid for the DSO, given the developments towards more decentralized energy sources. 

This requires an extensive model, which is able to calculate the total loads given a certain scenario, alternative 

and time.   

 

4.1.1 Reading guide 

A clear structure and reading guide for the model is essential. First, the embedment of the proposed model in 

CBA-analyses of smart grids will be explained, after which the steps are summed. These steps coincide with the 

presented flow chart in Section 4.1.4. After explanation of the structure of the model, the case study is described 

in detail.  

In Section 4.3, the three main alternatives are set put and three scenarios are developed, based on a literature 

study. This section therefore answers the second research question. Section 4.4 discusses the key role of 

flexibility in the model. As this is the only difference between the 0-Alternative and Alternative 1, it is important 

to analyze how and if flexibility can be assessed. The section thus answers the third research question. Section 

4.5 describes how the model is designed. It discusses how the actual grid loads are modeled and answers how 

the total electricity demand or peak loads can be forecasted using the model (research question 5). These 

forecasts are required to quantify the effects of the alternatives. Therefore Section 4.6 focuses on the effects and 

costs for the DSO if they are to implement a smart grid or a storage system. From this point on, the model is able 

to run all scenarios and alternatives and simulate results.    

 

4.1.2 Embedment in smart grid CBA’s 

The proposed model is a methodology to perform a CBA focused on the costs and benefits incurred by the DSO. 

In the literature review the key benefits that can be attributed to the implementation of smart grids were 

identified. The model incorporates these benefits and thus quantifies the following smart grid effects (with the 

DSO as the beneficiary): 

 Deferred investment costs; 

 Reduced maintenance and operation costs. 
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In order to quantify these effects, the model incorporates the following CBA-steps. This approach contains 

basically all steps as identified by international CBA-schemes (for instance EPRI (2010), JRC (2012), Blom et al. 

(2012)).   

    

Table 4-1     Embedment of the model in international CBA-schemes 

Step  Description Section 

1 Project definition & 

scope 

Identify the case study area. What kind of project are 

we dealing with?  

1.3 & 4.2 

2 Define scenarios and 

alternatives 

Identifying the various scenarios that can be applied to 

the project, as well as an identification of the (two) 

project alternatives.  

4.3 

3 Identification effects What effects are noticeable when a smart grid is  

implemented 

4.4 & 4.5 

4 Quantification effects Quantifying the effects in numbers. For instance the 

reduction of peak loads in certain feeders. 

4.6 

5 Monetize costs & 

effects 

Monetizing the physical effects into euro’s 5.3 & 5.4 

6 Conduct CBA & report Composing the costs and benefits in time and 

discounting the money flows  

5.5 

 

4.1.3 Original model  

The model is originally developed by DNV GL in 2011, which aimed at obtaining insight into occurring loads on 

LV-, MV- and HV-networks. Originally, the model was not intended to separately monetize the benefits for the 

DSO on a local scale, but was developed to determine the cost and benefits from a societal (and thus national) 

point of view. The model as such did assume local loads, as well as medium voltage grid loads (originating from 

e.g. industry) and high voltage grid loads (originating from e.g. hydrogen production). So how does this work? 

Simply put: 

 The model sums up all local production and consumption, the remaining shortages (or surpluses) need 

to be delivered by the MV grid; 

 Next, it sums up all medium voltage grid production and consumption, the remaining shortages needs 

to be delivered by the HV grid; 

 Next, it sums up all high voltage grid production and consumption, the remaining shortages should be 

covered by central generation (disregarding international grid connections). And the maximum required 

(central) capacity in one year is a measure for the required investments.      

However, the model proposed in this thesis does not regard a national scenario, but tries to quantify the benefits 

for the DSO of a specific district in the Netherlands and tries to validate the model for this purpose. Figure 4-1 

delineates the scope of this thesis in comparison with the national model.  
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Figure 4-1    The scope of this thesis compared to the national electricity network 

 

In the national model, scenarios are based on a neutral energy climate in 2050 and incorporate among others: 

the source of central generation; central storage capacity; CO2 emissions. Because a different scope is applied, 

benefits which occur at a national level, such as avoided central generation capacity, optimized (central) 

generation operation, and welfare effects do not apply9. This as the DSO is considered to be the beneficiary 

throughout the proposed model, in order to answer the research question. Appendix V further discusses the 

original model and indicates the alterations that were made to fit the goals of this study.        

When applying the model to a specific local case, a study of DER at the feeder (cables originating from the MV/LV 

transformer) level is necessary to understand the consequences of DER adoptions. And thus we must incorporate 

the network typology of the district, together with the user groups connected onto the feeders. In the following 

subsection these aspects, concerning the specific case, are discussed.  

 

4.1.4 Flow Chart Overview 

In order to arrive at good estimates of the various smart grid effects, the following flow chart is developed that 

shows the global structure of the (excel) model. This whole chapter is in essence a walkthrough of the processes 

expressed in the flow chart, as represented in Figure 4-2.  

In comparison to other simulation methodologies, such as load flow calculations in ‘Vision’ (Hermes, 2009) or a 

combination of ‘Vision’ and ‘MATPOWER’ (Ecofys, 2014), the proposed model has a great advantage. Because 

the excel model does not assume a few extreme grid-load situations, but retrieves information about the amount 

and whereabouts of extreme situations. An extreme situation no longer functions as the main input, but the 

model finds out when these extreme situations occur, because it calculates load profiles for each hour of the 

year. Perhaps what we thought would be an extreme situation turns out not be, but the extreme situations 

occurs on a different date and time. 

  

                                                                 
9 These benefits, originating from national CBAs, can be found in the literature review (Chapter 3).     
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Figure 4-2     Flow chart overview of the model 
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4.2 Case study: Meekspolder 

In this thesis, the low voltage grid of a typical Dutch residential area to be built in the near future is considered. 

The district consists of single houses, apartment buildings, a shopping centre and a school. This case is used to 

analyse and compare the cost and benefits related to the implementation of smart grid solutions. In essence, the 

proposed model tries to identify the investment costs related to the improvement of the grid and compare these 

with the costs (and benefits) that would be incurred when smart grid applications are implemented.    

 

4.2.1 Characterisation of Meekspolder 

The Dutch ministry of infrastructure and the environment (VROM) identified five characteristic districts in the 

Netherlands (VROM, 2010). Within this framework, the residential area of Meekspolder can be classified as a 

suburban and rural district, characterized by a compact and mono-functional living environment, often pre-

designed as an extension of the city (centre), realizing a dense neighbourhood living area. Selection of this specific 

case study is based on two criteria:  

 The first criterion is the extent to which the case is representative for the rest of the Netherlands. On the 

one hand this will endorse the theoretical findings and the applicability on a real case. A downside is that 

results can hardly be generalized, as results will most likely differ for each case and each district typology. 

That is why the case study consists of a common Dutch district.   

 The second criterion is the availability of information. To perform a bottom-up cost benefit analysis, it is 

evident that detailed information is required about the case: how many households are linked up to the 

(LV-)grid, what kind of households and associated consumption / production patterns are involved, etc.   

 

With regard to these criteria, Meekspolder is selected and information regarding this district is summarized 

below. Figure 4-3 shows an overview of the layout: in the district centre, the MV/LV transformer substation is 

pictured with the outgoing feeder cables to the households and neighbourhood facilities. The different letters 

represent the various household types or facilities that are connected to the transformer. In Figure 4-4, the 

electricity network topology of Meekspolder is simplified and shows in more detail how the different groups are 

connected to the MV/LV transformer. Note that the groups, identified by the numbers 1-16, do not necessarily 

state anything about the type of building. For instance: group 1 does consist of 13 buildings, but this might be a 

mix of single houses (a mix of type A, B, C, E , J). Group 7 consists of the apartments (140 apartments in total) 

and are modelled on one feeder for simplification purposes. In practise, the apartment buildings are all 

connected to the transformer through a separate feeder.          

 

Table 4-2 shows the number of households concerned, together with the basic annual consumption of the real 

estate. This represents the situation in which no HP, EV, PV or µ-CHP is installed. The annual consumption is 

based on average consumption values in the Netherlands (Millieucentraal.nl, 2015; Nibud, 2015). For the 

purpose of this study, it is sufficient to assume that all types of single households have the same average yearly 

consumption. The proposed model does however offer the possibility to very easily differ the consumption per 

building type. Note that the yearly consumption is not a static value and will differ over time. The values in  

 

Table 4-2 could therefore be considered as the initial values. 
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Figure 4-3     Electricity layout for the district of Meekspolder. Adapted from Verhaegh & Boer (2010). 

 

 

 

Figure 4-4      Meekspolder network topology as regarded in the model, numbers correspond with the user 
groups modelled in excel 
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Table 4-2     Type of buildings in Meekspolder and associated basic electricity demand 

Type Number Annual consumption / 

house (kWh) 

Annual consumption 

(MWh) 

Single houses    

A 40 3500 180 

B 40 3500 180 

C 40 3500 180 

E 40 3500 180 

Apartments     

F 60 3500 210 

G 40 3500 140 

H 60 3500 210 

Utility buildings    

S 1 20.000  20 

SC 1 44.000 44 

Total   1344 

 

 

4.3 Scenarios and alternatives  

This cost benefits analysis assumes three types of situations, the alternatives, and determines the value of these 

alternatives when applied to a certain scenario. This subsection elaborates on the alternatives and describes 

three possible scenarios that are used to build the model.  

 

4.3.1 Distinction between alternatives 

The comparison of the alternatives will determine the eventual value of smart grids. As flexibility is the 

determinant, it is the dependent variable in the equation. The 0-alternative is modelled as the situation in which 

there is no available flexibility: the peak loads cannot be shifted to off-load periods.        

The main characteristic of Project Alternative 1 is that a smart grid is gradually implemented. It is said that a 

gradual implementation increases the investment security, as gained experiences and future development are 

taken into account (ENI, 2013; USEF, 2014). The amount of flexibility in this alternative therefore increase in a 

linear gradient: from 0% in 2015, to 100% in 2050.  

Project Alternative 2 does not consider a smart grid, but does incorporate flexibility by ways of storage. Storage 

is another way of enabling flexibility that the DSO can utilize to lower the peak loads in order to optimize their 

portfolio management. Based on expert consultation and preparatory simulations, this alternative implies a 

district storage capacity of 100 kWh, which is installed at the start of the project in 2015.       

Table 4-3 shows the distinction between the alternatives. A separate section is dedicated to the manner in which 

this flexibility is incorporated in the model.  
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  Table 4-3     Distinction between the three alternatives 

 
Flexibility Flexibility method 

0-Alt. : No Intelligent Grid No  

Project Alt. 1: Smart grid Yes 
Gradual flexibility through electrical 

devices (HP, µ-CHP, and EV) 

Project Alt. 2: Storage Yes 
‘Immediate’ flexibility through an 

installed district storage unit (100 kWh)  

 

4.3.2 Scenario 1: Business as usual 

The first scenario can be referred to as the ‘Business as usual’ scenario. This can be seen as the reference point 

for the other concepts. The scenario is based on indices that are used to determine the load profiles of household 

appliances. This results in standardised residual load profiles for households. These profiles include all household 

electricity consumption appliances, except for dryers and dishwasher. For the latter, a separate load profile is 

composed, as not all households make use of these appliances10.    

Situation 2015: As of yet, households are often equipped with high efficiency, gas driven, boilers. The share of 

new technologies (for instance electrically controlled heating) is low. The rate of penetration in 2015 is therefore 

assumed to be 0% for all sustainable technologies.  

Situation 2050: For the penetration of sustainable technologies, an estimation is made based on various studies 

(CE Delft & DNV GL, 2014; Ecofys, 2014; Faber, Ros, Boer, & Groen, 2009; Movares, 2013; PBL & DNV GL, 2014), 

which are also partly applied by the smart grid valuation of Ecofys (2014).   

Furthermore, this scenario is based on substantiated assumptions concerning the growth of the electricity and 

heat demand. A decline in future heat demand is incorporated in the model as a reduction of the HP and µ-CHP 

profile peak load. As such, the shares of new technologies are indicated in Table 4-4. 

 

Table 4-4     Share of new technologies in the BAU scenario 

Description 2015 2020 2030 2050 Source 

Yearly growth of heat demand*  -0,46% -0,46% -0,46% -0,46% PBL (2012) 

Share of PV (6,7 kWp)** 0% 7% 30% 70% 
PBL & DNV 

GL, (2014) 

Share of EV ** 0% 5% 
20% 

(conservative) 

45% 

(conservative)  

Movares 

(2013) 

Share of HP 0% 5% 15% 35% 

CE Delft & GL 

DNV (2014);  

Ecofys (2014) 

Share of µ-CHP 0% 10% 11% 26% 

Faber, Ros, 

Boer, & 

Groen  

(2009) 

* constant growth rate = -0,46%  

** assumed to follow a cumulative normal function 

                                                                 
10 See for instance Papachristos (2014) for household electricity consumption in the Netherlands. This article looks at appliance electricity 
consumption and proposes a system dynamics model to explore the effect of smart meter introduction on household electricity consumption.  
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4.3.3 Scenario 2: Nearly zero energy buildings (nZEB) 

In this scenario it is assumed that every building will be built from an energy neutral perspective and no gas 

connection are built. This as the revised European Directive Energy Performance of Buildings states that all new 

buildings must be build energy neutral by December 2020 (Ecofys, 2011). In total, 40% of the total energy 

consumption in the EU is attributed to buildings. A strong reduction in energy use in the built environment, 

together with the increasing amount of renewable energy resources will significantly reduce our dependency on 

the central production of energy and will lower (o.a.) CO2 emissions.    

In case of a nZEB there is a very high energy performance level of the buildings. All buildings balance their energy 

use so that the primary energy feed-in to the grid more or less equals the energy delivered to the nZEBs from the 

grid. This means that there is an annual balance of approximately 0 kWh/m2a. This typically means that a nZEB 

can produce a surplus of energy when conditions are suitable and consume from the grid at times these 

conditions do not occur or demand peaks (REHVA, 2011). The EPBD (as stated by Ecofys (2011)) defines a nZEB 

accordingly:     

 

 

It should be noted however that this definition assumes an annual balance. This means that on an hourly basis 

there can be a large exchange of energy (with the net amount not equal to zero).  

In this scenario two of three important nZEB principles are incorporated. The first principle assigns a threshold 

to the energy demand. This is included in the model as a sudden decrease in the heat demand, due to an increase 

of the buildings’ thermal energy efficiency (through e.g. efficient thermal insulation or solar thermal collectors). 

Airaksinen & Vuolle (2013) studied the heating energy peak-power demand in a standard and a low energy 

building and found that the difference in space heating energy consumption was 55% to 62%.  Mohamed, Hasan, 

& Sirén (2014) reports similar percentages when discussing the energy heat demand of nearly zero energy 

buildings. Assumed is that in 2015 the buildings are renovated11 according to the sources stated in Table 4-5. This 

table shows that the energy demand drops with approximately 60 percent due to renovation activities.  

The second principle examines the share of renewable energy sources, which should be increased step-by-step 

between 2021 and 2050 (Ecofys, 2011). However, in the model we assume that all buildings are equipped with 

PV panels and HPs during “the renovation”, hence the percentages in Table 4-5.  

The third principle, which is not taken into account in the model, deals with CO2 emissions related to the total 

energy from central production.  

Note that in this scenario it is assumed that the households are only connected to the electrical grid and therefore 

the share of µ-CHPs is set at 0 throughout the years. All heat demand is thus covered by electricity. The 

penetration of heat pumps is set at 100%.  

For EV, as is the case with the other technologies, the charging demands are assumed to be spread evenly around 

the residential area and all feeders have the same share of the extra load. This means that the place of charging 

is not relevant. For EV, the same share of penetration is adopted from the BAU scenario (up to 45% in 2050).  

                                                                 
11 The word renovation is used, to indicate the relationship and differences with the other scenarios. In principle, this renovation can be 
regarded as newly built.      

“A nZEB is a building that has a very high energy performance […]. The nearly zero or very low amount of 

energy required should to a very significant extent be covered by energy from renewable sources, 

including renewable energy produced on-site or nearby.” 

GHARAVI & GHAFURIAN (2011) 
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Table 4-5     Share of new technologies in the nZEB scenario 

Description 2015 2020 2030 2050 Source 

Yearly growth of 

heat demand  
-58% 0 0 0 

Airaksinen & 

Vuolle (2013), 

Mohamed, 

Hasan, & Sirén  

(2014)   

Share of PV (6,7 

kWp)*  
100% 100% 100% 100% DNV GL, (2014) 

Share of EV*  0% 5% 
20% 

(conservative) 

45% 

(conservative)  
Movares, (2013) 

Share of HP 100% 100% 100% 100% 
Faber, Ros, Boer, 

& Groen  (2009) 

Share of µ-CHP 0% 0% 0% 0% 
No gas 

connection 

 

4.3.4 Scenario 3: Maximum decentralized energy resources 

In this scenario, all new technologies are maximized. PV is applied on every building (in 2020). Although the 

penetration reads 100%, the solar output may differ per user group due to for instance the total PV surface. The 

annual production for PV panels connected to the LV grid is 170 kWh / m2 (for “solar MV”, this is 200 kWh / m2). 

Because in this scenario the gas connection returns, the HP does not have to provide for the entire heat demand. 

Therefore the same assumption applies as in scenario 1 (HP: 35%). For the remainder of the heat demand, the 

µ-CHP is put in place in with a penetration rate of 70%, based on a maximum potential scenario for 2030 as 

described by Energy Matters (2014).   

Reports on the significant growth of EVs conclude after analysis that the (market) share of EVs in a maximum 

potential scenario might rise up to 70% in 2050.   

 

Table 4-6     Share of new technologies in the maximum DER scenario 

Description 2015 2020 2030 2050 Source 

Yearly growth of heat demand* -0,46% -0,46% -0,46% -0,46% PBL (2012) 

Share of PV (6,7 kWp) ** 15% 85% 100% 100% 
PBL & DNV 

GL, (2014) 

Share of EV** 0% 10% 45% 70% 
Movares, 

(2013) 

Share of HP 0% 5% 15% 35% 

Faber, Ros, 

Boer, & 

Groen  

(2009) 

Share of µ-CHP 0% 10% 30% 70% 

Energy 

Matters 

(2014) 

* constant growth rate = -0,46%  

** assumed to follow a cumulative normal function 
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4.4 Flexibility  

This is the key aspect of the implementation of the smart grid and therefore the essential difference between 

the 0-alternative (0% flexibility) and the project alternatives (100% flexibility in 2050). Before examining the 

incorporation of flexibility in the model, a definition of flexibility is specified:  

 

 

 

 

 

 

In the model, flexibility is created by implementing ‘PowerMatcher’ in the case study: this is a smart grid system 

with which the alignment of demand and supply can be optimized. Through the implementation of smart meters 

the amount of flexibility can be determined, because instant (usage)data becomes available. In these 

subsections, the ‘PowerMatcher’ methodology will be explained.    

