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Resumen

Las soluciones de redes inteligentes o smart grid ofrecen un elevado potencial para la integracién
eficiente de las energias renovables en las redes de distribucién. Se estan llevando a cabo numerosos
proyectos piloto para probar el funcionamiento de las soluciones smart grid en condiciones reales.
Sin embargo, los resultados obtenidos en dichos proyectos estan sujetos a las condiciones especificas
del piloto. Por tanto, las conclusiones extraidas pueden no ser directamente aplicables a la
implementacién de las mismas soluciones en distintos lugares o a mayor escala. Esta tesis propone
un marco conceptual y metodoloégico novedoso para analizar la escalabilidad y la replicabilidad de
las soluciones smart grid que permite evaluar cobmo el contexto en el que se implementan dichas

soluciones repercute sobre los resultados de la implantacion de la smart grid.

Esta tesis propone una metodologia para el anélisis de escalabilidad y la replicabilidad (SRA, del inglés
scalability and replicability analysis) que comprende una primera etapa de analisis técnico basado en
el uso de simulacion para la cuantificacién de indicadores clave de rendimiento (KPIs, del inglés Key
Performance Indicators) que miden el impacto de las soluciones implantadas sobre el sistema; y una
segunda etapa de analisis no técnico mas cualitativo. El SRA técnico se sustenta en el empleo de redes
representativas y escenarios de simulacion para abarcar las distintas condiciones de contorno técnicas
gue pueden encontrarse en las regiones estudiadas. La experiencia reunida en los proyectos piloto se
incorpora al SRA técnico comparando los KPI medidos en las demos con los valores obtenidos
mediante simulacién. El analisis no técnico aborda el contexto regulatorio y la perspectiva de los
stakeholders relevantes para identificar barreras e impulsores para la implementacién de soluciones

smart grid.

Esta tesis propone una clasificacidn de las soluciones smart grid en tres categorias de casos de uso
para SRA basada en los tipos de impactos causados y los objetivos perseguidos: (i) automatizacién
de la red para la mejora de la continuidad de suministro, (ii) control de recursos energéticos
distribuidos y control de tensiones para el aumento de la capacidad de integracion de la red, y (iii)
funcionamiento en isla y micro-redes para la mejora de la continuidad de suministro. La
implementacién detallada de la metodologia de SRA propuesta en esta tesis se ha particularizado
para estos tres grupos de soluciones smart grid. En esta tesis se han identificado para el SRA de cada
grupo de casos de uso de smart grid los requisitos para las redes representativas, los enfoques de
modelado y simulacién adecuados, los KPIs apropiados y los temas regulatorios y stakeholders

relevantes.

Finalmente, se ilustra la aplicacién de la metodologia de SRA propuesta mediante el SRA completo
para el caso de estudio de automatizacién de redes de media tension para la mejora de la continuidad
de suministro en Espafa e Italia. Este caso de estudio incluye también un andlisis coste-beneficio

basado en los resultados del SRA.






Abstract

Smart grid solutions offer a great potential to achieve a more efficient integration of renewable energy
in the distribution network. Numerous pilot projects have been launched to test smart grid solutions
in real-life systems. However, the results observed are subject to the specific context of the
demonstrators. Therefore, conclusions drawn may not be directly applicable to the implementation
of the same solutions in different locations or at a larger scale. This PhD thesis proposes a novel
framework to assess the scalability and replicability of smart grid solutions to understand the effect
of the implementation context and infer the impacts that may be expected from the deployment of

the smart grid.

This thesis proposes a SRA methodology comprising a quantitative and detailed technical analysis
based on simulation to compute the KPIs that measure the impact of the use case on the system; and
a second stage of a more qualitative non-technical analysis. The proposed technical SRA relies on the
use of representative networks and scenarios for simulation to account for the different technical
boundary conditions that may be encountered in the considered regions. The experience gathered
from real-life testing is incorporated in technical SRA comparing the KPIs measured in the demo and
those obtained through simulation. The non-technical analysis addresses the relevant regulatory
framework and the perspective of stakeholders involved to identify barriers and drivers for the

implementation of smart grid solutions.

This thesis proposes to group smart grid use cases into three main categories for SRA, based on the
type of impacts caused and objective pursued: (i) network automation to improve continuity of supply,
(i) DER management and voltage control to increase network hosting capacity, and (iii) islanded
operation and micro grids to improve continuity of supply. The detailed implementation of the
proposed SRA methodology has been particularized for these three groups of smart grid use cases.
Accordingly, this thesis has identified the characteristics required for representative networks for the
SRA of each group of smart grid use cases, adequate modelling and simulation approaches,

appropriate KPIs and the relevant regulatory topics and stakeholders.

Finally, a comprehensive SRA is presented in this thesis to illustrate the application of the proposed
SRA methodology to the case study of MV network automation to improve continuity of supply in

Spain and Italy. This case study includes a cost-benefit analysis based on the SRA results.
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Chapter 1

Introduction

This introductory chapter provides the background that has motivated the work of this PhD thesis and
presents the objectives pursued. The evolution towards a smarter distribution grid requires tools to
adequately assess the potential of large-scale deployment of available smart grid, taking into account
the different technical, economic, social and regulatory context across different countries. The first
section of this chapter describes the context and motivation of this work. Secondly, the scope and

objectives of the thesis are laid out. Finally, the structure of this document is presented in the last section.
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1.1 Introduction and motivation

As our society becomes increasingly concerned about the environment and the serious risks derived
from global warming, international organizations have proposed different targets which include CO;
emissions reduction, such as the Kyoto Protocol (United Nations, 1998) and the Paris Agreement
(United Nations, 2015), or the EU Energy Roadmap 2050 (European Commission, 2011). In order to
accomplish a low carbon economy, the energy sector plays a key role and a more sustainable and
efficient electric power system must be pursued. However, this will require a major structural change,
promoting a very strong presence of renewable energy sources (RES), introducing energy efficiency

measures and enabling a more active role of demand™.