 

4.4.1 Translation of flexibility  

In this research, flexibility is concerned with the fact that an appliance can delay or advance its electricity 

production or –consumption, without a loss in (user) comfort. As such, not all household appliances are flexible. 

An example of an inflexible and flexible appliance is given in the box below.  

 

 

 

  

 

 

 

 

 

Integration of flexibility has been extensively tested in the pilot study of PMCII (Power Matching City, 2015). In 

this project, a district similar to Meekspolder is used to identify the amount of flexibility that an EV, a HP, and a 

µ-CHP can deliver.   

 

4.4.2 ALT1: Flexibility HP and µ-CHP (PowerMatcher, PMCII) 

Because flexibility is the main aspect to the creation of value of smart grids, it is key to understand how flexibility 

is incorporated in the model. Note that this thesis does not try to answer how much flexibility each device can 

deliver, but is focused at determining the costs and benefits associated with smart grids. The amount of flexibility 

is determined in PMCII and incorporated in the thesis model.   

The PowerMatcher is a concept that drives and controls flexible devices. These devices are all represented by 

software-agents. These agents determine the ‘willingness’ of the devices to produce or consume electricity. This 

willingness can be expressed in a bidding curve: how much power should the device consume (or produce) at a 

certain price. This ‘PowerMatcher’ price is a fictitious unit, with a minimum of 1 and a maximum of 50 and is 

DEFINITION OF FLEXIBILITY 

“…flexibility is the modification of generation injection and / or consumption patterns in reaction to an 

external signal in order to provide a service within the energy system”      

Not all household appliances are flexible. Take for example a coffee machine: we cannot delay the use of 

this machine, as we want to drink coffee now. But a HP with a buffer tank indeed is flexible. Because the 

buffer tank has a certain capacity, the provided flexibility is not infinite. One should also take into account 

the fact that the HP should run for a minimum amount of time before switching it off and also has a certain 

startup time. So flexibility is a complex aspect. 

INFLEXIBLE COFFEE MACHINE 
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purely intended as a driving signal. So whenever possible, the PowerMatcher tries to balance the consumption 

and production of various devices (Power Matching City, 2015). The intelligence of these agents is that they can 

determine the best times to consume or produce electricity at the level of individual devices. An example of the 

smart system:   

 

 

 

 

 

 

 

 

 

Figure 4-5     Visualization of the optimization process. Software agents are controlling the state of household devices. 

 

Figure 4-5 shows how software agents are deployed in order to control the network loads. In the end flexible 

profiles are necessary to delay or forward the demand in order to balance the grid in total. For the three devices 

that offer flexibility, the HP, the µ-CHP and EVs, the ‘PowerMatcher’ concept is described in more detail. In this 

subsection, the HP and µ-CHP flexible profiles are described. EVs are described in the subsequent subsection.  

 

Flexible profiles for HP and µ-CHP 

Both the HP and µ-CHP are controlled by a software-agent. This agent plays the ‘PowerMatcher-game’ and 

decides either to switch the HP and µ-CHP on or off. The goal of the game is set to be on profit optimization: 

consume less electricity when prices are high (or produce more in case of the µ-CHP). This optimization process 

takes user comfort into account: the HP will keep always keep the temperature between a certain limits. Within 

these limits (ΔT), optimization takes place based on the (fictitious) price. For the HP, this can be formulated as: 

minimize the consumption (load) at the lowest possible market price. In formula:    

 

  

 (1) 

 

𝑚𝑖𝑛 ∑ 𝑃𝑟𝑖𝑐𝑒𝑖 ∗  𝐻𝑃𝑙𝑜𝑎𝑑 𝑖 
𝑛

𝑖=1
 

The district (MV>LV) transformer offers the DSO real time information about the loads on the various 

feeders. These ‘real’ loads can be compared to the ‘ideal’ load profiles. A ‘transformer’-agent (connected 

to the transformer and different than the devices-agents) will try to reduce the difference between these 

situations by fluctuating the electricity price. This way system flexibility is created: when the demand is 

expected to rise, the DSO can bring forward this demand, leveling out the grid load (reducing peak loads).  

MEEKSPOLDER SMART SYSTEM EXAMPLE 
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For the µ-CHP, it’s exactly the other way around (see Appendix I for the explanation of the device technologies). 

The goal is namely to: maximize the production at the highest possible market price. In formula:  

 

 

 (2) 

 

 

Figure 4-6 shows these bidding strategies of the HP and the µ-CHP. There is a linear relationship between the 

(buffer) fill level and the price. When the buffer fill level is lower than required, the device will switch on until 

the required level is reached.       

 

 

Figure 4-6    Bidstrategy (left) and bidcurve at fill level 40% (right) for HP (above) and µ-CHP (below). 
Reprinted and adapted from Power Matching City (2015). 

 

It can be seen from Figure 4-6 that for the HP, the higher the price, the lower the (required) fill level. If for 

instance the fictitious price is 50, the HP will not switch on. On the other side, if the price is 0, the HP will be 

constantly on (until of course the fill level limit is reached). 

Figure 4-7 (left image) shows the bidcurve of a HP at a specific time. It can be seen that whenever the price is 

low, the heat pump will switch on. Whenever the price is >30, the HP will not switch on. With these bidcurves 

over time, the amount of flexibility can be determined (Figure 4-7: right). Depending on the bid curve and the 

price at a certain time the flexibility is actually used. The red line shows the moments that the HP is 

(automatically) switched on. 

𝑚𝑎𝑥 ∑ 𝑃𝑟𝑖𝑐𝑒𝑖 ∗ 𝐶𝐻𝑃𝑙𝑜𝑎𝑑 𝑖 
𝑛

𝑖=1
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Figure 4-7      Left: The bidcurve of a HP on a specific time. Right: With these bidcurves over time, the 
amount of flexibility can be determined. The red line shows the moments that the HP is 
(automatically) switched on. Reprinted from Power Matching City (2015). 

 

By aggregating all possible flexible loads of all possible devices the total amount of shiftable power can be 

determined. This is shown in Figure 4-8. It can be seen that amount of flexibility decreases when limits in the 

loads occur. This is evident, as the usage of full flexibility is often the result of a maximum (unload) or minimum 

(load) price.   

 

 

Figure 4-8 Aggregated all flexibility, resulting in the total amount of shiftable power. Reprinted and 
adapted from Power Matching City (2015). 
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Figure 4-9       Flexibility and realised HP power usage (in red) during a period with high prices (left) and low 
prices (right). Reprinted from Power Matching City (2015). 

 

Figure 4-9 shows the bidcurves in two situations: during a period of high market prices (left). Now the flexibility 

of the HP to switch on is retained (indeed the yellow surface remains the same). The contrary is shown on the 

right: during a period of low market prices, the flexibility is used more quickly (indeed the yellow surface is a lot 

smaller). In fact, in the latter situation, the HP demand shows a lot of overlap with the yellow surface (the 

flexibility).     

These bidcurves only provide insight into the available flexibility on one specific moment in time. This is however 

a poor indicator to quantify the actual demand shift. To determine the actual available flexibility the 

PowerMatcher methodology uses the correlation between the price (green line, Figure 4-8), and the load (red 

line, Figure 4-8). A linear regression model is used to determine this correlation, which shows the (average) 

reaction of the load on price-fluctuations. According to the Power Matching City (2015) regression model, there 

is, on average, a 2,6 W drop in load, in case of a 1 unit increase in price. Furthermore, the expected load at the 

minimum price level is 175 W. At a maximum price level, the load is 31 W. This means that the difference between 

the lowest and highest price is on average 144 W. At a rated power of 1000 W, this means that the realised 

flexibility is 14%. Although there is a lot of variation in this correlation (R2=0.13, o.a. due to the large standard 

deviation of the measurements, and the excludement of external influences), this number does provide a proper 

indication for the amount of available flexibility.  

   

Results  

In the end, the model needs as input a quantification of the amount of available flexibility per hour for a certain 

device. The flexibility is dependent of the consumer behaviour: the demand for instance differs when people are 

taking a shower. This means that the analysis of the available flexibility differs for each hour of the day. 

The result is that the maximum and minimum load in the linear regression model determines the limits of the 

flexibility by means of fluctuating prices. These two extreme limits therefore determine the limits of the use of 

flexibility. These limits are combined with the average usage, resulting in an image of the realized flexibility range 

of the HP, µ-CHP and EV (in PMCII). This is shown in Figure 4-10. 
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Figure 4-10       Realized flexibility of the HP (above) and the µ-CHP (below) based on PMC measures. Theµ-
CHP profile is based on (only) two µ-CHP’s. The HP profile is based on all (42) households. 
Reprinted from Power Matching City (2015). 

 

4.4.3 ALT1: Flexibility EV 

The amount of flexibility for EV’s is not determined by measured data from PMC. Power Matching City (2015) 

therefore refers to two other references: Blom et al. (2012) and Verzijlbergh (2013). 

Because the electricity demand to charge an EV is not fully dependent on the time, unlike the coffee-machine 

example (4.4.1), the EV profiles are subject to a certain amount of flexibility. An EV does not necessarily has to 

be charged at a maximum capacity the moment that it is connected to the grid. The scenarios, depicted in 

subsection 4.3, all assume a (rapid) growth of EV in the future. The more EVs connected to the grid, the greater 

the amount of flexibility. 

 

Flexibility analysis EV 

To determine the amount of EV flexibility, profiles are drawn based on mobility data from Verzijlbergh (2013).           

Power Matching City (2015) assumes that all travelled km during the day are recharged at home. If it is not 

possible to fully charge the EV at home, the data is disregarded:   

 

 

 

 

Pmax = maximale laadcapaciteit = 3,7 kW 

C = aantal kWh / gereden km = 0,2 kWh / km 
remove if   𝑘𝑚𝑡𝑟𝑎𝑣𝑒𝑙𝑒𝑑  >  

𝑇𝑎𝑎𝑛𝑘𝑜𝑚𝑠𝑡 − 𝑇𝑣𝑒𝑟𝑡𝑟𝑒𝑘
𝑃𝑚𝑎𝑥 ∗  𝐶
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Unlike the coffee machine example, Smart Grid technologies make it possible to delay vehicle charging when 

they are connected to the grid. However, as the formula / constraint above dictates, the vehicle should be fully 

loaded when disconnected. This implies that the flexibility is to a large extent related to the period in which the 

vehicle is parked (and connected) at home (Power Matching City, 2015).  

Different than the flexibility profiles for the HP and the µ-CHP, the flexibility profiles for the EV are established 

as follows: 

First two extreme load profiles are generated. One in which all EVs are simultaneously connected when returning 

home (early charge) and one in which all load processes are delayed as much as possible (charge late). Again the 

differentiation is made between workdays and weekends. Figure 4-11 shows these profiles.           

 

      

Figure 4-11      Load profiles for charging of EV’s at home for both the early charge and the late charge 
situation. Scaled to one car. No differentiation in hybrid or full electric cars. Reprinted from 
Power Matching City (2015). 

 

From these profiles the amount of flexibility is determined based on the assumption that the maximum load 

capacity per hour can be described by a linear equation between the load peak in the evening and the load peak 

in the morning. The minimum load capacity is nothing less than the minimum of the charge early and charge late 

situation. This is shown in Figure 4-12.  

 

      

Figure 4-12      The maximum and minimum load capacities (kW). Scaled to one car. Reprinted from Power 
Matching City (2015).  
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From Figure 4-12 the flexibility can be determined as the surface below the maximum and minimum load capacity 

(∫Pmax −  Pmin). With the reference EV load profile (charge early) the amount of load trimming and the 

amount of increased load are shown in Figure 4-13.  

 

   

 

Figure 4-13 Left images: EV Flexibility compared to the non-smart situation (EV Load curve). Reprinted and 
adapted from Power Matching City (2015). Right: corresponding flexibility percentages for 
workdays (until 13:00) as used in the model design.  

 

4.4.4 ALT2: Flexibility through storage 

Project Alternative 2 incorporates a (100 kWh) storage system, which methodologically is similar to the 

implementation of flexibility of the devices explained in the previous sections. After all, the electrical devices, as 

well a storage system, both in essence only exist to optimize the network load. However, there are some 

differences. An important difference with a ‘real’ or physical storage system, is that instead of a fixed maximum 

capacity and an efficiency <1, the flexible storage system has a variable capacity (expressed in a percentage of 

the total capacity) and does not concern losses (efficiency = 100%). In addition, both flexibility from the devices 

and storage systems have fixed cycles. This means that after one day (the cycle as such), the energy level of the 

storage system is equal to the starting value. Similarly, the amount of load-trimming is equal to the amount load-

increase (load-trimming and load-increase together depict the range of the available flexibility).  

The storage system is modeled based on a simple characteristic: the storage system can either store or discharge 

within one hour (similar to one time step). The maximum (dis)charge power is determined by the maximum 

power (Ps) of the storage system and the remaining capacity of the storage system (when the battery is empty, 

it cannot discharge any more load). The maximum capacity (Cs) is 100 kWh. Energy losses occur during charging 

and discharging. Therefore the storage system has some kind of efficiency factors (ηunload and ηload). For instance, 

if ηunload is 0.9, this would imply that only 90% of the stored power can be used when unloading. An example: in 
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hour 1 we store 100 kW and we want to fully unload the system in hour 2. Due to the ηunload  we can only unload 

90 kW.  

Assuming that the storage system is filled up to level C (in which 0 ≤ C ≤ Cs), the following formulas determine 

the load and the unload capacity:  

 

 

(1) 

 

 

   (2) 

  

 

 

Figure 4-14     Visualisation of the energy storage system 

 

The energy level at time t - C(t) - changes depending on the load and unload capacity (Pl , Pu).  

 

 

  (3) 

 

 

 

With these formulas describing the functioning of storage, a control strategy based on capacity is added. Because 

the DSO wants to have control over their load-portfolio, storage might prove a beneficial solution to for instance 

keep the maximum capacity on the grid, or in a specific feeder, below a certain threshold. The principle is that 

whenever the load is high, the storage system will unload and vice versa. In the model, if such a storage system 

is incorporated, this is exactly the (optimization) strategy: it’s the job of the storage system to balance the total 

amount of load and thus to smooth out the total load on the grid.      

 

4.4.5 Conclusion & optimization  

The model design is primarily based on load profiles: it calculates and sums up the consumption and production 

amounts for a representative year, focusing on one Dutch district. Based on these profiles the (maximum) grid 

load can be determined, which gains insight into the needed grid capacity. With the implementation of a Smart 

Grid or a storage system, flexibility will become the main driver of changes in the network constraints. Flexibility 

is used to balance the total load of a single day, which is referred to as the (daily) optimization process: the initial 
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load is the indicator. The optimization goal is flatten out this indicator value as much as possible: ideally, it should 

be flat and equal the average load. The amount of flexibility determines to which extent an ideal situation is 

possible.      

For Project Alternative 1, the HP and µ-CHP flexibility is determined with a regression model: based on the fact 

that if the price rises, the consumed HP load decreases (linear relationship), the flexibility can be predicted. For 

EVs, the amount of flexibility is determined based on early and late charging load profiles.  

For Project Alternative 2, the storage capacity determines the amount of flexibility. This can only be used to 

balance out the total load on the level of the transformer.  

 

4.5 Model Design 

The previous sections discussed the study case situation on which the model is based, as well as the applicable 

scenarios that the model should run. Moreover, the way how flexibility in the both alternatives is incorporated 

in the model is extensively described (4.4 Flexibility). 

The model design assumes that electricity grid reinforcements are inevitable when the grid capacity is exceeded. 

To this end, the primary output of the model is the total amount of load at each point in the topology of 

Meekspolder.  

In essence, the input for each group identified in the district consists of the load profiles for all connected 

electrical devices (production and consumption). To reach the desired output, the model processes the input and 

based on the alternative flexibility is either triggered or not. Final processes include balancing and applying 

correctional factors. The input, as well as the balancing process and correction factors are described in this 

section.  Figure 4-15 visualizes the model design. Note that similar processes are incorporated in the Flow Chart 

Overview as well (Figure 4-2).              

 

Figure 4-15     Model design to calculate the total grid load. Note that each scenario will result in a different 
model input, while the process does not change (‘standardized’).  

 

4.5.1 User group & load profiles 

The model design, that eventually will quantify the effect from the application of a smart grid, is based on load 

profiles for user groups. These user groups originate from the network topology of the case study (Figure 4-4). 

To gain the data necessary to conduct the profiles for the user groups two methods are applied:   

 Profiles for fixed daily load: such as residual loads, average use of HPs, average production of µ-CHPs, 

etc. for the load profiles for these various households, measurements from a prior study are used (based 
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on PMCII (2014) data): fixed daily load patterns are repeated with a distinction between days in the 

weekend and weekdays; 

 Profiles for solar production: For the production of solar energy profiles are generated based on 

representative weather data; 

These two used profiles are described in the following subsections in more detail. In the end, the incorporation 

of all these kind of profiles results in an extensive excel tab, shown in Table 4-7. 

 

Table 4-7     Screenshot from the 'Overview' table of the model 

 

 

As can be seen from Figure 4-4, there are a total of 10 user groups that are built up out of load profiles in a similar 

manner. Every load profile is made up for a single household (or a single apartment or utility). The total volume 

per user group determines the eventual input for the model (amount of dwellings). 

The model primarily only focusses on total loads, as it sums up the individual loads. This summation results in a 

shortage (or surplus, in case of excessive amounts of PV or µ-CHPs) of capacity that has to be supplied via the 

MV-grid (central capacity).   

 

Profiles for fixed daily load 

Some of the load profiles are made up out of fixed profiles. When a lot of load data is gathered from real world 

examples, a general profile, which has a high correlation with the measured data, can be extracted from it. This 

results in for example a fixed profile for the HP: on average, the load curve of the HP follows a certain load-curve. 

The load-curves, or fixed daily load profiles, used in the model originate from PMCII (measured) data (except 

from the EV profile, see 4.4.3 ALT1: Flexibility EV). Appendix I explains the technologies behind the devices and 

elaborates on the kind of device that is used in the model.  

The eventual influence for each profile is based on the following important determinants:  

 The profile peak (in kW): the highest value of consumption (or production) within a 24 hour time span;    

 The amount of penetration: e.g. how many households are utilizing this device or technology;  

 Scaling factors based on the equivalent heat demand due to sun lighting (based on the sun’s 

appearance) and outside temperatures: whenever it is very cold outside, the transmission losses of the 

µ-CHP and the HP will be greater, resulting in a higher equivalent consumption; 

 Volume: the total amount of households or buildings within a user group.     

 

  



 
 

 

 

S.J. Barentsz - The Value of Smart Grids 56 Model 

In the end, the profile loads are therefore calculated as follows:     

  

 

 

 

Example for the maximum EV load, given certain scenario values (peak load, penetration, volume):  

 

 

 

 

Profiles for solar production 

Profiles for sustainable production describe the production of installed solar panels. The solar technology on 

which the parameters are based can be found in Appendix I. 

The model calculates solar generation based on a shortened representative year. This means that one year in the 

model consists of a total of 8 weeks of hourly data (equivalent to 8 x 7 x 24 = 1344 hours). Every season thus 

takes two weeks and the model represents an average year in the Netherlands. For the solar production this 

means that in order to be representative, scaling should be applied in order to match the total equivalent full 

load hours (flh) with a ‘real’ year.   

The amount of solar production is furthermore dependent on:  

 The volume of the solar installations: based on the average available roof area per housing typology (PBL & 

DNV GL, 2014). As the type of household may differ within each user group, an average roof area of 33,3 m2 

is used for the dwellings and 83 m2 for small commercial buildings.  

 Solar generation of 200 W/m2. The efficiency is the panels is 20%, which results in a total peak power per 

dwelling of 6,7 kWp and 16,6 kWp per small commercial building. 

 

4.5.2 Balancing and summed totals 

With the description of the case study (e.g. user groups, network typology), the alternatives, the scenarios and 

the composition of the load profiles, the model is gradually build. By now, the model already is able to calculate 

the individual loads (consumption, as well as production from e.g. solar panels). Depending on the alternative, 

flexibility is triggered. The available flexibility is deployed in such a way that the load on the low voltage network 

is optimally balanced / flattened. The determination of the available amount of flexibility is described in section 

4.4 Flexibility.   

The total consumption and generation per user group can now be summed. At this point, all but one aspect are 

incorporated in the model. Each user group has a certain consumption (in kW) and a certain production (in kW), 

which they consume from, c.q. deliver to, the grid. In this situation internal balancing is not taken into account. 

But it is very likely that the electricity production from the µ-CHP-unit is directly being used by the HP, before the 

remaining consumption and production is consumed, c.q. delivered to, the grid. Figure 4-16 visualizes this 

concept.  

 

Load (t) =  normalized profile (t) ∗ profile peak ∗  penetration level ∗ scaling factor (t)  ∗  volume  

Max load EV =  1 ∗ 0,887 [kW] ∗ 19,3 [%] ∗ 1 ∗ 13 =  2,225483 [𝑘𝑊] 
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Figure 4-16     Visualization of the concept of internal balancing within one user group.   

C = Consumption, P = Production.    

 

In the Excel Model, balancing is incorporated by ways of correcting for the total (summed) values, which are 

plotted in a separate table. The following excel formula is applied: 

 

 

BALANCING CONSUMPTION 

 

 

Ideally, the balancing factor should be 100%, but in consultation with an expert led to an assumed value of 50% 

for balancing (LV) gross production and consumption towards actual grid loads.  

 

4.5.3 Correction factor maximum load 

A final step before the actual quantification of the effects is the application of a correction factor for the 

maximum total load. Because the original national model assumes a very large amount of connections, the 

assumption that the peak value of the standardized profiles are representative for the Netherlands, is correct. 

Because when there are an unlimited amount of connections, it is allowed to use concurrent profiles. But this 

case study concerns a limited amount of connections, the output (peak load) values are underrated, due to the 

fact that the ‘real’ peak load could be higher when the number of connections is lower. In Appendix II, the 

derivation of this correction factor is described in detail.  

In the end, all the yearly peak loads are multiplied by the corresponding factors in Table 4-8. 

 

Table 4-8     Correction factor for the maximum load 

  Feeder Connections  Correction Factor 

Total district (LV Grid) 302 1,147 

Feeder 1:1 13 1,710 

Feeder 1:2 26 1,502 

Feeder 1:3 39 1,410 

Feeder 2-4 40 1,405 

C (after balance) =  C (before balance) − Min (C; P) ∗ 𝑏𝑎𝑙𝑎𝑛𝑐𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟 
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4.5.4 Summary: total grid load 

This subsection discusses the point at which all the distinct elements come together: in the Excel document, a 

final column comprises the grid summary, in which all the eventual loads are calculated.   

Figure 4-17 visualizes how this the grid summary, is calculates in the Excel document. This figure shows a part of 

the topology of Meekspolder (only the first feeder is shown). Like the entire model, the figure should also be 

regarded from the bottom-up: At the end of the feeder, there are dwellings that have a certain amount of 

production (P) and a certain amount of consumption (C). The difference between these values is the amount of 

load on the end of the feeder. Note that if the production (P1) is higher than the consumption (C1), netting takes 

place, as electricity is fed into the grid.  

One group up the feeder, more dwellings produce and consume electricity. Similar to the dwellings at the end of 

the feeder, these are also connected to the grid. The load on the feeder however should also take into the 

account the difference between the production and consumption at the end of the feeder (C1-P1).  

 

 

Figure 4-17     Total grid load calculation. The (maximum) load is determined per user group and eventually 
summed up to the level of the transformer. This figure only shows one outgoing feeder. 

 

These calculation are an iterative process: as we move up the feeder, similar calculations are performed, until 

we reach the end of the feeder. The model is thus able to calculate the loads at all points in the network. Summing 

up the loads of all the feeders leads to the total LV load to which the transformer is exposed. 

Figure 4-18 shows how this iterative process eventually leads to the determination of the total LV load (‘All Load’). 

Although it visualizes the same calculation process as Figure 4-17, in addition it also shows how the model can 

determine the maximum amount of load at each point in the network. Namely: the maximum value of the 

production or consumption of a group in essence determines the maximum load. This is the thus the capacity 

that is required. After all, the dimensioning of the grid or capacity required is based on the maximum load.      
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Figure 4-18     Visualization of the grid load totals, which result in the total LV load to which the transformer is exposed.  

 

4.6 Quantifying the effects and costs 

With the model being able to calculate the grid impact of the smart grid, the first effects manifest themselves. 

At the beginning of this section the embedment of this model in the literature on smart grids is discussed. Two 

of the major effects that can be identified will be quantified using this model:  

 Deferred investments (reduction of capacity investments, reduction of peak loads through flexibility); 

 Reduction of utility O&M costs. 

 

4.6.1 Costs 

The main concept of this CBA is the comparison between the zero- and the project-alternatives. Similar expenses, 

that occur in all alternatives, can thus be cancelled out against each other. It is assumed that the costs for 

monitoring and energy management systems are incorporated in the alternatives and do not contribute to the 

NPV. This section describes the need for a cost analysis and the cost-indicators related to LV network equipment. 

The costs are distinguished per alternative: first, the costs regarding alternative 1 are analysed.  

 

Alternative 1: Costs analysis 

Given a certain peak load per user group, the required cable capacity can be determined. Similarly, when all user 

groups connected to the same busbar are summed, the required transformer capacity can be determined. Both 

the transformer and the cables used have a certain maximum allowable capacity. General indicators are used to 

determine the expenditures of these network elements.  

The principle of the costs analysis is that whenever the maximum required capacity is higher than the allowed 

maximum capacity, a network upgrade is required. Whenever this occurs, the transformer (or cable) has to be 

replaced by a new one with higher capacity. In the end every transformer or cable that is subject to an upgrade 



 
 

 

 

S.J. Barentsz - The Value of Smart Grids 60 Model 

due to an overload adds to the total amount of costs. These expenditures can be divided in capital- and operating- 

expenditures. This means that total costs of the LV grid are determined by the NPV-sum of the capital 

expenditures and the operating expenditures. Table 4-9 shows which kind of cost are included: 

 

Table 4-9     Cost for calculations 

Cost  Cost description 

CAPEX12 Investment costs for (physical) network upgrades. These concern the replacement of a MV>LV 

transformer or the replacement of cables originating from the bus bar. Replacement is mandatory 

when there is a capacity overload.   

OPEX13 Operation & Maintenance costs for network upgrades related to the CAPEX. These concern for instance 

the planned maintenance of the transformers or the maintenance work on damaged cables. Based on 

an expert in the field, the OPEX costs are assumed to be 2% of the CAPEX (for LV grids) (Appendix VI, 

question 25; SGCC (2015)).    

 

The costs described in Table 4-10 determine the total costs needed to make adjustments to the grid. Table 4-10 

and Table 4-11 explicitly show which network equipment is associated with the mentioned CAPEX and OPEX and 

gives an indication of these costs. These indicators are the input for the quantification of the effects.   

  

Table 4-10     Transformer cost for LV grid upgrades 

Description   Capacity OPEX CAPEX Units Source 

Transformer New 400 kVA 1.500 40.000 € DNV GL (2014)  

    630 kVA 1.875 63.000 € DNV GL (2014) 

    1000 kVA 4.500 100.000 € DNV GL (2014) 

 

As can be seen from Table 4-10, according to an expert meeting between various Dutch DSOs, the Dutch TSO, 

and DNV GL (as reported by DNV GL, 2014), the costs for MS/LS transformers are 100 € / kVA. The OPEX were 

reported to be 2% of the CAPEX.     

 

Table 4-11     Cable cost for LV grid upgrades 

 Totals  

Description   OPEX CAPEX Units Meter OPEX CAPEX Source 

95 mm2 Al, XPLE 
Cables 

New 5,25 35 € / meter 150 787,5 5250 Combrink, F. 
(2015); van 
Pruissen & 
Kamphuis, 
(2010);  

Replacement14   60 € / meter 150   9000 Combrink, F. 
(2015); 
Hermes 
(2009) 

 
 

 

                                                                 
12 Capital Expenditures: expenditures that will create future value, incurred when an organisation spends money to buy fixed assets (in €).   
13 Operating Expenditures: expenditures incurred in the course of business (during operations), such as maintenance (in € / year).  
14 In case of replacement instead of ‘new construction’, costs are higher because of the fact that the pavement has to be removed first and 
refitted later.   
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Alternative 1: Smart Grid Implementation 

Apart from these CAPEX and OPEX, it is important to note that for the implementation of a SG costs are incurred. 

According to Gerwen (2011) these costs can be divided into the following cost categories:  

 Monitoring systems: these are the sensors of the SG and monitor for instance the energy usage of 

consumers or the capacity usage in parts of the electricity grid; 

 Control modules: these take care of controlling: for instance the actual on- and off- switching of devices; 

 Communication infrastructure: this takes care of the data-exchange in SG. Of importance in for instance 

the availability of enough bandwidth and speed to get feedback from the monitoring systems; 

 Installation costs: one-off costs for the installation and testing of the control- and monitoring-systems.  

The capital expenditures for the implementation of the smart grid are assumed to be borne by DSO. 

Gerwen (2011) suggests the costs depicted in Table 4-12. This table gives an overview of the costs for the various 

categories and are based on similar systems that are used nowadays. As this is only an estimation of standardized 

prices, one should also denote the fact that the costs associated with these kind of ICT-solutions might decrease 

in the future.  

After installation, hardware and software must be maintained, repaired, or replaced as needed and operated on 

a day to day basis. Maintenance and replacement (OPEX) is estimated at 5% of the investment (CAPEX). This as 

these kind of ICT solutions are more complex and have to endure more than an electricity cable (of which the 

OPEX was estimated at 2% of the CAPEX). Other authors assume costs in the same order of magnitude. 

Greentechgrid (2013) for instance assumed capital costs per customer of € 315 ($356). Silveira (2011) also 

analyses the costs per consumer in urban areas and differentiates between low (€ 106), middle (€ 712), and high 

(€ 1616) integration of smart grids. The total costs seem to be highly dependent on the description / demarcation 

of included costs. This naturally influences the potential return-on-investment period.   

 

Table 4-12     Cost estimation for the implementation of smart grids 

   OPEX  CAPEX Units # Totals (year 1, in €) 

       

Dwellings 
/ apartments  

Sensors 3 50 € / dwelling 320 16.800 

Actuators 3  50 € / dwelling 320 16.640 

Communication 4 70 € / dwelling 320 23.296 

TOTAL 9 170 € / dwelling 320 56.576 

       

Utility 
buildings 

Sensors 2 50 € / utility 2 83 

Actuators 2  50 € / utility 2 83 

Communication 3 70 € / utility 2 125 

Installation - 110 € / utility 2 229 

TOTAL 13 250 € / utility 2 520 

       

District Net automation 150 (2%) 7500 € / district 1 7.650 

TOTAL 150 7500 € / district 1 7.650 

 

 

Alternative 2: Costs analysis 

The second alternative incorporates a battery system with a shiftable capacity of 100 kWh. Appendix III states 

that there are multiple battery technologies applicable to district-storage. Based on the fact that AHI (Aqueous 
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Hybrid Ion) batteries are not susceptible to capacity fade (Hittinger, Wiley, Kluza, & Whitacre, 2015), this 

technology is used for the CBA. The costs indicators are depicted in Table 4-13. 

 

Table 4-13     Cost indicators and parameters for BpA and AHI battery systems  

Parameter Value Meekspolder (100 kWh)  Sources 

AHI CAPEX € 550 / kWh € 55.000 Hittinger et al. (2015) 

AHI OPEX  € 11 / kWh / year € 1.100 / year DNV GL (2014); Buchholz & Styczynski (2014) 

AHI capacity fade  None  Hittinger et al. (2015) 

AHI lifetime 10 years  Eurobat (2013); Hittinger et al. (2015) 

 

4.6.2 Capacities 

For the distribution network, and more specifically the low voltage grid, the capacity required determines the 

capacity of equipment that should be installed in Meekspolder. So next to the costs related to this capacity, the 

maximum capacities should be determined, in order to see whether or not investments in the grid are necessary. 

This subsection determines the capacities of both the transformers, as well as the cables.     

 

Transformer 

Because this thesis deals with loads that are virtually summed up to the level of the transformer, there is a need 

for practical calculation values for the transformer in Meekspolder. Appendix II explains the theory behind the 

fact that a transformer consumes reactive power to ensure that its windings are magnetized. Therefore, a so 

called power factor should be taken into account, as the efficiency of the transformer is not 100 percent. 

Appendix II states the example that if the power factor is 0.7, 30 percent of the transformer’s power is unavailable 

(because of the reactive power it has to produce). Together with a safety margin, the design value of the 

transformer’s capacity can be determined. The case study of Meekspolder at first assumes a 400 kVA 

transformer. The next distribution transformer is rated at 630 kVA, followed by a transformer of 1000 kVA (these 

are standardized power ratings for transformers). The following example shows the calculation of the design 

value of a 400 kVA transformer. Similarly, the design values of the other transformers are determined. 

     

 

 

 

 

 

 

 

 

Cables 

The capacity of the cables are defined by the maximum allowable loading. In the district of Meekspolder the 

following cables are used: 95 mm2 Aluminum (conductor), XPLE insulated, power cables. As with the transformer, 

a capacity design value should be derived. This value is, among others, based on the distribution method of the 

district. These values are validated conform the Dutch Practice Guidelines 3107 and 3626 and the international 

standard IEC 60853 (Veldman, 2013). 

𝑃𝐹 =  𝑃1 / S  ( = P / P+Q )  

𝑃1  = 𝑃𝐹 ∗ 𝑆 = 0,86 ∗ 400 = 344 𝑘𝑊  

𝑃2 = 𝑃1 ∗ 𝑆𝑀 = 344 ∗ 0,8 = 275,2 𝑘𝑊  

PF = power factor (= 0,86) 

P = active power (kW) 

Q = reactive power (kvar) 

S = apparent power (kVA) 

SM = safety margin (80%, in consultation with expert) 

 

MAXIMUM TRANSFORMER CAPACITY 
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Cables: three phase electric power 

In Meekspolder, a three phase electric power method of alternating-current is used for the distribution of the 

power. This type of system is the most common method used in electrical grids. In Appendix II, the basic principle 

of three phase electric power is described, together with the derived cable capacity formula used in this thesis. 

As one kind of cable is used throughout the district, only one design value is determined:    

 

 

 

 

 

 

 

 

This results in a design parameter for the maximum cable capacity of 128,1 kW. Whenever the capacity in a 

certain feeder exceeds this value, the cable / conductor temperature rises, causing them to eventually burn up, 

causing a circuit black out. And as the conductor heats up, the current carrying capacity goes down. In this thesis 

however, losses in carrying capacity due to heating of the cables, are not taken into account.   

 

Model Implications 

As of yet, with the maximum LV network loads, resulting from the model, together with the determination of 

both the costs and the capacities in the previous subsections, the smart grid effects can be quantified. Each year, 

the model calculated the maximum load on the LV network as a whole, as well as in the separate feeders. These 

values are compared to the capacities determined in this subsection, which are subjected to the following 

equation:  

  

 

 

 

 

 

 

4.6.3 Net present value 

The defined scenarios are, due to the increasing level of penetration, all expected to show a rise in peak load. 

Bases on this capacity demand and indicators for network investments a cost-curve can be created. One of the 

outcomes is whether or not the results will show a reduction in network investment and network operation and 

maintenance costs. And whether or not these reductions will outweigh additional costs belonging to the 

implementation of the smart grid.   

To determine the (added) value of a smart grid, the Net Present Value (NPV) is calculated to analyse the 

profitability of the investment / project. The NPV of an investment or project is determined by calculating the 

present value of the total benefits and costs which is achieved by discounting the future value of each cash flow. 

It therefore considers the time value of money, which states that a cash flow today is more valuable than an 

identical cash flow in the future.  

𝑃 =   3 ∗ 𝑈𝑙𝑖𝑛𝑒 ∗ 𝐼𝑙𝑖𝑛𝑒 ∗ cosϕ  

𝑃 =  3 ∗ 400 ∗  215 ∗ 0,86 = 128,1 𝑘𝑊    

P = cable capacity in MW 

U = line current in kV (= 0,4 for LV) 

I = line ampacity in A (Al in ground, trefoil, from Appendix X)  

cos phi = power factor = 0,86 

MAXIMUM CABLE CAPACITY 

 

MODEL CONDITIONS  

 
𝐼𝑓 𝐿𝑂𝐴𝐷 < 𝐶𝐴𝑃𝐴𝐶𝐼𝑇𝑌 , 𝑡ℎ𝑎𝑛 𝑛𝑜 𝑐𝑜𝑠𝑡𝑠 𝑎𝑟𝑒 𝑖𝑛𝑐𝑢𝑟𝑟𝑒𝑑 

𝐼𝑓 𝐿𝑂𝐴𝐷 > 𝐶𝐴𝑃𝐴𝐶𝐼𝑇𝑌 , 𝑡ℎ𝑎𝑛 𝑐𝑜𝑠𝑡𝑠 𝑎𝑟𝑒 𝑖𝑛𝑐𝑢𝑟𝑟𝑒𝑑, 𝑑𝑢𝑒 𝑡𝑜 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑢𝑝𝑔𝑟𝑎𝑑𝑒𝑠 
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Note that in essence the discounted cash flows for the zero- and project-alternative are all negative, as the cash 

flows are only built up out of expenditures. The value of a smart grid is thus determined by the difference 

between the NPV of the alternatives. 

 

Discount rate 

The NPV thus resembles the present value of net cash flows generated by a project (including salvage value if 

any). Before calculating the NPV, the target rate of return should be set, which is used to discount the cash flows. 