1.1.1 General context: smart grids in the distribution system

The technological development and the decrease of required investment costs of smaller-scale
renewable generation, together with different support schemes, have boosted the penetration of
distributed generation (DG). Many countries have seen a massive deployment of DG mainly in the
form of solar PV panels, wind, biomass and micro-cogeneration units connected to distribution
networks, so that a significant fraction of deployed RES is distributed?. Figure 1.1 displays the installed
capacity connected to distribution networks in Spain. Similarly, alternatives for the electrification of
transportation have gained prominence in recent years. There has been a very strong increase in the
uptake of electric vehicles in the last five years? (see Figure 1.2), and a large number of electric vehicles

is expected in the near future. Plug-in electric vehicles will connect to distribution networks to charge

Actually, with the aspiration for the European Union to lead the clean energy transition, the European
Commission has recently issued a package of proposals focusing on putting energy efficiency first, achieving
global leadership in renewable energies and providing a fair deal for consumers (European Commission, 2016).
The package measures address renewable energy to reach a share of at least 27% of the final energy
consumption by 2030, efficiency in the form of a binding target of 30% energy savings by 2030, efficient
buildings, eco-design measures, cleaner heating and cooling, decarbonized transport, smart metering and
empowered consumers.

In Germany, a total installed capacity of solar PV exceeding 40 GW has been connected to MV and LV networks,
and over 85% of the solar energy produced in Germany is injected by units of a capacity below 1 MW (Fraunhofer
ISE, 2017). The total installed capacity of solar PV in UK amounted to 9 GW in 2015, from which 5 GW
corresponded to PV units of a capacity below 10 MW connected to the distribution network (Castro Legarza &
Alvarez Pelegry, 2016). In the United States, around 29% of the solar capacity installed in 2014 was distributed,
which accounted for 8% of all US generating capacity additions. In 2015, these values increased so that 41% of
the solar capacity installed was distributed, which accounted for 11% of all US generating capacity additions
(Massachusetts Institute of Technology, 2016).

The global electric vehicle stock has increased globally from around half a million in 2014 to a million of electric
vehicles on the road in 2015. Although this number represents an extremely low share (0.1%) when compared
with the total number of cars worldwide, EV market shares reached 23% in Norway and nearly 10% in the
Netherlands (International Energy Agency (IEA), 2016).
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their batteries at domestic and public charging points. In addition, owners of battery storage,
including EVs with so-called vehicle-to-grid capabilities, may be able to both retrieve and inject

energy into the grid.
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Figure 1.1: Installed capacity of distributed generation in Spain in 2012. Data from CNE.
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Figure 1.2: Evolution of the global electric car stock, 2010-15. Source: (International Energy Agency (IEA), 2016).

Demand response may unlock a high degree of flexibility for the system and greatly increase energy
efficiency. Demand response at domestic level has been enabled by metering and communication
technologies, including smart meters and advanced metering infrastructure (AMI), as well as energy

boxes and home automation solutions in the domain of the consumers. Actually, most European



4 Chapter 1. Introduction

countries are pursuing a smart meter roll-out and are close to completion (see Figure 1.3)* Consumers
may be engaged in demand response motivated by an enhanced awareness of their consumption,
environmental concerns and opportunities to reduce their energy costs. Although demand response
is a key element of the EU sustainability strategy as reflected in the Energy Efficiency Directive
(European Commission, 2012b), the level of actual realization is still quite low in most countries.
Demand response is a viable product only in a few countries, as shown in Figure 1.4, mainly due to a

lack of a clear commercial and regulatory framework (Smart Energy Demand Coalition (SEDC), 2014).

B Legislative / regulatory
framework for county-wide
roll-out adopted

B voluntary roll-out for
majority of customers (no
decision on mandatory
roll-cul)

B No mandatory couniry-wide
roll-cut planned

B Mo decision so far

/\M,MI

Figure 1.3: Smart meter roll-out in Europe. Source: Adapted from Eurelectric (Eurelectric, 2013).

Smart metering has been fully deployed in Italy, Finland and Sweden, and is currently on-going in many other
countries (e.g.: Spain, the Netherlands, UK, Ireland). The EC has mandated that at least 80% of all European
consumers shall be equipped with intelligent metering systems by 2020, subject to a positive CBA to be carried
out by each Member State (European Commission, 2014a).
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Figure 1.4: Map of explicit demand response development in Europe Today (Smart Energy Demand Coalition
(SEDC), 2014)

Electricity networks are hierarchically divided into voltage levels comprising transmission networks
and distribution networks, to connect network users to the electric power system. Table 1.1 shows the
traditional characteristics of electricity networks of different voltage levels in terms of topology,
flexibility and observability for operation, as well as of number of network users and assets. Large-
scale generation is directly connected to the transmission network through substation. Distribution
networks have been traditionally designed and operated based on unidirectional power flows with no
(or very little) generation. As a consequence, and due to the much larger number of assets and
connected network users, the degree of monitoring and flexibility in operation has been typically

much lower for lower voltage levels.



6 Chapter 1. Introduction

Typical Number  Number Operation Monitoring
Network and voltage level Structure . o
operation ofusers of assets flexibility  degree
Transmission . .
Meshed Meshed  Very few Few High High
(400, 275, 220kV)
HV Meshed/ )
Meshed . Few Many Average High
(132, 66, 45kV) Radial
e MV Meshed/ ]
Distribution ) Radial Many Many Poor Average
(20, 15kV) Radial
LV Meshed/ )
. Radial Alot Alot Very poor Low
(400, 380V) Radial

Table 1.1: Characteristics of traditional electricity networks. Source: (Trebolle, Frias, Maza, & Martinez Ramos,
2012).

The introduction of distributed resources (DER), i.e. distributed generation (DG), demand response
(DR), distributed storage and electric vehicles (EVs) is bound to change conventional power flows in
the network. Under the increasing presence of distributed energy resources the usual fit-and-forget
approach is no longer valid (I. Pérez-Arriaga, Ruester, Schwenen, Batlle, & Glachant, 2013). In order to
face the upcoming challenges and successfully allow the integration of renewable energies and active

demand response, the distribution system needs to become more flexible.

Furthermore, ageing of the transmission and distribution infrastructure is bringing assets closer to the
end of their useful life, so strong investment will be required to upgrade the network. The integration
of information and communication technologies (ICTs) into the electric infrastructure will allow a more
efficient electric power system to ensure reliability and security of supply (European Distribution
System Operators for Smart Grids (EDSO4SG), 2016).

In the light of these changes, the term smart grid has been coined to define the new paradigm for the
networks of the electric power system. The European Technology Platform for Smart Grids® defined
the concept of smart grid in 2006 as “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”.

The concept of smart grid has become very relevant over the past years (Eurelectric, 2011;
International Energy Agency (IEA), 2011; International Renewable Energy Agency, 2013), covering a
wide range of solutions aimed at achieving the necessary upgrade of the distribution grid (Blumsack
& Fernandez, 2012; Ipakchi & Albuyeh, 2009; J. Wang, Conejo, Wang, & Yan, 2012). According to the
smart-grid taxonomy proposed by GTM Research, the architecture of the electric power system
comprises three main layers: (i) a power layer, i.e. physical, electric power infrastructure; (ii) a digital

layer, i.e. data and communications; and (iii) a functional layer, i.e. applications and services. As shown

> www.smartgrids.eu
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in Figure 1.5, the smart grid covers all aspects of the electric power system and comprises the three
interconnected layers. Further development of architecture models has resulted in the Smart Grid
Architecture Model (CEN/CENELEC/ETSI, 2012) based on five interoperability layers: component,

communication, information, function and business layers (see chapter 2).
"End-to-End" Smart Grid

(High-Level Taxonomy)
A integrated Enterprise-Wide

Advanced Control Systems £ Energy 2
)
- is BT
t -
Utility control and
management system Application n End-user data for application n
for Application n
Application 3
) (Ex: Distributed generation) Ui peeion BN St
Smart Grid
Applications Application 2
Layer (Ex: Demand Response) toms ppiaice daiaad el
Application 1 Met
(Ex: AMI) gan
LAN WAN FAN/AMI HAN
o (S
Communications Local Area Network Wide Area Network @ Field Area Network (( Home Area Network
Layer (Utility enterprise (Cellular {2G/3G}, private wireless, (RF mesh, RF point to multipoint, (WiFi , ZigBee, HomePlug,
network) backhaul, satellite, BPL, WiMax) WIMAX; fiber, BPL/PLC) 6LOWPAN, Z-Wave)
Network Gateway Smart Meter
Power Layer > > > > ] @ a—
= | —TH= =
Generation Transmission Substation Distribution Home/Building Distributed Generation
and Storage

@ Utility Infrastructure Consumer

Figure 1.5: "End-to-End" Smart Grid (High-Level) Taxonomy. Source: (GTM Research, 2010).

The academia and industry all around the world have jointly embarked upon smart grid research and
development supported both by public and private funding. As smart grid technologies reach
maturity, smart grid projects are shifting their focus towards demonstration and deployment (Colak,
Fulli, Sagiroglu, Yesilbudak, & Covrig, 2015), as indicated by the graph in Figure 1.6. Indeed, numerous
demonstrators and pilot projects have been launched across the world to test different smart grid
solutions in real-life systems: up to 2015, over €3.15 billion and $9.7 billion have been invested in the
EU and the USA respectively (Covrig et al., 2014; U.S. Department of Energy Electricity Delivery and
Energy Reliability, 2012).
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Figure 1.6: Budget of smart grid R&D and D&D projects per country. Source: (Covrig et al., 2014).

Demonstration and pilot projects enable testing new functionalities and their integration with the
existing distribution system. Furthermore, new business models may be experienced, engaging
intended users in the process to understand their role and interaction with the smart grid.
Demonstration projects can also help guide the design of subsequent pilots and identify the need for

changes in the regulatory framework to encourage the adoption of the smart grid.

Clearly, a huge volume of investment has already been devoted to smart grid demonstration projects
around the world. The deployment and full roll-out of the solutions tested in these demonstration
projects require a suitable degree of scalability and replicability to prevent projects from remaining
local experimental exercises unable to transfer their knowledge and solutions to real-life industrial-

scale applications (Lukas Sigrist et al., 2016).

Public funding institutions like the DOE in USA or the EC in Europe set common requirements for
dissemination of project results and outcomes and encourage knowledge sharing among projects.
However, there is no systematization of data gathering from pilot projects or common metrics to

compare results.

There is a need to bridge the gap between demonstration projects and the large-scale deployment
of the smart grid. The adopted smart grid paradigm will not be a one-fits-all model, but rather will
comprise different smart grid solutions adapted to the specific local needs and reality of the
distribution system across different regions and countries. A systematized, comprehensive analysis is
required to identify the most promising solutions and most favorable conditions for their deployment.
The assessment of smart grids must be able to tackle the large-scale deployment of smart grid

solutions attending to the implications of replication and scaling-up of smart grid implementations.

This PhD thesis aims to contribute to fill this existing gap by developing a methodology for the
scalability and replicability analysis (SRA) of smart grid solutions in distribution networks. The

proposed methodology will be focused on the assessment of the technical impacts of smart grids on
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the distribution system, incorporating as well as economic, regulatory and stakeholder-related

aspects.