The discount rate has a significant impact on the results and should therefore give a fair reflection of the relative 

risks of the project. For instance, in literature, higher discount rates are used for ‘smart investments’, because 

they have a higher risk level than conventional investments (EPRI, 2010; JRC, 2012). A discount rate should be 

applied from the perspective of the DSO and should be related to the degree of risk inherent to the project. The 

following example from Walsh (2014) illustrates this fact:  

 

 

 

 

 

 

  

 

 

The discount rate used is a ‘real’ rate, as it excludes the effects of inflation. EPRI (2010) recommends a discount 

percentage between 3% and 7%. Halewyck et al. (2014), who also consider grid management from DSO point of 

view, wield a percentage of 3,35%.  The discount percentage in this thesis is, given references in literature and 

reflecting a DSO’s perspective, set at 5%.  

For the NVP, the fixed parameters as shown in Table 4-14 are assumed:  

 

Table 4-14     Fixed parameters for NPV calculations 

Fixed parameters Unity Value Description 

Project length  year 35 All scenarios run from 2015 until 2050 

Discount percentage for private 

investments (services etc.) 

% 5% The regulated WACC of grid companies (3,4%) + 

additional risk (1,6%). Also according to discount rates 

in literature.     

O&M cost grids as percentage of 

investment 

% 2% OPEX = 0,02 * CAPEX  

 

The NPV is calculated with the following formula:  

“An investment in a new generator by an Independent Power Producer (IPP) will require a higher return 

than a similar sized investment in Distribution Networks by a regulated utility such as a DSO. The IPP will 

have higher borrowing costs as their credit rating will normally be less than that of a DSO, and their return 

will depend on the price and quantity of electricity sold, subject to the availability of the generator and 

it’s access to the market. In contrast the DSO will have lower borrowing costs and a guaranteed return 

for any Regulator approved investments which are installed efficiently.” 

𝑁𝑃𝑉 =     ∑
𝑅𝑛

(1 + 𝑖)𝑛
  

35

𝑛=1

 − 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 
Rn = net cash flow in year n 

i = discount rate = 5% 

initial investment = 0 (the same for both alternatives)   

NPV CALCULATION 

DEGREE OF RISK EXAMPLE (WALSH, 2014) 
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4.6.4 Expected results 

Disregarding a specific scenario, it is expected that in the zero alternative, the capacity demand of the electricity 

network keeps increasing as the peak load keeps increasing by means of the energy transition. With the attempt 

to influence the demand by means of a smart grid, total costs will decrease, as less CAPEX and OPEX are required.  

More specific, it is expected that the ‘BAU’ scenario will be the least beneficial, because of the relative moderate 

assumptions towards the distributed energy resources (DER) that incorporate flexibility. Similarly, it is expected 

that the project alternative of the third scenario, maximum DER, proves to have the highest advantage over the 

zero alternative. This as this scenario has the highest offer of potential flexibility.  

There is no evident expectation as to the second scenario: nearly zero energy buildings. This is due to the fact 

that that every end-user has an HP, but there are no installed µ-CHPs on site. It is therefore uncertain in advance 

how much potential flexibility is available. In addition, due to the 100% share of solar panels, it is hard to come 

up with an estimation about the loads on the transformer: perhaps the demand can be fully balanced with the 

supply, not leading to any grid congestion at the transformer level. On second hand, the solar panels do not offer 

flexibility due to their intermittent nature.  
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5 Results 

 

5.1 Flexibility analysis smart grid (Alt 1) 

As the cost-benefit analysis is based on the available amount of flexibility, realized by smartly controlling 

household devices, the results show that this flexibility is fully utilized in all situations. The graphs in this 

subsection show the results from ‘extreme’ days. The model calculated when the situations depicted in Table 5-1  

occur.  

 

Table 5-1     “Extreme” situations in the BAU scenario 

 Alternative Year Indicator (day with the)  Occurrence   Characteristics Figure 

1 Alt 1 2050 Highest temperature Summer, day 6, weekend 
Tmin = 17.7˚ C  

Tmax = 26.2˚ C  

5-1 

Figure 

5-1 

2 Alt 1 2050 Lowest temperature Winter, day 6, weekend 
Tmin = -10.4˚ C  

Tmax = -4,9˚ C 
5-2 

3 Alt 1 2050 Highest solar generation Summer, day 5, weekday 
*SPmin = 0 kW 

*SPmax = 153 kW 
5-3 

4 Alt 1 2050 Lowest solar generation Winter, day 3, weekday 
*SPmin = 0 kW 

*SPmax = 17 kW 
5-4 

* SP = Total LV Solar Production. Only LV production (from installed photovoltaic panels) is taken into account. 

 

 

Ad 1 - Summer day (in the weekend)  

It can be seen from Figure 5-1 that in case of a high temperature, the installed µ-CHP units do not offer any 

flexibility. This can be explained that due to the relatively low heat demand (linked to the temperature), the 

electrical capacity of the µ-CHP is not fully explored. In their article, respectively thesis, You, Marra, & Træholt 

(2012) and Veldman (2013) underline the fact that if there is no heat demand, the µ-CHPs do not generate power 

at all. The results (excel output sheet) indeed show a near zero DR-potential (in kW) of the µ-CHP during this 

warm summer day (Tmax = 26˚C).  This partly validates the model.  

As the demand response load optimization process is enabled on the EV-profile, a different result shows itself. In 

this case there are EVs that demand electricity, resulting in a DR-potential. Note that the ‘new’ indicator, or 

‘indicator before flex’, resembles the indicator after the previous optimization process (in this case, the ‘indicator 

after flex’ of the µ-CHP units). This is more comprehensible in the final figure (HP optimization).  

With respect to the flexibility profile ranges for EV (discussed in 4.4 Flexibility), the optimization algorithm tries 

to balance the indicator as much as possible (with the focus on the average load). One of the optimization 

constraints is that the surface below (and above) the indicators and the average load remains the same. Because 

there seems to be an excess of flexibility, the load is already almost balanced and reaches it ideal curve: it almost 

resembles the straight line resulting from the average load. Due to a relatively high DR-potential and a very wide 

flexibility range (up to 1600% of ‘load-flex’) it seems that the EVs does all the work, resulting in an almost flat 

curve (flat curve = line).  
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With the third and final device, the HP, the results show that there is not much to gain from the ‘indicator before 

flex’. Disregarding the fact that the EV has already flattened out the initial indicator load curve, there does not 

seem to be a lot of flexibility available. Just as described by the modelling of µ-CHP profiles, there exists a strong 

relationship between the total daily heat demand and the average outside temperature. Based on the DR-

potential values, comprised out of the summation of HP-loads, the HP seems to use / consume the most 

electricity during the period of the day when the temperature is very high (between 11 a.m. and 16 p.m.): the 

HP tries to cool off (instead of heat up) the building. But at these times the determined flexibility ranges are not 

as wide as they are in the early morning. This can be seen in Figure 5-1: the most flexibility can be found in the 

early morning. Nevertheless this (little) flexibility does not need to be employed.  

In addition to this situation, another simulation was ran in which the penetration of EV was dropped to 10% in 

2050. Analysis of the results show that EV is no longer available to ‘do all the work’, resulting in a less optimally 

flattened indicator. The graphs have been added in Appendix IV.   

 

 

 

 

Figure 5-1    BAU Scenario: load profile optimization process for the household’s devices on a summer day 

 

Ad 2 - Winter day (in the weekend) 

As might be expected from the features of the devices, the results on a winter day are very different from a day 

in the summer. Starting with the µ-CHP, now there is some load shifting possible. Figure 5-2 visualizes that until 

10 a.m., the load is increased to the maximum of the flexibility range. It also shows that the surface below and 
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above the indicator curve and the average value should be equal. Therefore not all ́ trimming´ flexibility is utilized. 

However, the algorithm does first focus on peak values, which results in the large peak load drop at ±17 p.m..   

The graph after EV-profile optimization clearly shows that the already improved indicator is used as input. 

Evidently, also in winter time, there is EV activity, resulting in a high DR-potential. Although the amount of EV 

load on the grid does not differ between summer- and winter-time, the ‘EV-profile optimization process’ is not 

yet able to ideally balance out the indicator curve. This as the initial indicator is different in winter time 

(compared to the summer time).  

As expected, the HP is switched on more often, due to an increased heat demand. This results in a higher DR-

potential in winter time. The HP is now able to effectively drop and increase load according to the range of 

flexibility, peak (indicator) loads and average load.   

            

 

 

Figure 5-2    BAU Scenario: load profile optimization process for the household’s devices on a winter day 

 

Ad 3 - Sunny day (weekday)  

Figure 5-3 shows the results for the day in the (modeled) year where there is a lot of (LV) solar generation. The 

highest solar production was found at the third day in the summer in the afternoon (SP = 153 kW). This concerns 

a day in the week. Similarity can be found in the fact, as expected, this situation occurs in the summer. As 

expected, this is why the results show similarity with the ‘highest temperature’ situation (compare  
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Figure 5-1 and Figure 5-3). Again, due to a low heat demand, the µ-CHP does not offer any flexibility. This means 

that indicator after optimization does not differ from the indicator before the optimization (red curve = black 

curve).  

The other household devices show the same similarity. A minor difference is that the EVs are not entirely capable 

to level out the indicator (between 13 p.m. and 17 p.m.). This might be because of the difference in flexibility 

profiles between weekdays and days in the weekend (discussed in 4.4 Flexibility).  

In general, during a sunny day, the EVs again are almost solely responsible for the reduction of the peak loads. 

The BAU scenario assumes a penetration of PV of 70%. Because of the fact that the EVs show that there is a lot 

of excess flexibility, a similar result is found in the scenarios with a solar penetration of 100%. 

    

 

 

Figure 5-3     BAU Scenario: load profile optimization process for the household’s devices on a day with high 
solar production 

 

Ad 4 - Very cloudy day (weekday) 

A cloudy day, characterized by a low solar production, shows similarity with the results from the coldest day. This 

because of the occurrence of this situation (in the winter time): the increase demand for heat proves valuable, 

as the µ-CHP and HP now influence the optimization process.  

The HP however does seem to have less available flexibility in comparison with Figure 5-2. As the flexibility 

profiles of a weekday and a day in the weekend do not differ a lot, this difference in available flexibility can only 

be attributed to the lower heat demand on this day. This results in a lower initial indicator value and causes 

50

100

150

200

250

300

350

400

450

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

50

100

150

200

250

300

350

400

450

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

50

100

150

200

250

300

350

400

450

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

50

100

150

200

250

300

350

400

450

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

kW
 

hour 

µ-CHP EV 

Total load shift  HP 

Indicator before flex  Indicator after flex  Increasing loads  Trimming  

 



 

Results  71  S.J. Barentsz - The Value of Smart Grids 

smaller flexibility margins. After analysis, the difference in average outside temperature, being the indicator of 

the heat demand, of the two situations (2 and 4 in Table 5-1) is 13,3˚ C (-7,2˚C, resp. 5,1˚ C). This validates the 

results found.   

 

 

Figure 5-4     BAU Scenario: load profile optimization process for the household’s devices on a cloudy day 

 

Other scenarios 

For each scenario, these kind of figures can be drawn. Generally, the figures from both the ‘nearly zero energy 

building’ and the ‘maximum DER’ scenario show similar results. The figures from all scenarios contribute to the 

validity of the model calculations: they show what is intended to be measured.  

It would be of no surplus value to plot all ´flexibility´-figures of all scenarios. However these results do show the 

difference between the indicator of the zero-alternative and the project-alternative.     

For reason of quick scenario-comparison, one more ‘flexibility’-figure is added. Figure 5-5 concerns the ‘nearly 

zero energy building’ scenario. As this scenario assumes that there are no gas connections, the µ-CHPs do not 

affect the initial indicator (there are no µ-CHPs!). With a penetration of 45%, EVs are able to utilize flexibility. The 

thing worth mentioning however, is the HP graph, which shows to have wide flexibility margins. This is due to 

the fact that in this scenario the HP penetration is 100%. In the end the initial indicator is shaped well towards 

the average line.       
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Figure 5-5    nZEB Scenario: load profile optimization process for the household’s devices on a cold day 

 

5.2 Flexibility analysis storage (Alt 2)  

The amount of flexibility enabled by the storage system is (assumed to be) not affected by external conditions 

(e.g. heat demand). A proper indicator to validate that flexibility is indeed available and used is the maximum 

load of a scenario. Table 5-2 shows the occurrence and characteristics of this situation.  

    

Table 5-2     Maximum load situation in the BAU scenario 

 Alternative Year Indicator (day with the)  Occurrence   Characteristics Figure 

1 Alt 2 2050 Maximum load Winter, day 6, weekend 
Loadmin = 115 kW 

Loadmax = 407 kW 
5-6 

 

The effect of the storage unit is shown in a flexibility graph in Figure 5-6. Only 2 graphs are plotted: the left figure 

shows the maximum load and unload capacity. As only 1 device is used to optimize the indicator curve, the right 

graph in Figure 5-6 is merely a subtraction of the available flexibility.    

The optimization process is similar to the one used in the ‘smart grid’ alternative. A key difference however is 

that the surface below the indicator after flexibility and the average load and the surface above the indicator 

after flexibility and the average load are not equal to each other. This depends on the efficiency of the storage 

system (ηunload and ηload).  
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The results show that the storage system is used to its full capacity (100 kW if shifted) and is able to lower the 

highest peak loads. As the other two scenarios show similar results, these are not plotted in this thesis.  

 

 

 

Figure 5-6      Load profile optimization with a storage system in 2050 in the BAU scenario on a day with the 
maximum load. 

 

5.3 CBA smart grid (Alt 1) 

This first part of the CBA discusses the difference between the ‘0-alternative’ and ‘Alternative 1’.   

 

5.3.1 BAU scenario 

District transformer 

The simulations give a clear result on the difference in total costs between the alternatives of the three scenarios. 

In Figure 5-7, the costs related to both the alternatives are plotted for the first scenario. It can be seen that in 

both alternatives (no smart grid) the 400 kVA transformer is already used at its maximum capacity in 2015.  

From 2015 onwards, the O&M cost related to the transformer remains the same for both alternatives. With the 

initial required upgrade, the transformer is replaced with a new one that has a capacity of 630 kVA. But as Figure 

5-7 shows, in 2035 the capacity of this 630 kVA transformer is no longer sufficient if no smart grid is implemented. 

This results in a costly new upgrade. To determine the total amount of revenues for this scenario for the total 

length of the simulation model (2015-2050), the NPV equation is drawn:  

 

         

 

 

When applied to the BAU scenario, this results in the values depicted in Table 5-3. 

 

Table 5-3     NPV difference in the BAU scenario for Alt 0 and Alt 1 

Period NPV Alt 0 NPV Alt 1 
Potential cost savings /  

Difference 

2015-2050 € 119.766 € 80.849 € 38.917 
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The results thus show that if a smart grid is to be implemented in the case the “business perseveres as usual”, 

the savings to be expected are almost € 40.000.  

Corrections can be made for the fact that the DSO does not want to install a new transformer 20 years after the 

previous upgrade. This implies foreknowledge / load forecasting of the DSO. Assuming that the overloaded 

transformer in 2015 is replaced by a 1000 kVA unit right away, this would not require any further investment (at 

least until 2050). The related difference in NPV would equal € 47.48315. The fact that this NPV results in an even 

more significant smart grid value, can be attributed to the OPEX related to the 1000 kVA upgrade in the situation 

where no smart grid is implemented, in combination with the project length (35 years).         

 

Figure 5-7     Cost related to the first two alternatives in the BAU scenario at the level of the transformer 

 

Next to the NPV calculations, which quantify the smart grid effects, Figure 5-8 visualizes the load percentages, 

based on the 630 kVA transformer. The transformer is subject to replacement, when the load reaches 80 percent, 

due to the incorporated safety margin. The difference between the two alternatives is evident: the load 

continues to rise in the 0-alternative, whereas it seems that the load stabilizes in the project-alternative. The 

curve peculiar to the latter, never exceeds the maximum capacity of the transformer. As the results of the NPV 

calculation also showed: no additional upgrade is required. 

 

                                                                 
15 NPV (ALT0) – NPV (ALT1) = € 128.332 - € 80.849 = € 47.483  
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Figure 5-8     Load percentage of the 630 kVA transformer in the BAU scenario 
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District cables / feeders 

On the level of the individual feeders / cables, the capacity seems to be more than sufficient to cope with the 

loads in both alternatives. As this is the case, in neither alternative an upgrade is required, resulting in similar 

costs, naturally causing the difference in NPV to equal zero. 

Figure 5-9 shows to which extent the various feeder sections are loaded. As only one type of cable is used, it is 

self-evident that when feeder 1:3 (at the beginning of the feeder) does not exceed the carrying capacity, the 

sections below this point are stressed even less.     

 

 

Figure 5-9     Load percentage of the feeder sections in the BAU scenario 

 

5.3.2 nZEB scenario 

District transformer 

In the scenario nZEB the model assumed that every building will be built from an energy neutral perspective and 

no gas connection are built. The results show that this in general causes a higher peak load on the grid and on 

the transformer. In both alternatives the capacity of the 630 kVA transformer is exceeded in 2015, so from the 

start, a 1000 kVA should be installed. Although the peak loads differs, the capacity of the more powerful 

transformer is not exceeded during the length of the project (until 2050). . 

 

 

 

Table 5-4 summarizes these results. 
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Table 5-4     Exceedance of transformer capacity in the nZEB scenario 

 Trafo capacity exceeded in 

Capacity Alt 0 Alt 1 

400 kVA 2015 2015 

630 kVA 2015 2015 

1000 kVA N.A. N.A.  

. 

 

 

 

Table 5-4 also already clarifies the fact that the difference of the NPV of both alternatives is 0. This is also evident 

in Figure 5-10, which is plotted in 3D to show that the cost-histograms for each year are identical.    

 

Figure 5-10     Costs related to the first two alternatives in the nZEB scenario at the level of the transformer 

 

In this scenario, it proves useful to take a closer look at the load percentages in both scenarios. These are plotted 

in Figure 5-11 (on the left). Whereas the total demand for electricity usage might go up, the “smart grid curve” 

shows that smart solutions are capable of lowering the peak loads. Because the model assumes  a gradual 

inclination of smart grid technology, the curve shows a high percentage at first and declines as the SG-technology 

is being implemented. This raised the interest to model an additional alternative: “100% flexibility from 2015 

onwards”. This because of the following, hypothetical, situation (shown on the right in Figure 5-11): 
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If the 630 kVA transformer could be load up to 90% of its capacity, the project alternative would still 

require a 1000 kVA transformer, whereas with the additional alternative 630 kVA would suffice. In the 

former alternative we are thus too late with the implementation of our smart grid to benefit from it.     

COMPARISON EXAMPLE BETWEEN THE SMART GRID -  & THE ADDITIONAL ALTERNATIVE 
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Figure 5-11 Load percentages of the 630 kVA transformer in the nZEB scenario. Left: initial project 
alternative. Right: additional alternative. 