1.1.2 Framing the problem: scaling-up and replication

Much work is currently being carried out to determine the potential impacts, costs and benefits that
can be expected from the implementation of smart grid solutions (Electric Power Research Institute,
2011; Giordano & Bossart, 2012; OFGEM, Frontier Economics, & EA Technology, 2012). Cost-benefit
analyses (CBA) are well-established for implemented smart grid projects (of a limited size and range).
However, CBA aimed at estimating the costs and benefits of the large-scale implementation of the
smart grid is much more challenging and implicitly involves scaling-up and replication. Conclusions
are drawn from experimental data by extrapolating and performing sensitivity analysis assuming
certain hypotheses. Scaling-up and replication have not been yet addressed and performed in an
explicit and systematic manner in CBA. Often, observed impacts of smart grids are assumed to be
directly applicable for all distribution grids, which implies a linear scaling-up, where the different
conditions across the country have not been considered (Electric Power Research Institute, 2011).
Thus, SRA must be carried out in order to correctly assess the expected impacts of large-scale
implementation of smart grids, accounting for the effect of boundary conditions. Then, the economic

valuation of these impacts determines the benefits for the CBA.

There are two main approaches for the assessment of the potential benefits and outcomes of smart
grids: the use of analytic models and simulation, and actual implementation of smart grid solutions
in pilot projects and demonstrators. Testing smart grid solutions in pilot projects and demonstrators
is essential to prove the integration of the deployed technologies and the interaction with the
intended users, providing real-life experience. However, testing is costly and the observed results are
subject to the specific conditions of the demonstrator. The use of analytic models and simulation
allows for assessment of smart grid solutions under different conditions. The results observed in real-
life demonstrators may be used to improve analytic models and simulation tools. The proposed
scalability and replicability analysis build on the complementarity of these two approaches. Thus, the
results observed in real-life in demos may be translated to a larger-scale using simulation to analyze
the outcomes expected in other location (replication) or at a larger-scale (upscaling) where the

context (i.e. boundary conditions) differs.

As previously mentioned, strong investment has been devoted to smart grid demonstration and pilot
projects across the world. These initiatives enable testing the performance of smart grid solutions for
real-life conditions. However, the conclusions drawn from testing may not be directly applicable to
the implementation of the same solutions at a larger scale or in other regions. The observed results
are subject to the technical specificities, the regulatory framework and the environmental and social
context of the system itself and the location and time where the implementation is carried out. The
assessment of scaling-up and replication requires a thorough analysis of the technical, regulatory and

social boundary conditions to identify the relevant factors and evaluate the implications of their
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variation. This is precisely the main goal of the scalability and replicability analysis (SRA) as proposed

in this thesis.

The EU has explicitly stressed the need to assess the scalability and replicability of smart grid solutions
and projects in its strategic guidelines (European Electricity Grid Initiative, 2013b). Furthermore, the
EU has launched several research projects (e.g.. GRID4EU®, GRID+’, iGREENGrid® evolvDSO?,
SUSTAINABLE?) with specific tasks devoted to (i) analyze the scalability and replicability of tested
smart grid solutions, (ii) enable the scaling-up and replication of smart grid demonstration projects
and (iii) develop the conceptual and methodological framework to achieve the previous two
objectives. The author of this thesis has been involved in several of these projects, and the work of

this PhD thesis aims to contribute precisely to these objectives.

In particular, this PhD thesis focuses on functionality-oriented SRA (as opposed to a solution-based
SRA aimed at analyzing the scalability and replicability of smart grid technologies) to analyze the
impacts of replication and upscaling of smart distribution grids in a European context (assuming that
smart grid solutions are scalable and replicable). This thesis proposes a SRA methodology comprising
a quantitative and detailed technical analysis based on simulation to compute the metrics (KPIs) that
measure the impact of the enabled functionalities on the distribution system; and a second stage of
a more qualitative non-technical analysis, to include regulatory aspects and the perspective of the
different stakeholders involved. The outcome of SRA is a set of qualitative premises and conclusions,
the so-called scaling-up and replication rules, which may be regarded as guidelines to help infer the

outcome of implementing smart grid solutions.

The objectives of SRA are very ambitious and the proposed methodology is not exempt of barriers
that can result in limitations in the obtained results. The proposed SRA is based on the use of
simulation models, representative networks and generation and demand scenarios. Therefore, the
validity and robustness of SRA results depends on the representativity and suitability of the
representative networks and demand scenarios considered and the fitness of the simulation model(s)
to quantify the selected KPIs. In order to ensure the quality of SRA, it is necessary to have enough
data available to correctly characterize the distribution system. Furthermore, sensitivity analyses for
the technical SRA cannot cover every single variation, parameter and scenario. Moreover, the
validation of simulation models with demonstration projects, comparing the values registered for the
KPIs to those obtained through simulation under the same conditions, is not straightforward, as

demonstrations may not be able to reflect certain impacts.

6 http://www.grid4eu.eu/

7 http://www.gridplus.eu/

8 http://www.igreengrid-fp7.eu/
% http://www.evolvdso.eu/

10 http://www.sustainableproject.eu/
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In spite of these difficulties, the proposed SRA provides very valuable insights to guide smart grid
deployment towards the most promising smart grid solutions and use cases for different contexts and
regions. Therefore, SRA is of great interest for policy-makers, to help shape the roadmap for the large-
scale smart grid deployment, identifying favorable functionalities and applications for different
regions (depending on the prevailing boundary conditions). SRA can also help guide funding of
further R&D and demonstration smart grid projects, identifying conditions for testing. Moreover, SRA
results can be of assistance for regulators to remove the identified barriers to smart grid
implementations, and set adequate regulatory incentives that can facilitate the adoption of smart grid

use cases and encourage investment on new solutions.

Furthermore, SRA is extremely relevant for the incumbent industry to guide their investment and
shape their strategy for different smart grid solutions. SRA results enables cost-benefit analyses for
large-scale smart grid deployment. CBA analyses can be carried out from the perspective of different
investors, including DSOs, equipment manufacturers and vendors, software developers, as well as ICT
and other service providers. Such analyses can help them understand the business case of investing

in the implementation of different smart grid solution in different regions.

1.2 Scope and objectives of the thesis

The previous section has highlighted the importance of understanding the impact and implications
of the context for the implementation of smart grid solutions, and the need to address explicitly and

systematically the scalability and replicability of smart grid deployment.

The main objective of the proposed PhD thesis is to develop a methodological framework to assess
the scalability and replicability of smart grid use cases in distribution networks to support policy
making. This thesis proposes scalability and replicability analysis (SRA) to analyze the effect of the

technical, economic, regulatory and social conditions on the outcomes of smart grid deployment.
In order to achieve this central objective, the following sub-objectives have been identified:

e Provide a theoretical framework for scalability and replicability of smart grid solutions.

The proposed PhD thesis aims to provide a common framework that can serve as the
theoretical basis to consider scaling-up and replication of smart grid implementations in an
explicit and systematic manner and standardize the use of the language for the field of SRA

of smart grid solutions.

e Develop a methodology to perform a comprehensive scalability and replicability analysis
(SRA) of the implementation of smart grid solutions in distribution networks

The methodology designed must be able to assess the effect of the parameters that comprise
the boundary conditions of the implementation on the impact of the smart grid solutions
under different contexts, i.e. in different locations and at a larger scale, incorporating

technical, economic, social and regulatory aspects.
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e Map smart grid solutions into smart grid use cases

Smart grid solutions must be analyzed and classified into groups of smart grid use cases
according to the objectives pursued and the types of outcomes of their implementation. The
resulting categorization should be comprehensive to cover existing smart grid solutions and

flexible to include future solutions in pursue of similar objectives.

e Particularize the designed SRA methodology for the identified smart grid use cases

The SRA methodology must be able to assess smart grid use cases in detail. Therefore, SRA
methodology will be particularized for each type of smart grid use case, identifying the
appropriate metrics and simulation tools to measure the impacts of the smart grid, as well as

the relevant aspects and boundary conditions.

e Apply the developed SRA methodology

The SRA methodology developed will be applied step by step to a case study so that the
results that can be obtained from scalability and replicability analysis of a smart grid use case
are showcased.

1.3 Outline of the document

This document presents the work carried out to accomplish the objectives previously described,

structured into seven chapters and an appendix.

Chapter 2 addresses the concept of the smart grid to propose a mapping of smart grid solutions into
use cases aimed at specific objectives. This chapter presents an in-depth review of smart grid
assessment, including both analytical approaches and pilot and demonstration activities, to

understand the complementarity of both, which is the main strength of SRA.

Chapter 3 develops the conceptual and methodological framework for the scalability and replicability
analysis of smart grid solutions. This chapter describes the methodology proposed for SRA, which is
the main contribution of this PhD thesis. The methodology comprises two main stages, a technical
analysis based on simulation, and a non-technical stage aimed at the analysis of regulation and

stakeholders.

Chapter 4 presents the particularization of the SRA methodology proposed in chapter 3 for the groups
of smart grid use cases identified in chapter 2, namely (i) network automation to improve continuity
of supply, (ii) DER management and voltage control to increase network hosting capacity and (iii)
islanded operation and microgrids to improve security of supply. The specificities of each group are
described, appropriate metrics, scenarios and simulation tools are proposed and the relevant

boundary conditions are identified.

Chapter 5 is devoted to representative networks, which constitute a key element in the SRA

methodology proposed and developed in chapters 3 and 4. This chapter reviews existing approaches
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to develop sets of representative networks and defines the requirements for SRA of the three groups

of smart grid use cases identified in chapter 4.

Chapter 6 presents the application of the proposed SRA methodology to the use case of MV network
automation to improve continuity of supply. This chapter illustrates the step-by-step application of
the methodology and showcases SRA results. Furthermore, SRA results are used as the input to
conduct a cost-benefit analysis of this smart grid use case, both from a system perspective considering
social welfare and from the point of view of the decision-making process of the incumbent investor,

the distribution company.

Finally, chapter 7 summarizes the main proposals, conclusions and results obtained in this thesis. This

chapter highlights the main contributions of this work and suggests paths for further research.

Appendix A presents a partial application of the proposed technical SRA to analyze the
implementation of monitoring and advanced metering infrastructure to detect load unbalance in LV
networks. The effect of load unbalance is studied in relation to the network hosting capacity for PV
and EVs.

Please note that this document is intended as a comprehensive PhD thesis for its complete reading.
However, in order to facilitate its use as a framework to guide SRA of smart grid use cases, the SRA
implementation proposed for each of the families of use cases is described independently. Thus, the
corresponding sections of chapter 4 (sections 4.2, 4.3 and 4.4) have been designed to support their
stand-alone reading. These sections pick up the steps described in the general SRA methodology
described in chapter 3, so that common issues are reiterated for the sake of clarity (i.e., the reader
interested in a particular group of smart grid use cases would not need to read the general proposal
to understand the particularized implementation for the group of interest). Furthermore, the
illustration of SRA application for the case study of MV network automation in Spain and Italy in

chapter 6 is also self-contained.



Chapter 2

Smart grids in the distribution
network

This chapter addresses the concept of the smart grid and smart grid assessment, to understand the
subject of the proposed SRA analysis. First, the definition and elements involved in the smart grid
paradigm are presented in section 2.1. Then, the chapter focuses on the metrics and approaches for the
assessment of smart grid solutions in section 2.2. Section 2.3 reviews pilot and demonstration activities
around the world, while section 2.4 addresses smart grid modelling and simulation. Then, smart grid use
cases that can be studied for SRA with similar approaches are grouped together for SRA. Section jError!
No se encuentra el origen de la referencia. presents the proposed mapping of smart grid solutions
identifying three main categories of use cases according to the type of impacts caused and objectives

pursued. Finally, section 2.6 presents the main conclusions of the chapter.
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2.1 The concept of the smart grid

In recent years, the term smart grid is being extensively used and there are many definitions available
in the literature. Some definitions focus on the functionalities provided, some list the technological
features and others are more benefit-oriented, but all of them converge in the idea of upgrading the
existing network to efficiently integrate new available resources and users in the network. The concept
of the smart grid involves an evolution of the electricity transmission and distribution system in all
aspects: upgrade of the infrastructure, addition of a digital layer, a change of paradigm in the

business, and a more active participation of the users.