 

District cables / feeders 

As the results for the nZEB are similar to the BAU scenario, the graphs are displayed in Appendix IV. Because in 

general this scenario shows higher peak loads, the load percentages of the feeder sections are also closer to the 

maximum capacity. Though this might be the case, the maximum capacity is never exceeded (in both 

alternatives). 

 

5.3.3 Max DER scenario 

District transformer 

The maximum DER assumes, as the name implies, a high assumption of penetration of all smart grid technologies. 

With a similar heat demand as in the BAU scenario and a similar (inclination of) implementation of the SG, the 

results also show some amount of similarity.  

From the start of the project in 2015, a 630 kVA tranformer is installed in both alternatives (the red columns 

overlap the (identical) blue columns). In 2032 this transformer has insufficient capacity to deal with the peak load 

in the ‘No Smart Grid’ alternative. This requires an additional investment. This is depicted in Figure 5-12. 

The revenues from the NPV difference are depicted in Table 5-5. 

 

Table 5-5     NPV difference in the Max DER scenario for Alt 0 and Alt 1 

Period NPV Alt 0 NPV Alt 1 Difference 

2015-2050 € 126.303 € 80.849 € 45.454 
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Figure 5-12     Costs related to the first two alternatives in the Max DER scenario at the level of the transformer 

   

It proves of interest however, to take a loot at the correspending load curves for this scenario. It can be seen that 

in the project alternative, the peak loads follow a bell shaped curve. This might the case due to two scenario-

effects: A) The SG technologies are gradually implemented (not all flexibility is available at t=2015) and B) the 

penetration of the devices (causing the network peak loads) already is at a high percentage soon after the kick-

off of the project. However, being bell shaped, the peak load does not seem to reach a lower level than the 

(reference-)value in 2015: a 630 kVA fits this alternative best.           

 

 

Figure 5-13     Load percentage of the feeder sections in the Max DER scenario 

 

District cables / feeders 

As with the previous scenario, the load percentages of the different feeder-sections are included in Appendix IV. 

These results do not differ a lot from the graphs previously presented. The maximum capacity of the individual 

feeder-section is not reached in both alternatives (until at least 2050). Although the peak loads are smaller in the 

project-alternative, there is no effect of deferred investments or less O&M costs whatsoever.   
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5.4 CBA Storage (Alt2) 

This second part of the CBA discusses the difference between the ‘0-alternative’ and ‘Alternative 2’. Although 

the NPV calculations in this section only consider the ‘0-Alternative’ and ‘Alternative 2’, the capacity graphs also 

include ‘Alternative 1’ (Smart grid) for reason of comparison.     

The loads and potential investment costs of the district cables are disregarded. This as no cable reinforcement 

were required in the ‘No intelligent grid’ alternative, which is assumed to have the highest peak loads.   

    

5.4.1 BAU scenario 

District transformer 

In Alternative 2 a storage system is installed in all scenarios. The storage analysis already showed that peak loads 

can be properly shifted. The results from the BAU scenario show that the storage system is able to alter the 

indicator in such a way, that the initial transformer capacity is not overloaded during the project length. This is 

shown in Figure 5-14, which illustrates the effects of the district storage. The figure shows the load percentages 

at the level of the transformer, with a storage system of 100 kWh. For reason of comparison, the ‘Smart grid’ 

(red) curve is also shown here. It shows that the flexibility, offered by the gradually implemented smart grid, is 

able to flatten out the load even more significantly from 2037 onwards. To match this ´Smart grid´ curve, the 

‘Storage’ alternative would logically require a storage system with a larger capacity.  

 

 

Figure 5-14     Load percentages of the 630 kVA transformer in the BAU scenario for all alternatives. 

 

From the start of the project in 2015, a 630 kVA tranformer is installed in both alternatives. However, at the start 

of the project in the ´Storage´ alternative, costs related to the CAPEX and OPEX of the storage system are also 

incurred. Although the transformer is not overloaded, the total costs related to the ‘Storage’ alternative are a lot 

higher. The total costs of this alternative are however never related to grid reinforcements, but only relate to 

the CAPEX and OPEX of a storage system. In the ‘No intelligent grid’ alternative it’s the other way around: the 

only costs incurred are due to required grid reinforcements. These results are plotted in Figure 5-15.  

 

Table 5-6    NPV difference in the BAU scenario for Alt 0 and Alt 2 

Period NPV Alt 0  NPV Alt 2 Difference 

2015-2050 € 199.766  € 215.450 € -95.685 
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Although grid reinforcements are not required, the CAPEX and OPEX related to the storage system are 

responsible for the fact that the calculations results in a negative NPV (difference). .  

 

Table 5-6 shows the results. This means that the present costs of the ‘Storage’ alternative exceeds the present 

costs of conventional solutions at the assumed discount rate.      

 

 

5.4.2 nZEB scenario 

District transformer 

One of the prior results showed that a 1000 kVA transformer is required at the start of the project in 2015. This 

is also the case in the ‘Storage’ alternative. This is shown in Figure 5-16. In general a 630 kVA does not have 

sufficient capacity with regard to the nZEB scenario. Since the load will not exceed the capacity of the 1000 kVA 

transformer in any alternative, the NPV of the nZEB scenario is even worse than the BAU scenario. Only the 

results regarding the NPV difference is shown in Table 5-7, the cost-histograms are included in Appendix IV. 

  

 

Figure 5-16     Load percentages of the 630 kVA transformer in the nZEB scenario for all alternatives. 
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Figure 5-15     Costs related to ALT0 and ALT1 in the BAU scenario at the level of the transformer. 
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Table 5-7     NPV difference in the nZEB scenario for Alt 0 and Alt 2 

Period NPV Alt 0 NPV Alt 2 Difference 

2015-2050 € 128.332 € 262.933 € -134.601 

 

5.4.3 Max DER scenario 

District transformer 

Similar to the results in the BAU scenario, a storage system is able to lower the peaks and defer grid investments. 

Whereas the load curves of the BAU and Max DER did show differences in the ‘Smart grid’ alternative, the results 

of the ‘Storage’ alternative of the BAU and Max DER are similar. At this point, it shows how two ways of 

incorporating flexibility in a network can differ: a smart grid really accesses flexibility from the amount of 

appliances that can offer flexibility, whereas storage could be considered as a self-contained system, not affected 

by for instance the penetration of household devices.    

Figure 5-17 shows how much the transformer is loaded in the Max DER scenario for all alternatives.  

 

 

Figure 5-17     Load percentages of the 630 kVA transformer in the max DER scenario for all alternatives. 

 

Because of the similar load percentages, the results of the NPV yields results in the same order of magnitude as 

the BAU scenario. The exact values are shown in Table 5-8.   

 

Table 5-8     NPV difference in the max DER scenario for Alt 0 and Alt 2 

Period NPV Alt 0 NPV Alt 2 Difference 

2015-2050 € 126.303 € 215.450 € 89.148 
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5.5 CBA Summary 

The results from the three scenarios gain insight in the potential savings that originate from the incorporation of 

flexibility from either implementation of a smart grid or from deployment of a district storage system. Regarding 

the ‘smart grid’ alternative, the costs of implementation have not yet been included in the NPV calculations. 

Section 4.6.1 denoted that for the district of Meekspolder these costs add up to a total of € 64.746. As ‘Alternative 

1’ assumes a linear integration of a smart grid, it is justified to allocate these costs evenly over the length of the 

project (35 years) and subsequently calculate the NPV.  

With the results from all three alternatives and all three scenarios, a summary is presented per scenario in which 

the alternatives are compared, based on the total costs.   

 

 Table 5-9     Summary of the NPV for all scenarios and all alternatives 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Alt 0  

No intelligent grid 

Alt 1  

Smart grid 

Alt 2 

Storage 

BAU Grid investment 

costs 
€ 119.766 € 80.849 € 80.849 

Smart Grid Costs X € 30.290 X 

Storage Costs X X € 134.601 

Total Costs € 119.766 € 111.139 € 215.450 

Total Value  € 8.627 - € 95.684 

     

nZEB Grid investment 

costs 
€ 128.332 € 128.332 € 128.332 

Smart Grid Costs X € 30.290 X 

Storage Costs X X € 134.601 

Total Costs € 128.332 € 158.622 € 262.933 

Total Value  - € 30.290 - € 134.601 

     

Max 

DER 

Grid investment 

costs 
€ 126.303 € 80.849 € 80.849 

Smart Grid Costs X € 30.290 X 

Storage Costs X X € 134.601 

Total Costs € 126.303 € 111.139 € 215.450 

Total Value  € 15.255 - € 89.147 
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The summary shows that for the DSO a smart grid is the most favorable alternative in the BAU and the Max DER 

scenario. Only in the nZEB scenario, conventional solutions seem to be the most favorable from an economic 

point of view. This as both project-alternatives are unable to defer the implementation of a 1000 kVA 

transformer. As a consequence, the alternatives are unable to create (added) value, which results in similar grid 

investment costs in all scenarios. Storage is the less favorable alternative in all scenarios.  

  

Flexibility summary  

Given the results of the flexibility analysis, all (extreme) situations show that with the implementation of a smart 

grid the peak loads can be lowered substantially. This means that theoretically, there should be no additional 

value if a storage system is added to the ´Smart grid´ alternative, because the (three) devices alone are already 

able to match an ideal situation.  
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6 Discussion 

 

The purpose of this study was to quantify the value of the implementation of smart grids for the DSO on a district 

level and develop a method that could do so. The created model is a representation (or simplified version) of the 

electricity grid for a specific district and is capable of calculating the value of the implementation of smart grids.  

The research approach that focused on quantifying the main benefits to the DSO resulted cost savings in two of 

the three alternatives. This section discusses interesting findings from the results and explains how they relate 

to the purpose of the study. Another important point of discussion are the limitations of this research. Because 

the model is based on well substantiated assumptions and principles, there might be limitations that influence 

the validity of the research model.   

 

6.1 Interpretation of the results & limitations 

Cost indicators subject to sensitivity 

As a large part of the study relied on the quantification of the benefits, cost indicators define the results to a 

large extent. There are as of yet only few case studies of smart grid costs on a neighborhood level that define 

specific CAPEX and OPEX. Initially, different costs indicators were applied (added in Appendix III). Based on the 

CAPEX found in literature average values were calculated. For the OPEX a percentage of the CAPEX was calculated 

based on the same references. This resulted in an OPEX of 15%.  

After an expert consultation at DNV GL with DSOs, an approximation of the costs for MS/LS transformers of 100 

€ / kVA proved more feasible. The OPEX were reported to be 2% of the CAPEX. A quick comparison between the 

two CAPEX approximations of a 630 kVA transformer shows a difference of 360%. If the (lower) cost indicators, 

depicted in Appendix III are applied, the NPV difference would equal €21.49016 instead of €38.197 in the BAU 

scenario. This would result in losses instead of value creation from smart grids, based on the applied 

implementation costs.      

The same sensitivity issues apply to the used costs of implementation for smart grids, as well as storage systems. 

These could be for instance subject to economy of scale17 (ICT solutions becoming less expensive in the future). 

The implications are elementary: the lower the costs of implementation, the more value creation per scenario.  

There is an ongoing discussion on proper costs indicators that deal with the CAPEX and OPEX of (low voltage) 

grids. The use of higher cost indicators, related to the CAPEX and OPEX, will in general result in a higher value of 

the project alternatives. The essence is that derivation of these kinds of indicators is complex by nature due to 

marginal and integral costs differences.  

 

Storage not commercially feasible for the single purpose of district balancing 

Storage resulted in the least favorable alternative in all scenarios, mainly due to the high investment costs of 

storage systems. It has been recognized in literature, that for the single purpose of district balancing, storage is 

commercially unfeasible. However, storage can become a feasible alternative when linked to multiple (other) 

electricity markets, such as the imbalance market or the spot market (APX). In addition, future price 

                                                                 
16 NPV (ALT0) – NPV (ALT1) = € 69.182 - € 47.692 = € 21.490  
17 Economies of scale mean that goods can be produced at a lower cost per good, as the quantity produced increases. Average fixed costs 
will decline as costs such as advertising can be spread across more and more units.  
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developments and the development of the technology will perchance increase the feasibility of this alternative 

too. Though implementation of a smart grid proves to be less costly, it is expected that ICT solutions, required 

for the implementation, are becoming less expensive in the future. 

 

Benefits not only generated on a local level   

This thesis assumes a strict demarcation: the scope is on one low voltage district and thus the quantification of 

the benefits has been identified within these boundaries. Only local benefits are incorporated, while with the 

local grid investments, benefits might also be realized on a national level. This implies that the costs could be 

divided over multiple applications, which result in a reduction of total costs incurred by the DSO. Smart grids will 

presumably realize value along the entire energy value chain, whereas the results in this thesis focus on the local 

DSO benefits. Depending on how national effects will be beneficial to the DSO, the presented results might be 

an underestimation of the real values.   

The same applies to the allocation of the costs for implementation of a smart grid. The thesis assumed that the 

DSO bears all these cost, while in practise the consumer, being a beneficiary too, might also account for some of 

the costs of implementation. This might have led to an underestimation of the results as well.    

 

Excess of flexibility 

The results show that, most of the time, there is an excess of flexibility available. This has only been proved in 

the year 2050, because the project alternative assumes a fully implemented smart grid in 2050. Flexibility only 

has value when the indicator value is not yet perfectly balanced (based on the ideal situation). So if there is an 

excess of shiftable load, the ‘flexibility system’ can be regarded as saturated. It was not expected that in most 

cases the potential flexibility was higher than the required flexibility to perfectly balance the indicator. Especially 

the potential EV load flexibility proved to be high. Although the flexibility ranges / margins are based on real time 

measurements, future results from pilot studies should be able to validate these findings.      

A second aspect of excess of flexibility deals with the required amount of shiftable load. From a capacity point of 

view, sometimes it is not the most efficient option to fully balance all peak loads. The following result explains 

this: for the BAU scenario the maximum load percentage in the ´smart grid´ alternative is 67% of the capacity of 

the transformer, where it could be loaded up to 80%. This is visualized in Figure 6-1. 

 

       

Figure 6-1     Excess of flexibility of the ‘Smart grid’ alternative and the storage capacity required in the ‘Storage’ alternative. 
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This means that the maximum peak load could rise to 119,9%18 of its initial value for the project alternative to 

still not exceed the transformer´s capacity. Let´s assume that there is a correlation between the cost of 

implementation of a SG and the percentage of integration of a smart grid. This would mean that less integration 

of a smart grid up until the moment that there is no more excess of flexibility, will than result in a greater value 

of the smart grid, due to lower total district costs. In practice, this would imply that only a part of grid in 

Meekspolder needs the smart grid infrastructure.  

For the nZEB scenario, this will make no difference whatsoever, as even the lowest maximum peak load (in 2050) 

exceeds the 630 kVA transformer. The sensitivity of the flexibility of the ‘Max DER’ scenario is similar to the BAU 

scenario (120,8% of the maximum load would result in the same value of the SG).        

For the ‘storage’ alternative, the load forecasts can provide a useful basis to determine the capacity of the storage 

system. In the model, a capacity of 100 kWh is assumed. As the results showed, this proved to be almost the 

required capacity to lower the peak demand in 2050 (indicated by the arrows in Figure 6-1).    

It should furthermore be noted that the model assumes that all of the potential flexibility is readily available. 

This is only a realistic assumption if fully automated control systems are used to optimize the load profiles.  

 

Power quality & security (issues) not incorporated  

The model’s input and output are defined by loads and do not incorporate for instance the SAIDI, SAIFI, or voltage 

fluctuations (such as “voltage sags”). The latter is concerned with the fact that the voltage level should never 

drop below a certain threshold. If it this voltage drop does exceed the threshold, than in theory, the cable should 

be replaced and upgraded. Aspects concerning the power quality are however not incorporated in the model. 

The theory however states that preliminary calculations show that emerging problems from voltage drops 

practically always are resolved when problems originating from capacity issues (peak loads) are resolved.  

Initially, network losses are not included in the model. Network losses, as stated in the literature review, concern 

all electrical losses incurred by the distribution of a kWh from a generator to a consumer. Future research could 

incorporate network losses based on for instance the power, current, length, diameter, and resistivity. This thesis 

however assumes that network losses will not significantly influence the findings.   

 

Age of the electricity grid not incorporated 

Distribution assets, e.g. the electricity grid of Meekspolder, have a long lifetime. Eurelectric (2014) states that 

network assets have a lifetime of 30 to 55 years. Experts at DNV GL noted a lifetime of at least 50 years. So in 

time, assets that were built several decades ago are reaching the end of their investment cycle and need to be 

replaced. The model does not automatically incorporate such investments, which are based on the age of the 

grid. The model also does not account for the depreciation of the current grid. As for the case study of 

Meekspolder, all three alternatives concern a newly built district which will not be subject to investments based 

on the asset lifetime (before 2050).   

 

Comparison with other methods that calculate network loads 

Load flow calculations are used to calculate voltages, currents and power flows in electricity networks. The 

method, for instance executed by software like ‘Vision Network Analysis’, checks whether or not voltages and 

                                                                 
18 The maximum load in the BAU, ALT1 = 361,4 kW. The transformer capacity at 80% is 433,4 kW. This means that the capcity of the 
transformer is still sufficient when the load is increased to 119,9% of its initial maximum value.   
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currents exceed certain limits. This method, to a certain extent, does incorporate power quality issues, whereas 

the model presented in this thesis does not. It does however require some knowledge of electrical circuits.   

As distribution networks are dimensioned for the worst case loading situation, the model used in this thesis has 

the advantage that it calculates when (and where) this worst case situation occurs. Load flow analyses executed 

by ‘Vision’ only use a few extreme inputs to analyse the network.  

Another benefit of this thesis model is that it is based on actual load profiles to analyse the network. This not 

only creates a realistic picture, but also develops clear and transparent results. In particular this transparency 

results in a user friendly and organized model in which alterations and improvements are easily realized. 

Although both models are capable to identify the locations in the grid where overloads might occur, they each 

have their own advantages and limitations. 

 

6.2 Recommendations 

General recommendations 

Due to the complexity and scope of the Dutch electricity network, it is difficult to demarcate the role of the 

stakeholders and related benefits. The benefits can often not be attributed to just one specific stakeholder. This 

inevitably affects the results. The potential cost savings from smart grids are not only valuable to the DSO, but 

might also be beneficial to the other stakeholders (suppliers, BRPs, consumers, etc.). Proper allocation of 

benefits, changing market roles, and changing regulatory boundaries are all important things to consider in a 

smart grid environment. For instance, the procurement of flexibility for the DSO, inevitably influences the 

forecasts schedules / ‘energy programs’ made by the BRP. This BRP is financial accountable for deviations from 

those programs. Flexibility procurement thus inherently results in imbalance for the BRP. The resulting conflicts 

with existing market rules, roles and regulations are however beyond the scope of this thesis. Reference is made 

to USEF (2014), who developed a framework which incorporates changes in the market roles, in order to properly 

access the value of flexibility.         