2.1.1 Definition of the smart grid

In Europe, the European Technology Platform for Smart Grids developed the following definition of
smart grid (European Technology Platform for SmartGrids, 2006), which has been adopted by the
European Commission (EU Commission Task Force for Smart Grids, 2010), regulators (ERGEG
European Regulators Group for Electricity & Gas, 2010) , the industry (Eurelectric, 2011) and
standardization organizations (CEN/CENELEC/ETSI, 2011):

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

connected to it in order to efficiently deliver sustainable, economic and secure electricity supplies.

In the USA, the National Institute of Standards and Technology (NIST) defines the smart grid as a
modernized grid that enables bidirectional flows of energy and uses two-way communication and
control capabilities that will lead to an array of new functionalities and applications (National Institute
of Standards and Technology, 2012). According to the Electric Power Research Institute (EPRI) the
term smart grid refers to the modernization of the electricity delivery system so that it monitors,
protects, and automatically optimizes the operation of its interconnected elements—from the central
and distributed generator through the high-voltage transmission network and the distribution system,
to industrial users and building automation systems, to energy storage installations, and to end-use
consumers, and their thermostats, electric vehicles, appliances, and other household devices (Electric
Power Research Institute, 2011).

The smart grid paradigm covers all dimensions of electric power systems: the concept of the smart
grid refers to the electric power grid, both the transmission and the distribution network, but smart
consumers and smart regulation are key elements in the evolution towards a smarter electric power
system (Cossent, 2013; Council of European Energy Regulators (CEER), 2014; I. Pérez-Arriaga et al,,
2013). The traditional electric power system based on the unidirectional flow of energy from large
generation to electricity consumers involved a passive distribution network. Therefore, the degree of

visibility and controllability for the network operators has traditionally been much higher in
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transmission than in the distribution system?!’. The irruption of distributed energy resources with
flexible generation and demand profiles has completely changed the picture for the distribution
system, and therefore the distribution network needs to become smarter. Thus, although the term
smart grid includes both transmission and distribution, this PhD thesis will refer mostly to the smart

distribution grid.

The architecture of the smart grid is described by the Smart Grid Architecture Model (SGAM)
(CEN/CENELEC/ETSI, 2012). The SGAM framework, depicted in Figure 2.1, includes different
interoperability layers to represent the different entities and their relationships in the context of smart
grid domains. As will be later explained, the scalability and replicability analysis focuses on the
functional layer, to analyze the impact of implementing smart grid functionalities in the domain of
the distribution system. It also includes the business layer to examine the effect of the regulatory
framework, economic aspects and the perspectives of the different stakeholders involved. All of these

aspects are interconnected, and the SRA aims to study the relationship among all the parameters.

Automation has been in place in electric power grids for decades, starting at higher voltage levels. Supervision,
control and data acquisition systems (SCADA) and substation automation were implemented in transmission
networks already since the 70s (Linder, Baumgart, & Brock, 1979). However, due to the much larger number of
assets affecting a much lower number of network users, distribution networks have traditionally had a much
lower degree of automation, especially at lower voltage levels. Even though distribution automation was
discussed already back in the 70s (Working Group on Distribution System Design, 1984), it has not been until
recently that the deployment of network automation has become a subject for large-scale deployment at the
medium and low voltage level.
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Figure 2.1: SGAM framework (CEN/CENELEC/ETSI, 2012).

The vision of the smart grid has become a very relevant element in the policy, strategy and R&D
programs of countries across the world. In the European Union, the European Strategic Energy
Technology Plan (SET Plan) has been created to establish an energy technology policy that will
accelerate the development and deployment of cost-effective low carbon technologies to achieve the
sustainability objectives set for 2020 and 2050 (European Commission, 2011), and smart grids have
been identified as one of the technical priorities for these purposes (European Commission, 2007).
The instruments provided by the SET Plan include the European Electricity Grid Initiative (EEGI), an
industrial initiative that brings together the stakeholders involved in the transition towards smart grids
in Europe. The EEGI has defined the technological roadmap and implementation plan (European
Electricity Grid Initiative, 2010), updated in (European Electricity Grid Initiative, 20133, 2013b) to guide
European research and innovation (R&I). Additionally, the European Technology Platform for Smart
Grids aims to provide strategic guidelines that can serve as an input for the EEGI (European
Technology Platform for Smart Grids, 2010; European Technology Platform for SmartGrids, 2007),
(European Technology Platform for SmartGrids, 2012).

In the context of smart grid projects, the terms ‘use case’ and ‘functionality’ are frequently used and
must be clarified for a correct understanding. Smart grid solutions enable different functionalities to
achieve certain objectives.
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The concept of functionality or service refers to a capability added to the network operation thanks

to the implementation of the smart grid solution.

JRC provides a classification of 33 functionalities grouped into six categories (A-F), identifying the

outcome, provider and main beneficiaries in the CBA guidelines (Joint Research Centre et al., 2012).

Smart grid demonstration projects consist on the implementation of smart grid solutions organized

into use cases. In line with the Unified Modeling Language definition:

A use case represents a set of functional requirements that must be performed by the smart grid

solution in pursue of different objectives.

For instance, automation systems may increase monitoring of the grid and improve fault management
in distribution networks so that continuity of supply is improved - the use case would be MV

automation for reliability improvement.

2.1.2 Elements of the smart grid

The concept of the smart grid covers a wide range of technologies, solutions and functionalities. It is
not an easy task to create a comprehensive categorization that can accommodate all the different
smart grid elements and solutions available, since they are interconnected, so that some
functionalities may be achieved by several solutions, some solutions may serve many different
purposes, some solutions are complementary while others are alternative, etc. Thus, smart
technologies are not independent; a truly smart grid integrates all the deployed solutions and

functionalities to maximize the benefits.