Furthermore, future research is necessary to reach consensus on the costs indicators used in low voltage smart 

grid CBAs, as this is one of the main parameters that influences the results. A thorough sensitivity analysis might 

provide useful to determine the extent of the influence that this parameter has on the results presented. This as 

a sensitivity analysis was outside the scope of this research. Hence, there should be a clear distinction between 

marginal and integral costs when it comes to investments in electricity networks. Future research should also 

focus on the question how to allocate the (infrastructure & communication) costs.  

 

Model extensions 

The profiles for fixed daily loads (4.5.1 User group & load profiles) do not include profiles for electric cooking. 

However, the penetration rate of electrical cooking is on the rise, due to trends like higher retail gas prices and 

improved performance and prices of efficient electrical technologies. According to Netbeheer Nederland (2014), 

the amount of households that has a microwave has increased from 8% to 45% in 1987-2010. In the same period, 

the amount of households with a gas stove has declined (49% to 12%).  
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Figure 6-2     Two possible extensions to the model. Left: the rise of electrical cooking. Reprinted from (Netbeheer 
Nederland (2014) Right: a conceptual image of the Powerwaal by Tesla. Reprinted from 
testlamotors.com (2015).  

 

The model allows for alterations such as the addition of new (electrical devices) profiles. Another extension might 

be household storage devices, which can be added to the individual households in the low voltage network. Tesla 

(2015) for instance introduced their “Powerwall” storage system, which is a rechargeable lithium-ion battery 

designed to store energy at a residential level for load shifting and backup-power (Figure 6-2). When paired with 

solar power, a 7 kWh Powerwall can be used in daily cycling to extend the environmental- and cost-benefits of 

solar into the night when sunlight is unavailable. With the plausible retrenchment of the current netting scheme 

for renewable energy, these solutions might become feasible in the future.     
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7 Conclusion 

 

The electricity sector is looking for and testing smart solutions to cope with the transition of energy. The smart 

grid is a frequently cited term that is described as the two-way electric system of the future. For DSOs, it is said 

to be a clean, secure, reliable, resilient, efficient, and sustainable system. Benefits corresponding to these terms 

have been widely recognized in literature. However, profound case studies on a district level, in which smart grid 

projects were evaluated based on their investment needs and resulting benefits, were lacking. This thesis 

therefore answers the central question: How to quantify the value of the implementation of smart grids for the 

Distribution System Operators on a district level? This section answers the associated research questions.  

 

7.1 Research questions 

(1) Which benefits are associated with the implementation of a smart grid for the DSO?  

From the perspective of the DSO the main benefits entail deferred grid capacity investment costs and a 

reduction of O&M costs. The gain of these benefits really depends on the technological, societal, economical, 

and even political (e.g. subsidies or the restraining of ‘netting’) developments in the future. Although there is 

consensus on the kind of benefits, standardized methods seem to fall short of quantifying these benefits on a 

local level and from the perspective of the DSO. Specificity of the ‘standardized’ methodologies for CBAs is 

often lacking due to a broad / national scope. With the steps from these methodologies, this research succeeds 

in providing an additional, bottom-up, framework to quantify smart grids on a local level.   

 

(2) How will the energy transition transform the demand and supply in the future? What future scenarios must 

be taken into account? 

Based on anticipated developments in the electricity sector, there will be an inevitable rise of distributed 

energy resources. Mainly due to the electrification, more household devices are being connected to the 

electricity grid. Based on substantiated assumptions in literature, three future scenarios have been developed. 

It was found that all scenarios should assume a rise of HPs, PVs, EVs, and µ-CHPs (except in the nZEB scenario) 

and a decline in heat demand. This means that in the future, both the decentralized production (supply), as 

well as the demand will rise considerably. Analysis of the district ‘Meekspolder’ proved that even the most 

conservative scenario will indeed result in required grid reinforcements. In the end, the following scenarios 

were distinguished:  

(1) Business as usual (BAU): the most conservative scenario; 

(2) Nearly zero energy buildings (nZEB): high energy performance, no gas connection; 

(3) Maximum decentralized energy resources (Max DER): less conservative scenario. 

Based on these three scenarios, it has been tested whether flexibility from a smart grid proved to be the most 

cost-effective solution. 
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(3) What is flexibility and what are the ways to assess flexibility within a smart grid? 

Flexibility is the modification of the demand and supply of electricity. As the main goal of the smart grid is to 

lower potential peak demand, the amount of flexibility proves crucial. Thermal (household) applications are 

found to be very suited to provide flexibility, since they are easily controllable and are often linked to buffers, 

which increase the amount of available flexibility. The limitations of the amount of flexibility can be attributed 

to for instance the total capacity of the buffer, the short cycle delay on startup, and the current heat demand. 

The most promising thermal devices have been found to be the HP and the µ-CHP.  

Next to these thermal devices, the EV showed to have the largest potential to establish flexibility. Because of 

the potential of shifting charging states, the EV was, almost in every scenario, capable to flatten out the peak 

loads on the grid by itself. Of course, this is dependent on the rate of penetration and the capacity of the (grid-

to-vehicle) battery. The most flexibility is thus found in the EV, followed by both the µ-CHP and HP. The 

potential of these devices is incorporated in the model. 

Battery storage systems are also capable of establishing flexibility within the smart grid. Various battery 

technologies exist nowadays, of which lithium-ion-based proved to be the most promising for low voltage 

applications. Based on the capacity of the battery and the location within the district topology, the results 

showed that the model is able to calculate to which extent flexibility is enabled and utilized. The main 

(modelling) difference with the EV-battery is the two-way flow of electricity that is possible in battery storage 

systems. In the near future, household storage devices might gain interest, which can also be utilized to provide 

the required flexibility.       

 

(4) Are DSOs structurally able to rely on flexibility / smartness in their distribution network?  

The amount of flexibility depends on the use of thermal applications, EVs or (district) storage and is thus 

dependent on the kind of scenario. In general, devices such as heat pumps offer the most demand response 

potential whenever there is a large heat demand. This study shows that during a hot summer day, the HP and µ-

CHP devices are not able to offer (any) flexibility. However, the EV proved to have sufficient flexibility to ensure 

that peak loads were optimized (100% efficiency curve). For instance, the fact that there is no gas connection in 

the nZEB scenario, did not contribute to the lack of the desired effect, because the peak loads are flattened by 

flexibility incurred from the EVs near to their optimal value.  

There thus seems to be an excess of flexibility, as regardless of the (extreme) conditions, all the load curves are 

flattened. Therefore, the key parameter is the penetration of EV; at a lower penetration level (depending on the 

situation), EVs prove unable to flatten the loads.  

A district storage system also enables the DSOs to procure flexibility. A benefit of a storage system is that it is not 

subject to external influences and does not require support or behavioral changes from customers. The stored 

energy can be used freely for optimization purposes. Therefore it can be considered as a more reliable solution 

to ‘smooth out’ the peak loads. However, it is not concluded that, in contrast with the expectations, the storage 

alternative is able to better optimize the load curve than the smart grid alternative.        

In general the DSO does indeed seem to be structurally able to rely on flexibility. This proved to be beneficial for 

the dimensioning of the district transformer, but did not affect the dimensioning of the cables.    
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(5) How can the total electricity demand or peak loads be forecasted in future conditions? 

The proposed model in this thesis gives a clear indication of the expected electricity demand in the future. It 

does so by aggregating all electric devices that are connected a low voltage district. By using two types of 

profiles (fixed and sustainable), in combination with a certain rate of penetration and changing peak loads, the 

model aggregates all loads and sums these loads according to the network topology. It does so for a shortened 

representative year, in which extreme conditions can occur. The fixed load profiles are incorporated from pilot 

studies. In this manner a proper forecast, based on peak loads at any location in the network, is automatically 

calculated. Any scenario or alternative can be added, which will alter the forecasts.    

 

(6) How do the different benefits for the DSO depend on the various depicted scenarios? What is the value of 

each alternative? 

There is not one alternative that is found to be the most beneficial in all scenarios. However, a smart grid proved 

to be the most valuable solution in the BAU and Max DER scenario. Storage is not the most favorable in any of 

the alternatives, mainly due to the high investment costs of storage systems. It is concluded that as of yet, the 

higher costs result in a less positive business case, compared to for instance demand response through the smart 

grid. Future price developments and the development of the technology will perchance increase the feasibility 

of this alternative. Although a smart grid already proves a valuable solution, similar developments might result 

in this alternative to be even more beneficial.  

As for the nZEB scenario, the benefits from the project alternatives are non-existent. This as the network initially 

requires a larger transformer capacity in comparison to the other scenarios. This larger (1000 kVA) capacity is 

sufficient in all alternatives, which means that the benefits from deferred investments & lower O&M costs are 

non-existent: the non-intelligent grid (0-Alternative) thus is the most favorable solution.  

With regard to the hypotheses, the DSO savings from all alternatives are lower than expected. This might be 

because of the sensitivity of the cost indicators. A sensitivity analysis and additional research to identify proper 

cost indicators to conduct a CBA are therefore recommended to substantiate the validity of the presented results 

in this thesis.    

  

(7) Can modelling be a proper indicator to the DSO whether or not to initiate a smart grid project? 

The results show that it is very useful, if not necessary, to model the future power demand for various scenarios 

to determine the technical supply conditions. Also in the preliminary planning stage, the equipment assessments 

and choices can be made based on these kind of results. The more precisely this power demand can be estimated, 

the better the power system can be sized as well.     

The presented model provides a clear and well substantiated approach to determine the required capacity at 

any point in any low voltage district. The model therewith allows for customization and can be adjusted to match 

any district. Moreover, this research shows that it is possible to model various alternatives and scenarios. With 

knowledge of the load forecast and potential flexibility levels in all alternatives and scenarios, the DSOs are able 

to optimize their energy portfolio. The case study results prove that both investment, as well as operation & 

maintenance costs can be reduced. The magnitude of this reduction is dependent on the future scenario. With 

the knowledge on potential savings and future developments, the DSO might even rethink their policy and 

actively steer towards smart grids, creating new business opportunities along the way.  
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7.2 Societal relevance  

The results show that a smart grid, when implemented on a district level, provokes flexibility from the 

households. This realized amount of flexibility benefits the DSOs when it is used to lower the maximum peak 

loads on the distribution grid. In addition, the results show that a smart grid always leads to more efficient use 

of the electricity network. However, this does not always results in economic benefits for the DSO. The latter 

seems to be dependent on the scenario, district typology, and the assumed cost indicators.  

With smart grids, the results show that DSOs have the possibility to optimize their investments in networks.   

Moreover, because the DSO is responsible for guaranteeing the security of the grid, they should coordinate their 

activities towards the proper implementation of smart grids. This requires the DSOs to take an active role in the 

transition of energy. New market structures and regulatory arise and the DSO will seek to optimize their business 

operations and enable them to develop new activities that can diversify their business model. The DSO will for 

instance start acting as a market facilitator for DG, and provide several network and ancillary services through 

demand side management. In essence, the DSO will become responsible for the smart management of their 

grids, by dynamically controlling distributed generation and demand. As the low voltage grid can hardly be 

considered in isolation, it is expected that the societal implications of smart grids will manifest themselves along 

the entire electricity value chain.       

  

7.3 Scientific relevance 

In general, the topic of this thesis deals with management and innovation sciences. It tries to answer the question 

if ‘we’ should incorporate innovative electricity concepts and programs in the urban environment of the future. 

It adds value to the discussion how to deal with the increasingly dynamic complexity of the urban environment 

and addresses how appropriate organization can pave the way for new technical concepts for purposes of energy 

use.   

More specifically, this thesis applies a systematic cost-benefit approach and provides a model that can be used 

to quantify the value of the implementation of smart grids for the DSO on a district level. It hence fills the gap in 

which cost-benefits approaches can be applied on real districts / case studies.     

The explicit beneficiaries of this model have been described, and alterations can be made to fit different case 

studies. Interpretation of the results however showed the findings are subject to a wide range of uncertainty. 

Future research could prove beneficial to lower the model’s sensitivity and range of assumptions made in this 

thesis.   
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Appendix I Decentralized technologies used 

 

The stated technologies in Table I-1 are used throughout this thesis. A description of all these technologies is 

provided in this Appendix.  

Table I-1     Decentralized technologies used 

 Production Consumption Controllability  

PV X  -  

µ-CHP X  ++ 

HP  X + 

EV  X ++ 

 

 

Electricity Production: PV 

Photovoltaic (PV) panels generate electricity by converting sunlight into electricity. There are different solar cell 

technologies with different efficiency levels. Because of the current market penetration of 90% of Mono- and 

Polycrystalline Silicium cells (NIOO, 2014), that have an efficiency rate of 15-20%, these panels are used in the 

model. For the future new thin and flexible film technology for the application of copper-indium selenide or 

cadmium telluride solar cells can be applicable (RVO, 2009). The cell efficiency is low (15-20%), but can be 

produced at low(er) costs. As of yet, solar cells are usually integrated in panels, sometimes with multiple layers 

to increase efficiency. Therefore they are most suited for modular applications.  

PV systems generally produce DC power, which can either be temporarily stored or can be converted into an AC 

by means of a so-called inverter. The model in this thesis differentiates between LV- and MV- solar panels, 

whereas both the LV, as well  as the MV, panels have a potential power of 200 Wp per m2 equipped (other 

parameters might differ).  

 

 

Figure I-1    PV production curve for “solar 07” (aggregated apartment buildings) in MW 
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Electricity Production: µ-CHP 

micro-, or domestic- combined heat and power (µ-CHP) systems that are often fueled by natural gas to produce 

both electricity and heat. It essence, the system is a small fuel-cell driving a generator which provide electric 

power and heat for an individual building’s heating, ventilation, and air conditioning (You, 2012). In the proposed 

model, the µ-CHP primarily follows the heat demand, delivering electricity as a by-product. Due to a high 

efficiency in total energy micro cogeneration (compared to cogeneration from central production units) a µ-CHP 

system lowers the CO2 and NOx emissions in the environment (Elzenga et al., 2006).  

The load pattern resulting from the CHP system in the model is based on real time data from the Power Matching 

City II (PMCII, 2013) pilot in Groningen. In this project, the µ-CHP uses a Stirling (external combustion) engine 

and can be seen as the successor to the current HE (high efficiency) boiler. Because of the time needed to start 

up the engine, there is no immediately production of electricity. When turning of the burner on the other hand, 

the Sterling engine will still run for a short amount of time. For optimal use, the µ-CHP system should run for 

longer period of times and for that reason, in PMCII, they are linked to a hot water buffer. The hot tap water and 

central heating demand is extracted from the buffer at times when this is required. At the time when the buffers 

starts to run low, the µ-CHP system will ignite again to replete the buffer. With this buffer in place, the average 

heat demand for a single household can be provided with a 10 kW µ-CHP system (Elzenga et al., 2006). The 

specific Stirling engine used in the model can provide for 65% of the total yearly electricity demand, at the 

expense of approximately 30% of more natural gas import.   

 

 

Figure I-2     Normalized µ-CHP profile as used in the model 

 

Electricity Consumption: HP 

Heat pumps are energy efficient system used primarily for space heating of houses. A heat pump extracts heat 

from its environment on the same way a refrigerator does: the heat from inside the refrigerator is extracted and 

delivered to the back (outside) of the refrigerator. The heat pump itself pumps the liquid, which serves as the 

carrier of the heat and cold, to a higher temperature. This way, a house can be heated with extracted heat from 

the outside air.  

The efficiency of heat pumps is expressed in terms of COP (Coefficient of Performance). This coefficient is 

generally between 3 and 5.5, depending on the type of heat pump. If a heat pump system has a COP of 4, this 
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means that 75% of the energy is absorbed in the evaporator (extracted from e.g. the air). In the compression 

cylinder the additional 25% of energy is added. The system usually is powered by electricity. A system with a COP 

of 4 therefore deliver 4 kWh of heat at the price of 1 kWh electricity. Additionally, there should be a 

compensation for the efficiency of the electricity production. Based on the average efficiency of Dutch power 

stations this is 42%, resulting in an overall efficiency of the HP of 4 * 42% = 1.7. This is only a theoretical efficiency. 

In the model the hourly load profiles for the HP are based on PCMII data. A differentiation is made between loads 

in weekends versus the loads during the week. E.g. the heat demands differs during the week, compared to 

weekends. Both space heating and tap water heating are combined in one overall graph for the heat pump. 

Note that a growing penetration of HPs will results in an increase in the total demand of electricity. Moreover, 

the significance of this effect will be even greater, due to the high simultaneity (when it’s cold, all heat pumps 

are used simultaneously).  

 

 

Figure I-3     Normalized HP profile as used in the model 

 

Electricity Consumption: EV 

Two of the advantages of electrical vehicles is that they are more efficient than conventional fuel engines and 

when power is generated from renewable sources, CO2 emissions are zero. When taking the electricity grid into 

consideration, the ‘smart’ car batteries prove to be a great opportunity. This because of the flexibility they can 

add to the smart grid system. There are various ways of implementing EVs on a neighborhood scale, depending 

on the situation that needs to be achieved. With respect to the model, new patterns and algorithms can be found 

based on user behavior. Some of the questions might be for example: how about the charge concurrency of EVs? 

Will all cars have to be charged simultaneously and do they all need to be fully charged, etc. It is commonly 

accepted that EVs can ensure increasingly efficient use of renewable sources due to the added grid flexibility. 

The model only covers the situation in which the grid can supply the vehicle and does not include the ‘vehicle-2-

grid’ option, in which the EV battery can also deliver electricity to the grid (authors V2G).   
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Figure I-4     Normalized EV profile as used in the model 

 

Electricity Flexibility: Storage 

In case of large local peaks in the local electricity network the conventional solution is to reinforce the physical 

network to cope with the large loads. One of the alternatives to this solution is to reduce peak loads by adding 

the option to store electricity. This increases the flexibility of the LV electricity system, as demand and supply can 

be balanced more easily.  

The different storage technologies are characterized by the amount of energy that can be stored, and by the 

speed at which it is stored and released. The RVO (2009) additionally distinguishes between physical and 

chemical storage techniques. For storage system there is on the one hand the storage capacity (MW) and on the 

other hand the storage of energy (MWh).   

The technology used for the storage of electricity in the model are assumed to be batteries. Regarding electricity 

storage on a district level, batteries are the most common solution (Scheepers, 2008). Although often used for 

small-scale applications, the costs of electricity storage in batteries per saved unit of energy is five times higher 

than the costs per saved unit of energy in large-scale energy storage in the Netherlands (e.g. pumped storage) 

(RVO, 2009).  
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Appendix II Technical electricity concepts 

 

Basics on transformers 

Transformer are one of the primary components for the transmission and distribution of electrical energy. Their 

design depends on the kind of application, the rated power and the voltage level (Siemens, 2003). The scope of 

transformers in this thesis is limited to distribution transformers, due to the scope of the research itself. These 

kind of transformers are within the range from 50 to 2500 kVA and a maximum of 36 kV. As we have learned 

from the first thesis chapter, this is well within the range MV and LV grid (up to 20 kV). In essence, the transformer 

in the Meekspolder district distributes the electrical energy to the end-users from the medium-voltage network 

into the low-voltage distribution network. 

Assumed is that the district is supplies with a three-phase transformer, which complies with relevant VDE 

specifications (an important general standard, see Siemens (2003) for more information).  

 

Transformer basics and units  

The rated power of a transformer is given in Volt-Amperes (VA), or in the case of larger units in kilo Volt-Amperes 

(kVA). In an ideal transformer (ignoring any losses), the power available in the secondary winding will be the 

same as the power in the primary winding. This means that the Power Ratio is 1, because the voltage (V) 

multiplied by the current (I) will remain constant (ElectronicsTutorials, 2014). When the Power Ratio is 1, this 

means that the electric power on the primary winding is transformed into electric power at the same frequency, 

to the same voltage-current level on the secondary side. Although the transformer can step-up voltage, it cannot 

step-up power. So in order to step-up the voltage level, it must step-down the current and vice-versa (because 

power [P] = voltage [V] * current [I]).  

 

 

Figure II-1     Single phase voltage transformer. Adapted from ElectronicsTutorials (2014)  
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Power factor 

Because this thesis deals with maximum cable and transformer capacities (n.b. the cost-benefit-analysis is based 

on this), a concise delineation of reactive energy management will be given in this Appendix.  

 

Active, reactive and apparent power 

The main principle is that all AC electrical networks consume two types of power: active power (kW) and reactive 

power (kvar):  

 The active power P (measured in kW) is the real power transmitted to loads such as lamps, heaters and 

computers. The electrical active power is transformed into mechanical power, heat or light;  

 The reactive power Q (measured in kvar) is used only to supply the magnetic circuits of machines and 

transformers; 

 The apparent power S (measured in kVA) is the vector combination of the active and the reactive power. 

 

The reactive power is the power that continuously bounces back and forth between source and load. Reactive 

power of the transformer represents that the energy is first stored and then released in the form of magnetic 

field. The circulation of this reactive power in the electrical network has major technical and economic 

consequences. For the same active power P, a higher reactive power Q means a higher apparent power and thus, 

a higher current must be supplied (Schneider Electric, 2011).  

 

 

Figure II-2     Vector composition of active, reactive and apparent powers with P: active power; Q: reactive 
power; ɸ: phase displacement between the apparent power and the active power (equal to 
the phase displacement between the current and voltage). Reprinted and adapted from 
Schneider Electric (2009). 

 

Power factor  

The power factor of a load is given by the ratio of P/S (in units: kW / kVA) at any given moment.  The power factor 

is by definition a dimensionless number between −1 and 1. When power factor is equal to 0, the energy flow is 

entirely reactive, and stored energy in the load returns to the source on each cycle. This is the case in situation 

B in Table II-1. When the power factor is 1, all the energy supplied by the source is consumed by the load. This is 

the case in situation A in Table II-1. Power factors are usually stated as "leading" or "lagging" to show the sign of 

the phase angle. Capacitive loads are leading (current leads voltage), and inductive loads are lagging (current lags 

voltage, as in situation B in Table II-1).  
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Table II-1      Theoretical graphs of voltage being in phase with the current and being off phase. Reprinted and adapted 
from All About Circuits (2015).   

A - Current is in phase with voltage B – Circuit with a purely reactive (inductive) load Legend 

  

U  

I 

P 

 

[Voltage] 

[Ampère] 

[Watt] 

The waveform for power is always positive, 

never negative for this resistive circuit. This 

means that power is always being dissipated by 

the resistive load, and never returned to the 

source as it is with reactive loads. 

Power is not dissipated in a purely reactive load. 

Though it is alternately absorbed from and returned 

to the source. The power alternates equally 

between cycles of positive and negative. This means 

that power is being alternately absorbed from and 

returned to the source. 

 

 

Example for the transformer in Meekspolder 

Because this thesis deals with loads that are virtually summed up to the level of the transformer, there is a need 

for practical calculation values for the transformer in Meekspolder.  

The theory above explained that a transformer consumes reactive power to ensure that its windings are 

magnetized. If for instance cos ϕ = 0.7, 30 percent of the transformer's power is unavailable because of the 

reactive power which it has to produce. Table II-2 shows an example of the calculation of the capacities used for 

the transformer, as well as the cables.  

For the basics on and an ‘easy to read’ version of the power factor, PowerStudies (2014) provides an useful 

article.  

 

Table II-2     Example in the calculation of active and reactive power, as used in the the thesis. Reprinted and adapted 
from Schneider Electric (2008) 

Type of circuit Apparent power S (kVA) Active Power P (kW) Reactive Power Q (kvar) 

Three phase 3-wires + 

neutral   

S =  √3 U I   P = √3 U I cos ϕ Q = √3 U I sin ϕ 

Example  

cos ϕ = 0,86 

sin ϕ = 0,51 

 

400 kVA 

 

344 kV 

 

204 kvar 
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Three-phase electric power system 

This type of system is the most common method used in electrical grids. The basic principle of this system is that 

in a symmetric three-phase power supply system, three separate cables each carry an alternating current of the 

same frequency and voltage relative to a common reference but with a phase difference of one third of the 

period (Cableorganiser.com, 2015). Due to the phase difference, the voltage on any cable reaches its peak at one 

third of a cycle after (or before) one of the other cables. This is visualised in the normalized voltage-time graph 

depicted in Figure II-3.  

This delay between phases has the effect of giving constant power transfer over each cycle of the current, and 

also makes it possible to produce a rotating magnetic field in an electric motor. For more information on three-

phase AC power circuits we refer to Festo Didactic (2014), in which for instance wye and delta configurations are 

explained in more detail.   

 

 

Figure II-3     Normalized waveforms of the instantaneous voltages in a three-phase system in one cycle with time increasing 

to the right. The phase order is 1‑2‑3. This cycle repeats with the frequency of the power system. 

 

Of importance for the calculation made in this thesis is the electrical power that is available in each of the cables 

used. In a three-phase system, there is an AC current of 230V between each of the phases and the neutral line. 

The current between two (random) phases is √3 times the current between the neutral line and one phase. This 

provides a current of 230 * √3 = 400 Volt (between each of the phases).  

With this is mind, the required line / cable capacity can be calculated. In the district of Meekspolder the following 

cables are used: 95 mm2 Aluminum (conductor), XPLE insulated, power cables. The total capacity of these kind of 

cables are thus expressed by the following formula:  

 

CABLE CAPACITY 

 

 

 

 

 

The values found are in line with the cable documentation made available by the Twentsekabelfabriek (2015).    

𝑃 =   3 ∗ 𝑈𝑙𝑖𝑛𝑒 ∗ 𝐼𝑙𝑖𝑛𝑒 ∗ cosϕ  

𝑃 =  3 ∗ 400 ∗  222,5 ∗ 1 = 154,2 𝑘𝑊    

P = cable capacity in MW 

U = line current in kV (= 0,4 for LV) 

I = line ampacity in A (average Al in ground, from Table 

II-3)  

cos phi = power factor = 1 
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Table II-3     Properties of single core Aluminum or Copper conductor, XPLE insulated cables. Retrieved from and made available by the Twentsekabelfabriek (2015).   

  
Resistance AC 

(Ω/km) 
Capacity 
(μF/km) 

Ampacity (A) Estimated Capacity (kW) 

Cross 
section  

Cu Al Cu Al 

In Ground In Air 

Average 
Ampacity (A) 

LV MV 

(mm2) Trefoil Flat Trefoil Flat 0,4 31,6 

  Cu Al Cu Al Cu Al Cu Al kV kV 

0 - - - - - - - - - - - - - - - 

16 1,47 2,41 - - 105 57 120 62 125 71 150 82 97 60 2.964 

25 0,93 1,55 - - 135 89 150 96 160 111 195 129 133 83 4.089 

35 0,67 1,11 0,13 - 165 125 175 135 195 155 235 180 171 106 5.241 

50 0,49 0,82 0,14 - 190 150 205 160 235 185 280 220 203 127 6.239 

70 0,34 0,57 0,16 - 235 180 245 195 295 230 350 270 250 156 7.679 

95 0,25 0,41 0,17 - 280 215 290 230 355 287 425 330 302 188 9.261 

120 0,2 0,33 0,18 0,18 315 245 325 260 410 320 485 380 343 214 10.520 

150 0,16 0,27 0,20 0,19 350 275 360 285 465 365 550 430 385 240 11.825 

185 0,13 0,21 0,21 0,2 395 310 400 320 535 420 925 495 475 296 14.590 

240 0,1 0,16 0,23 0,22 455 355 455 365 630 495 730 580 508 317 15.607 

300 0,08 0,13 0,25 0,24 510 400 505 410 720 565 825 660 574 358 17.642 

400 0,07 0,1 0,28 0,26 560 450 515 435 825 660 880 735 633 394 19.427 

500 0,05 0,08 0,30 0,28 630 510 560 480 940 765 985 835 713 445 21.904 

630 0,04 0,07 0,34 0,31 700 575 615 530 1.070 880 1.095 940 801 499 24.591 

800 0,03 0,05 - 0,34 765 640 660 580 1.200 1.010 1.205 1.055 889 555 27.317 

Hawk 0,12 0,12 - - - - - - 670 670 670 670 670 418 20.579 

Patridge 0,21 0,21 - - - - - - 460 460 460 460 460 287 14.129 

Pigeon 0,34 0,34 - - - - - - 300 300 300 300 300 187 9.215 

Raven 0,54 0,54 - - - - - - 230 230 230 230 230 143 7.064 

Swallow 1,07 1,07 - - - - - - 160 160 160 160 160 100 4.914 
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Correction factor maximum load 

There are several approaches to estimate the coincident peak load for a cluster of buildings. One of these 

methods is by applying the Velander’s formula, as described in this appendix. This method was first introduced 

by Velander in 1947 and is still widely used (Sartori, Ortiz, Salom, & Dar, 2014). The Velander’s formula uses the 

annual energy consumption of an average household to estimate the peak power demand. This value can be 

used to dimension for instance the transformer or cables in a certain district. The formula encompasses the 

relation between the energy consumption and the maximum peak load.  

When considering the load in the network it is necessary to take the coincidence factors into account. For 

residential loads it is often assumed that these loads are normally distributed during periods of maximum feeder 

load. Given this distribution it is possible to calculate the load for a specific number of connections (Provoost & 

van Lumig, 2011): 

 

 

 

 

 

Velander used this formula by relating it to the annual energy use. This annual energy use (often in kWh/year) 

may relate to a single connection, or to an entire network section. For the design of a distribution grid, as is the 

case in this thesis, the relationship between energy consumption and the maximum (peak) load is of importance. 

Velander captured this relationship in his formula (by means of experiments). He assumed that the loads behave 

as independent, stochastic, variables (Oirsouw, 2011).  

 

 

 

 

 

   

The α, β, and V parameters describe the sort of load and are dependent of:  

 The nature of the area; 

 The type of connection; 

 The number of connections. 

  

Dividing the formula of Velander by the number of connections results in the equivalent concurrent maximum 

load of a network section divided among all individual connections: 

 

 

 

 

𝑉 = 𝑛 ∗ 𝑉1 

𝑃𝑚𝑎𝑥,𝑛 =  𝛼 ∗ 𝑛 ∗  𝑉1 +  𝛽 ∗  𝑛 ∗ 𝑉1 

𝑃𝑚𝑎𝑥,𝑒𝑞 =  𝛼 ∗  𝑉1 +  𝛽 ∗  
𝑉1
𝑛

 

 

V = yearly consumption for n connections [kWh/year] 

n = number of connections 

Pmax,eq = maximum equivalent concurrent load 

α = 0,00033 (parameter determined by measurements) 

β = 0,05 (parameter determined by measurements) 

EQUIVALENT CONCURRENT MAXIMUM LOAD OF A NETWORK SECTION 

𝑃𝑚𝑎𝑥,𝑛 =  𝛼 ∗ 𝑉 +  𝛽 ∗   𝑉 

Pmax,n = maximum load for n connections (kW) 

α = 0,00033 (parameter determined by measurements) 

V = yearly consumption for n connections [kWh/year] 

β = 0,05 (parameter determined by measurements) 

VELANDER’S FORMULA 

𝑃𝑚𝑎𝑥,𝑛 =  𝑛 ∗ 𝜇1 +  3 ∗  𝜎1 ∗   𝑛 

Pmax,n = maximum load for n connections (kW) 

µ = average value of the loads 

σ = standard deviation 
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The value of Pmax,eq declines when the number of connections increase. This formula therefore also incorporates 

the fact that close to the power supply the numbers of loads is very high, which results in a lower equivalent 

maximum power. This is included in the formula by the  n.      

This is true, because close to the power supply the (standard) deviation is smaller, due to a larger amount of 

loads. The further away from the power supply, the higher this deviation will be, because the maximum load of 

the individual consumers will occur at different times. Figure II-4 visualizes this: the normal distribution curves 

spread out more, the further away from the transformer / power supply.    

 

 

Figure II-4     Probability distributions of the loads in the direction of the distribution grid. Reprinted from Oirsouw (2011). 

 

If the amount of connections goes to infinity, the Pmax,eq per connection equals 𝛼 ∗ 𝑉1. By dividing Pmax,eq by  

Pmax,infinity the correction factor for the number of connections in a specific network section is obtained.  

For domestic consumers α = 0,00033 and β = 0,0519 (Brännlund, 2011). Furthermore V = 3500 kWh / year. 

 

 

 

 

 

 

 

 

 

 

After visualization of this ‘correction factor’, in Figure II-5, the effect of the number of connection becomes clear. 

It can be seen from this figure, that the more connections we assume, the better the assumptions of the average 

peak loads are, because the (standard) deviation from this average is smaller for a larger ‘n’.         

                                                                 
19 For simplicity purposes, this thesis assumes identical load categories (being ‘small domestic consumers’). The Velander formula gets more 
complex when multiple load categories are assumed. It then estimates the total peak load as a function of the annual energy consumption 
for each separate load category.    

𝑃𝑚𝑎𝑥,𝑒𝑞

𝑃𝑚𝑎𝑥,𝑖𝑛𝑓𝑖𝑛𝑖𝑡𝑦
= 
𝛼 ∗  𝑉1 +  𝛽 ∗  

𝑉1
𝑛

𝛼 ∗ 𝑉1
 

 

𝑃𝑚𝑎𝑥,𝑒𝑞

𝑃𝑚𝑎𝑥,𝑖𝑛𝑓𝑖𝑛𝑖𝑡𝑦
=  1 + 

𝛽

𝛼
∗  

1

𝑛 ∗ 𝑉1
  

 

Pmax,eq = maximum equivalent concurrent load 

Pmax,infinity = maximum eq. load for n = ∞ 

α = 0,00033 (parameter determined by measurements) 

β = 0,05 (parameter determined by measurements) 

V1 = yearly consumption for one connection [kWh/year] 

n = number of connections 

CORRECTION FACTOR BASED ON THE FORMULA OF VELANDER  
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Figure II-5     Correction factor for the amount of connection, based on Velander's formula 

 

Now let’s apply this factor on the case study of Meekspolder. The topology of this district at some point assumes 

13 connections (this is the case for the end of feeder 1). In formula, for n = 13,  this results in:  

 

 

𝑛 =  13,
𝑃𝑚𝑎𝑥,𝑒𝑞

𝑃𝑚𝑎𝑥,𝑖𝑛𝑓𝑖𝑛𝑖𝑡𝑦
=  1 + 

0,05

0,00033
∗  

1

13 ∗ 3500
 = 1,71 

 

 

The peak load, should thus be multiplied by this factor to account for the fact that fewer connections have a 

larger deviation from the average. Moving upwards from the end of feeder 1, there are 26 connections. The 

beginning of feeder 1 concerns 39 connections. This results in, respectively, the following correction factors:    

 

 

𝑛 =  26,
𝑃𝑚𝑎𝑥,𝑒𝑞

𝑃𝑚𝑎𝑥,𝑖𝑛𝑓𝑖𝑛𝑖𝑡𝑦
=  1,50  

 

𝑛 =  39,
𝑃𝑚𝑎𝑥,𝑒𝑞

𝑃𝑚𝑎𝑥,𝑖𝑛𝑓𝑖𝑛𝑖𝑡𝑦
=  1,41 

 

𝑛 =  40,
𝑃𝑚𝑎𝑥,𝑒𝑞

𝑃𝑚𝑎𝑥,𝑖𝑛𝑓𝑖𝑛𝑖𝑡𝑦
=  1,40  
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Number of connections in the network section

Feeder Connections  Correction Factor 

Total district (LV Grid) 302 1,147 

Feeder 1:1 13 1,710 

Feeder 1:2 26 1,502 

Feeder 1:3 39 1,410 

Feeder 2-4 40 1,405 
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Appendix III Cost and technology indicators 

 

Battery technologies & costs 

There are many factors affecting the performance and lifetime of batteries. These are also very dependent on 

the battery technology. At present, approximately 80 percent of the total installed capacity of industrial batteries 

is based on lead-acid technology (Eurobat, 2013). Regarding the costs of these kind of batteries, Hittinger, Wiley, 

Kluza, & Whitacre (2015) state that lead-acid batteries should be modelled with various constraints. Capacity 

fade is for instance an important issue for PbA (lead acid) batteries. Once the battery reaches 80% of its original 

capacity due to the capacity fade, it should be replaced. Hittinger et al. (2015) furthermore state that the 

performance and lifetime of lead-based batteries are affected by temperature. AHI (Aqueous Hybrid Ion) 

batteries are not susceptible to capacity fade and have an average lifetime of 10 years. Note that this of course 

does influence the NPV calculations, as investment in the network might not be necessary, but replacement and 

maintenance for the battery system is mandatory. The following overview shows the costs / parameters linked 

to both battery technologies / systems.   

 

Table III-1     Cost indicators and parameters for BpA and AHI battery systems  

Parameter Value Meekspolder (100 kW h)  Sources 

BpA CAPEX € 200 / kWh € 20.000 
Eurobat (2013); Hittinger et 

al. (2015) 

AHI CAPEX € 550 / kWh € 55.000 Hittinger et al. (2015) 

AHI lifetime 10 years  
Eurobat (2013); Hittinger et 

al. (2015) 

BpA capacity fade  0,023% per complete cycle equivalent  Hittinger et al. (2015) 

BpA replacement 80% of original capacity  
Eurobat (2013); Hittinger et 

al. (2015) 

 

Initial cost indicator used  

Table III-2     Initial transformer cost for LV grid upgrades 

Description   Capacity OPEX CAPEX Units Source 

Transformer New 400 kVA 1.500 10.000 € 
Combrink, F. (2015); 
Hermes (2009) 

    630 kVA 1.875 17.500 € 

Combrink, F. (2015); 
Hermes (2009); van 
Pruissen & Kamphuis 
(2010) 

    1000 kVA 4.500 30.000 € 
Combrink, F. (2015); 
Ecofys (2014) 

Transformer Connection20 < 1000 kVA - 8.350 € Ecofys (2014) 

 

 

 

  

                                                                 
20 Consists of € 4.500 for connecting the transformer + € 3.850 average costs for building and connecting a new transformer station. This 
because a new transformer station (€ 38.500) is required in 10% of the cases (Ecofys, 2014). 
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Appendix IV Flexibility and capacity results 

 

Alt 1: 10% penetration EV 

These first figure shows the flexibility curves in the BAU scenario in 2050, in winter, with a drop in the penetration 

of EV (total EV penetration = 10%).  