Table 2.1 gathers the proposal of the JRC and the GridWise Alliance, two of the main reference
organizations in Europe and the U.S. respectively. The JRC classifies smart grid projects into categories
attending to the application. However, the criteria applied to determine the proposed categories
seem not to be homogenous. For instance, the category ‘integration of DER’ represents an objective
that can be achieved making use of different elements (storage, EVs, demand response, etc.), while
the category ‘Smart Metering’ represents a certain type of smart grid equipment that can enable smart
grid solutions such as demand response or network monitoring. Furthermore, some of the proposed
categories appear to be overlapping, such as for instance ‘integration of DER" and 'Electric Vehicles
and Vehicle2Grid applications’. In turn, the GridWise Alliance in the U.S. proposes another
categorization of Smart Grid projects, where smart grid elements (e.g.. smart grid transmission
apparatus) and general objectives (e.g.. consumer integration into energy markets and grid

operations) are mixed.
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JRC (Europe) GridWise (US)

e Smart Network Management e Transmission apparatus with Smart Grid
¢ Integration of DER capabilities
¢ Integration of large scale RES e Transmission monitoring, control, and
e Aggregation (Demand Response, VPP) optimization
e Smart Customer and Smart Home e Smart Grid Technologies focused on
e Electric Vehicles and Vehicle2Grid applications Renewables facilitation
e Smart Metering e Distribution Systems
e Other (e.g. communication infrastructure, e Advanced Metering

storage) e Micro grids capable of high

reliability/resiliency and islanded operation
¢ Integration of Distribution Automation (DA),
Feeder Automation (FA)
¢ Consumer integration into energy markets

and grid operations

Table 2.1: Categories of smart grid solutions.

Smart grid solutions and elements include smart meters and advanced metering infrastructure (AMI),
smart appliances, battery energy storage systems, distributed generation (DG), electric vehicles and
network automation. The smartness of these elements relies on their observability and controllability.
The smart grid comprises measuring equipment that can acquire data; communications, so that the
smart grid elements can exchange information; intelligence for data processing; algorithms that can
evaluate different strategies for optimal operation; and telecontrol to remotely operate different

elements.

Smart meters and other AMI infrastructure allow consumers to obtain information on their energy
consumption. Together with the use of smart appliances, and automatic control systems for electric
heating, heat pumps and other potentially flexible loads, these smart elements enable the active
participation of consumers in demand response programs and load management through energy
service companies and aggregators.

The term distributed energy resources (DER) includes distributed generation (PV, wind, biomass, CHP,
mini-hydro, etc.), plug-in electric vehicles and storage systems. DER units can manage their active and
reactive power injection into (or absorption from) the grid. The flexibility provided by the ability to
manage demand from consumers and the output from DER can be used to optimize the operation of
the distribution system, reducing peak demand, improving the voltage profile in the distribution lines
to avoid voltage problems, reducing the loading of the lines and transformers to avoid congestions
and overloads and reducing energy losses. These objectives are related to higher-level policy goals:
achieving a more efficient asset management to improve efficiency; and improving network hosting
capacity to facilitate higher shares of RES generation, thus improving sustainability by reducing CO;

emissions.
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Network automation enables remotely controlled fault detection, isolation and service restoration
(FDIR) and network reconfiguration, thus further managing power flows in the networks, as previously
explained, and enhancing the fault management process to improve continuity of supply.
Additionally, DER management enables the possibility of islanded operation of sections of the

distribution system as an alternative form of supply in emergency situations.

This thesis proposes a conceptual model or categorization of the items involved in the smart grid
paradigm, as represented in Figure 2.2: different smart grid elements or components in combination
with smart grid enablers implement new functionalities in the operation of the distribution system??,
which pursue different objectives that tackle the major policy goals of quality, efficiency and
sustainability of the electric power system. The term ‘enabler’ has been selected to encompass those

capabilities that are transversal for different functionalities of the smart grid.

POLICY
GOAL

OBJECTIVE

FUNCTIONALITY

SMART GRID ELEMENTS

SMART GRID ENABLERS

Figure 2.2: Categorization of conceptual items involved in the smart grid paradigm.

Table 2.2 lists the main elements of each smart grid conceptual item. The conceptual model proposed
is able to fit all smart grid components and solutions, and will be used throughout this thesis to help
understand smart grid projects and initiatives (reviewed in sections 2.3.2 and 2.4) and map them into

smart grid use cases (section jError! No se encuentra el origen de la referencia.).

2 According to this conceptual model, a smart grid solution would be a system comprising different smart grid
elements and enablers.
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¢ Improve efficiency and postpone investment
Policy goals e Reduce CO; emissions increasing RES generation

¢ Improve quality

e Reduce energy losses
L. e Reduce peak demand
Objectives . )
¢ Increase network hosting capacity

e Improve continuity of supply

e DER management
¢ Voltage control
e FDIR
Functionalities ¢ Network reconfiguration
¢ Islanded operation
e Smart metering

e Demand response

¢ Distributed generation

e Battery storage

e Electric Vehicle
Elements .

e Network automation

e Smart meters, AMI

e Smart appliances

e Communications

¢ Intelligence (data processing, state estimation, forecasting,
Enablers optimization)

e Monitoring

e Control

Table 2.2: Conceptual items involved in the smart grid paradigm.