 

 

 Figure IV-1    10% EV penetration in the project alternative, BAU, 2050, day in the winter (in stead of 45% penetration)  

  

50

100

150

200

250

300

350

400

450

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

50

100

150

200

250

300

350

400

450

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

50

100

150

200

250

300

350

400

450

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

50

100

150

200

250

300

350

400

450

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24



 
 

 

 

S.J. Barentsz - The Value of Smart Grids 116 Flexibility and capacity results 

Alt 1: Cable capacities nZEB  

These second graphs show the cable capacities in the nZEB scenario in 2050. Because in general the results show 

that the peak loads are higher in this scenario, this is also shown in the capacity usage of the cables. At the 

beginning of the feeder, the maximum capacity is nearly reached in the ‘No intelligent grid’ alternative.  

 

 

 

 Figure IV-2    Cable capacities in the nZEB scenario in 2050  
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Alt 1: Cable capacities max DER  

These graphs show the cable capacities in the max DER scenario in 2050.  

 

 

 

Figure IV-3    Cable capacities in the max DER scenario in 2050  
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Alt 2: Costs histogram nZEB scenario 

 

Figure IV-4     Costs related to ALT0 and ALT2 in the nZEB scenario at the level of the transformer. 

 

 

Alt 2: Costs histogram max DER scenario 

 

Figure IV-5     Costs related to ALT0 and ALT2 in the max DER scenario at the level of the transformer. 
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The next figure shows the total network loads per year for the entire Meekspolder district (thus at the level of 

the transformer), with intervals of 5 years. It shows that there is an annual increase in electricity usage. 

Production and balancing are also incorporated in this graph.  
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Changes to the original model  121  S.J. Barentsz - The Value of Smart Grids 

Appendix V Changes to the original model 

 

A log was kept with the changes that are made to the original, national, model. This log is shown below.  

Date Who Version To Do / Done 

01 apr 2015 RvG v10 Copied from PMCII version v12a. ToDo is change faulty references in 

TRKS-sheets (reference to totals) 

  

01 apr 2015 SB v10 Customized the "Overview" tab: customized to fit the local 

distribution grid of Meekspolder 

      New user groups added to the LV grid. HV grid removed.  

      Load profiles associated with the corresponding sheet/column added 

(purple tabs) 

02 apr 2015 SB v10 User groups are now considered to be the different feeders, 

originating from the single bus bar arrangement used in the 

substation  

      Customized the dimensions in the Wind Solar tab: Table SolarPV: 

MWp > Kwp, MWh > KWh 

07 apr 2015 SB v11 Properly adjusted the references in name manager concerning 

Penetration (Pentr...) and Profiles (Prof...). Unused items are shaded 

black in the SCN0 sheet 

      Updated YEAR sheet until "DR LV residential EHP (PMCII)".  

      Copied values for "flex load" and "flex unld" (sheet YEAR, residential 

DR) from v12a > these values are derived from PowerMatching City 

14 apr 2015 SB v12 Removed demand response data that are not applicable: the model 

now only uses LOCAL LV demand response 

      Editted the INDICATOR (YEAR sheet) with respect to the demand 

response: the indicator should also take into the account the amount 

of load that is either loaded or unloaded:  

Considered LOAD = Extra Consumption, UNLOAD = Extra Production  

16 apr 2015 SB v13   

      Adapted the storage LV macro. Because of the multiple storage 

option in the original model, the macro doesn't have to work with a 

LOOP function. For example, when applying the macro to multiple 

storage 'devices', the macro used a loop function ("FOR I = 1 TO 6" 

etc).  
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      Removed various Marcos that are outside the scope of the local 

situation: 

Private Sub RecalcHydrogen() 

Public Sub CalculateHydrogen() 

Private Function FuncMeritOrder() 

Sub CalculateMeritOrderPower() 

Sub CalculateMeritOrderPowerNew() 

20 apr 2015 SB v14 Added grid load totals: added extra total groups to determine the 

load among feeder 1 (this is why three separate groups were added 

to feeder one) 

      Added scenario groups for both (which can be found in the SCN5 

TAB):  

- penetration values: (so that each group can have their own 

penetration grade, based on a certain scenario, in first instance this is 

not used, as the scenario states that all buildings have the same rate 

of penetration) 

- profile values: each group can however, independent of the 

scenario, have a different profile. So for each user group, a separate 

profile value can be added and altered in time 

26 apr 2015 SB v15 Tested the button: ThisYear, Current Alternative. A lot of errors, 

because of lacking data. In the end the overview and the year sheet 

seems to be properly updated, given SCN5 in 2030 (ALT0). 

      All errors have to do with missing values in the Overview sheet and 

were all checked and removed if they were no longer applicable to 

the low voltage network.  

28 apr 2015 SB v16 Rebuild the "Grid load totals" (YEAR Sheet) from scratch.  

      This according to the total grid load per user group. Accumulated 

user groups result in a total load of the busbar, resulting in a total 

load of the transformer 

  

  

  Deleted all scenario parameters that are not used any more, because 

of the use of the LV network only! SCN5 is the 'clean' version 

  

  

  Tried adapting the overview graph data table to match the research 

question.  

  

  

  Deleted a lot of parameters that were in TRKS --> for now TRKS are 

not necessary.  

29 apr 2015 SB v17 Edited the scenario sheets to fit the three scenario's as described in 

the thesis. To do so, two more sheets were formed and the scenarios 

can now be found in the sheets SCN0 - SCN3. The editing had to do 

with for instance: the EV penetration is represented as a cumulative 

distribution function. Another example is the incorporation of a 

declining heat demand: with a constant growth rate, the peak profile 
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of the devices are represented as an exponential function (with a 

negative constant growth rate).   

  

  

  Heat demand is incorporated into the model as a decline in profile 

peak. This can be altered in the SCN sheets. Another option is to 

reduce the amount of penetration. Though with altering the profile 

peak of both the HP and the CHP, we can easily incorporate for 

instance a yearly decline in heat demand of a certain percentage.  

  

  

  The only fully elaborated scenario is scenario 0. This is why the other 

scenarios have references to this scenario. If values remain the same 

among two different scenarios, the values are copied. 

30 apr 2015 SB v18 Added the sheet "LV Grid" that gives a clear overview of what 

happens to the different feeders. The topology is shown together 

with the total loads. The sheet therefore refers to the "YEAR" sheet. 

      Reviewed the solar tab and altered the values that have to do with 

the available surface per building and the efficiency of the panels. 

This of course is of influence of the total amount of energy that can 

be generated per user group. Values were edited according to the 

literature as referred to in the thesis.   

07 mei 2015 SB v19 Edited the "grid total summary" table (in the YEAR sheet). Because 

this summary table only concerns the LV voltage grid, it is edited to 

plot the same value as in the MS>LS row.  

      Edited the "Grid" sheet > table: "Grid load for grid investment 

calculation". Although the monetary values are calculated separately, 

this table provides the input values for the TRKS (Time Series - 

"Tijdreeks" in Dutch). We need the time series because we want the 

model to calculate all maximum load values per year and plot these 

values onto a separate sheet. 

      From this point on, the model should be able to calculate all 

scenario's and years if we go to the output sheet and hit CALCULATE 

      A macro makes sure that after each year the calculation output 

(maximum loads per feeder and total LV load) is plotted 

automatically onto a new sheet: TRKS0 for the time series belonging 

to the ALT0, and TRKSX belonging to ALT1.  

      Adjusted the parameters > model should run for 2050-2015 (start 

year) = 35 consecutive years 

      Adjusted the TRKS sheet > the plotted output should be linked to the 

"Grid" sheet > See table "Summary for export to TRKS" > in order to 

plot the yearly maximum loads per year for all the feeders, as well as 

the total LV grid load.  

24 mei 2015 SB v20 New flexibility groups added in the year sheet: this because of the 

following situation:  
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      Situation: The flexibility (resulting from the summed profiles of EHP, 

HP and EV) are summed with the total amount of storage (which in 

v20 is set at "zero", no storage). This results in the column: "STORAGE 

+ DR". This storage + dr (user group 9) is, if we look at the topology of 

the network, connected separately to the busbar. 

      Conclusion: Flexibility is not considered per user group! This means 

that there is no load-difference in the separate feeders, as flexibility 

is incorporated in user group 9! 

      Conclusion 2: This inevitably leads to the fact that we can only see a 

difference between the ALT-0 and ALT-1 on the level of the 

transformer (MV>LV)!  

      Solution: I've added a separate "Flex" group for each of the user 

groups on feeder 1. This means adding a 3 columns (Flex EHP, HP and 

EV) for the 3 user groups on feeder 1: 9 added columns. This means 

rewriting the macro "CalculateDRPMCII", as the (automatic) 

optimization progress should also concern the newly added columns:  

        For I = 1 To 12                    'number of DR groups 

          With Range("_StartDRPMCII") 

            Range(.Offset(-12, 0), .End(xlToRight).End(xlDown)).Calculate 

            Set R = .Offset(0, 6 * (12 - I)) 

          End With 

          Call OptimizePowerPMCII("day", R, R.Offset(0, 1), R.Offset(0, 4)) 

        Next I 

01 mei 2015 SB v20a Adjusted the "Grids" sheet: the summary for export to TRKS is 

changed to match the load totals in the various feeders (and 

sections). The model should now be able to correctly plot all the 

needed values to the TRKS (for ALT0) and TRKS0 (for ALT1) sheet. So 

the model can now be asked to simulate the entire project length of 

35 years and the output needed will be in the TRKS sheets. 

01 mei 2015 SB v20d A new alternative has been added in which the flexibility does not 

gradually build up (linear growth), but it assumed to be fully (100%) 

integrated from 2015 onwards.  

      To some extent the storage settings has been altered to see what 

effect storage has on the scenarios.  
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Appendix VI Meetings model expert (in Dutch) 

 

Interviewer  S.J. Barentsz 

Interviewee  ir. R. van Gerwen 

Meetings (date / time) 13-03-2015 / 13:00-14:00 

   01-04-2015 / 09:00-10:00 

   13-04-2015 / 09:00-10:00 

   20-04-2015 / 13:00-14:00 

Meeting location  DNV GL, Arnhem (Building H21) 

 

 Question Answer 

1 Waarom niet gekozen voor shift in load profile with 

and without demand respons/smart grids? 

Scenario afhankelijk, als er veel pv is, ligt de piek anders dan 

dat er geen pv is.  

2 Hoe verschillen de twee alternatieven, ALT0 (geen 

flex), ALT1 (100% flex), ik zie nu alleen verschil in:  

 Percentage use shiftable load EHP PMCII 

 Percentage use shiftable load CHP PMCII 

 Percentage use shiftable load EV PMCII 

Deze verschillen ook alleen hierin 

 

3 “Het grote voordeel van het model is dat door het 

aanbrengen van een tijdlelement inzicht kan worden 

verkregen of dan wel hoe vaak een bepaalde extreme 

situatie zich voordoet en onder welke 

omstandigheden.” 

Waarom niet 1 extreme situatie pakken en dan kijken 

of het net daar tegen bestand is? 

Omdat je nu kijkt of deze situatie voorkomt en of de situatie 

waarvan je dacht dat die extreem was wel daadwerkelijk de 

meeste constraints oplevert voor het net 

4 Hoe wordt omgegaan met netverliezen. In eerste 

instantie gebeurt dit in het model met een 

verliesparameter per netvlak (van LS naar MS) 

Deze zijn vaak zo klein dat deze in het begin nog niet worden 

meegenomen. Hier kan eventueel wel later naar gekeken 

worden. Ontwerpaspecten omtrent netverliezen worden 

dan ook bewaard in het model.  

5  

Concurrency factor 

1 1 

100 0,9 

1000 0,7 

10000 0,5 

 

6 Hoe wordt er om gegaan met concurrency, vaak wordt 

er gecorrigeerd met aantal aangesloten huishoudens:  

Dit is momenteel nog een beperking van het model. Nu 

wordt er uitgegaan van een 100% gelijktijdig optreden van 
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de profielen. Dit impliceert dat, omdat in werkelijkheid “de 

gelijktijdigheid” lager ligt, de peak loads nu hoger uitvallen 

en er dus wordt over gedimensioneerd (bijv. de trafo wordt 

nu afgestemd op een hogere piekbelasting). 

7 Hoe wordt de flexibiliteit bewerkstelligd? Automatisch 

via smart meters (penetratie daarvan 100%?), wordt 

een gedragsverandering beoogd door de gebruiker?  

 

PMCII Agent Modelering. Flexibility zoals beschreven in 

PMCII. Zie scriptie zelf. 

8 Welke benefits worden uiteindelijk gekwantificeerd? 

Ofwel: hoe wordt de waarde in het wijkmodel 

bepaald? 

 Deferred investment costs – JA  

 Reduced electricity losses - NEE  

 Reduced maintenance costs – JA, tezamen met deferred 

investment costs  

9 Waarom op feeder 1 drie verschillende user groups? 

Uiteindelijk sommeer je deze toch bij de LV-busbar als 

1+2+3, alleen voor de kabel topologie maakt dit 

misschien uit? 

Je wilt kijken wat er gebeurt op de kabel bij de verschillende 

huishoudens. Stel 1 groep heeft veel EV, wat doet dit voor 

dat stukje kabel en heeft is dit effect ook merkbaar op het 

niveau van de transformator?  

 

10 How is the heat demand incorporated in the model? Heat demand heeft invloed op het profiel. Door de peak 

profile te verlagen, verlaag je dus de benodigde energie om 

te voldoen aan de warmtevraag. Dus verlagen van 

(piek)profielen van CHP en HEAT PUMP. 

11 In excel: ES10: Why is the capacity the square root 

(StorEtaLV) =  SQRT (0,95) = 0,975 

Dit is de storage efficiency. StorEtaLV omvat de efficiency 

heen en terug over de lijn. De wortel wordt genomen omdat 

we enkelvoudig kijken naar de lijn (ofwel IN, ofwel OUT).   

12 Concerning the balancing, we have 2 situations that 

can occur: 

 Situation with no balancing: meaning that 

production is subtracted from the consumption 

withouth any further ado.  

 Situation with balancing: Balancing gross 

production and consumption towards actual grid 

loads. This means that there is an internally 

balancing process of production and consumption 

within one user group, depending on the 

percentage of balancing possible. For LV network, 

this percentage is 50%.   

Wat is het verschil tussen flexibiliteit en het 

balanceren van de profielen? Het balanceren gebeurt 

normaliter ook automatisch? 

Zie uiteindelijke scriptie, hier staat dit duidelijk uitgelegd 

met daarbij afbeelding waarin e.e.a. duidelijk wordt. 
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13 Waarom een aparte grid load summary? Je hebt bij 

total loads de maximale belasting op het MS/LS net 

toch al uitgerekend? 

Voor toepassing op Meekspolder wijk maakt dit inderdaad 

ook geen verschil, gezien er niet meer gekeken wordt naar 

wat er op middenspanningsniveau gebeurt. 

14 De “winst” van het model zit hem “alleen” in de 

flexibiliteit van HP, EV en CHP? 

Ja, dit gaat dus om enerzijds de hoeveelheid flexibiliteit en 

ook om de momenten van flexibiliteit 

15 Hoe draagt profit optimization bij aan flexibiliteit? Prijsprikkels gegeven door de DSO agent in PowerMatching 

City, die zorgen voor op- en afschakeling van het gebruik 

van de apparaten. Er wordt echter alleen geoptimaliseerd 

op vermogen en dus niet op prijs! 

16 Scenarios: als percentages of als een verandering in 

peak load? Bijvoorbeeld PV: ofwel je verhoogt de 

penetratie, ofwel je past het profiel aan. Of beiden?  

De techniek wordt beter  meer vermogen (kWp)  

maar ook penetratie wordt hoger (100%).  

 

Zowel de penetratie als het piek vermogen bepalen 

inderdaad het totaal aantal opgewekte kW energie aan 

zonne-energie. Je zou bijvoorbeeld ook het rendement in de 

tijd kunnen opschalen. Echter volstaat het om de penetratie 

toe te laten nemen bij een vast vermogen van de 

zonnepanelen. Er worden dus meer van dezelfde panelen 

geïnstalleerd en oude panelen zijn niet onderhevig aan 

‘upgrades’.    

17 Warmtevraag  verlagen peak profile voor HP en CHP 

(beiden hetzelfde percentage)? 

 

 Ja, een vermindering van de warmtevraag door 

bijvoorbeeld toepassing van nul op de meter woningen 

wordt in het model gezien als een verlaging van de pieken 

van de apparaten die daarvoor verantwoordelijk zijn.  

18 In PMC blijkt de DSO agent op het juiste moment 

prijsprikkels aan de bewoners te geven om hun gedrag 

aan te passen: dit aanpassen van gedrag wordt 100% 

automatisch geregeld via smart meters? Beoogt geen 

daadwerkelijk gedragsverandering, maar puur de 

inzet van flex? 

Ja, zie bijgeleverd document.  

19 

  

 During a period of high market prices (left), the 

flexibility of the HP to switch on is retained (indeed the 

yellow surface remains the same). The contrary is 

shown on the right: during a period of low market 

Yes, this is correct. (explanation correct?) 
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prices, the flexibility is used more quickly (indeed the 

yellow surface is a lot smaller). 

20 Wat wordt nu wél, en wat wordt niet meegenomen? Flexibiliteit wordt apart gedefinieerd voor: 

  het uur van de dag 

 de dag van de week (doordeweekse vs. weekenddagen). 

Vervolgens wordt apart gekeken naar het effect van: 

 de buitentemperatuur 

 de prijsfluctuaties. 

21 Stel dat de transformator een capaciteit heeft van 400 

kVA, hoe bepaal je dan de maximale capaciteit?  

Stel powerfactor = P/S = Cos phi = 0,86 

Dan is the active power = 400 * 0,86 = 344 kW 

Maximaal belasten tot 80%?  

Dus 344 * 0.8 = 275,2 kW 

22 Betreft de kostenposten, waar zijn deze op gebaseerd 

en in hoeverre zijn de OPEX en de CAPEX uitgerekend, 

dan wel afhankelijk van elkaar?    

De kostenschatting is gebaseerd op vergelijkbare system 

die nu worden toegepast waarbij bijvoorbeeld ook rekening 

is gehouden met kostendalingen van ICT in de toekomst. 

O&M op gebouwniveau (LV grid), ofwel de OPEX, is op 

vergelijkbare wijze geschat op 15% van de investeringen. 
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