Figure 2.3 presents an example: the smart grid offers the potential to reduce energy losses (objective),
which results in a more efficient system (policy goal). Network automation (smart grid element)
enables network reconfiguration (smart grid functionality) to reduce energy losses. DER can also be
managed (smart grid functionality) to reduce overall network energy losses. Involved DER may include
DG, EVs, storage and demand response of smart meter users (smart grid elements). In both cases, the
strategy for reduction of losses must be determined by the DSO using information on the state of
operation of the system (using data acquired from monitoring systems, applying state estimation
algorithms to correct and complete the available information, or even using forecasts to estimate the
expected state of the system in advance), and optimization together with information of available

options for flexibility (enabling technologies).
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Improve efficiency | Improve efficiency |

Reduce energy losses Reduce energy losses

SMART GRID Network reconfiguration
FUNCTIONALITY

SMART GRID DER management
FUNCTIONALITY

Distributed Generation + Electric Vehicle +
SMART GRID Network automation SMART GRID Storage + Demand Response + Smart
ELEMENTS J ELEMENTS meters

SMART GRID Monitoring + State Estimation +

o ications + Intelli SUEUIRELEE  Communications + Intelligence + Cosumer
ENABLERS mmunications ntelligence

Meonitoring + State Estimation + 1
) ENABLERS engagement J

Figure 2.3: Example of smart grid conceptual items for the reduction of energy losses through network

reconfiguration (left) and DER management (right).

The proposed PhD thesis is focused on smart grid use cases implemented in the distribution network,
to infer the outcomes that may be expected from the implementation of smart grid solutions in
relation to the objectives pursued. Smart grid use cases involve smart grid elements, and enablers,
which are solutions and technologies that directly perform or indirectly enable a certain functionality
aimed at a specific objective. Therefore, all the smart grid solutions and technologies involved will be

analyzed together as a whole in this thesis and the main focus will be put on functionalities.

2.2 Assessing the impact of smart grids

The results that may be expected from the large-scale implementation of smart grids are still
uncertain. Much work has been devoted and is still on-going to assess the impacts and potential
benefits of different smart grid solutions and implementations. There are two main approaches for
the assessment of the potential benefits and outcomes of smart grids: the use of analytic models and
simulation, and actual implementation of smart grid solutions in pilot projects and demonstrators
(demos)®3.

Testing smart grid solutions in pilot projects and demonstrators is essential to prove the actual
functioning!* and integration of the deployed technologies and provides real-life experience.
However, the observed results are limited, since these are subject to the specific conditions of the

demonstrator. For instance, pilot projects for demand response typically include consumers that

Additionally, studies aimed at a more qualitative assessment often rely on surveys among experts, to characterize
and understand the viewpoints of different stakeholders on specific topics. Such surveys may extract very
valuable information from the perceptions or the experience of the respondents.

The development of smart grid solutions involves different stages of testing. Before becoming commercial

solutions, prototypes are built and tested first through hardware-in-the-loop and laboratory testing and then in
pilot projects.
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voluntarily take part into these initiatives, so that the sample is not very representative of the overall

population. Furthermore, testing is very costly and is therefore of limited scale.

The use of analytic models and simulation allows for assessment of smart grid solutions under
different conditions. The main drawback of simulation is the need for making assumptions and
simplifications that may result in limited representativity of the models, inaccuracies and inability to
take into account certain elements, producing results that are not fully realistic. Usually, improving
the accuracy requires more complex simulation models, that are most costly to produce and to

execute.

Actually, both approaches are complementary. The use of models and simulation can define and
select the smart grid implementations to test in pilot projects and demonstrators, so that priority may
be given to the most promising options. In turn, the results observed in real-life in pilot projects and
demonstrators may be used to fine-tune and improve analytic formulae, models and simulation tools.
This is precisely the objective of scalability and replicability analysis, so that results observed in real-
life may be translated to a larger-scale and for different locations where the context (i.e. boundary
conditions) differs.

In order to assess performance and impact of smart grid solutions in distribution networks, a set of
metrics or indicators is required, so that results are available for comparison among different cases.
The following sub-sections present the concept of Key Performance Indicators, which are commonly

used in the context of smart grids, and how these can be used for the SRA of smart grid use cases.

2.2.1 Key Performance Indicators

The concept of Key Performance Indicators (KPIs), commonly used in management science®®, has been

widely adopted and is currently in use across European smart grid R&I activities.

Key Performance Indicator (KPI): metric to assess the effectiveness of a solution to achieve the

aimed objective.

The work of the GRID+ project and the EEGI (GRID+ Project, 2013a) has set the reference for smart
grids KPIs in Europe, providing a set of general KPIs and a methodology to specify KPIs to quantify
the contribution of research and innovation (R&I) activities to the objectives of the EEGI roadmap.
Actually, KPIs have been identified as a required tool for SRA to compare the impact of smart grids
for different implementations and conditions. Two types of KPIs are defined: Implementation
Effectiveness KPIs to measure the percentage of completion of the objectives and Expected Impact

KPIs to assess achieved benefits comparing business-as-usual scenarios to R&I implementations. The

> The use of the term KPI dates back to the nineties. A first approach was the KPI manual developed by the

Australian Government Department Ausindustry in 1995 (Australian Manufacturing Council, 1996). The use of
KPIs has been widely adopted by companies and much work has been devoted to this topic (Parmenter, 2007).
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latter may be subdivided into Project KPIs at project level, Specific KPIs at the level of clusters of
projects and Overarching KPIs at a system level. The overarching and specific KPIs proposed by the
EEGI are listed in Table 2.3. Project KPIs would be defined specifically for each project, so the EEGI
does not provide a set or list.

EEGI Overarching KPIs

A.1l Increased network capacity at affordable cost.

A.2 Increased system flexibility at affordable cost.

EEGI Specific Objectives

B.1 Increased RES and DER hosting capacity.

B.2 Reduced energy curtailment of RES and DER.
B.3 Power quality and quality of supply.

B.4 Extended asset life time.

B.5 Increased flexibility from energy players.

B.6 Improved competitiveness of the electricity market.

B.7 Increased hosting capacity for electric vehicles (EVs) and other new loads.

Table 2.3: Key Performance Indicators proposed by (GRID+ Project, 2013a).

The EEGI document provides some guidelines to determine the relevant KPIs for different smart grid
implementations and how to compute them. The EEGI states that KPIs must be meaningful,
understandable and quantifiable. Furthermore, the relevant KPIs for smart grid projects should be
established ex-ante, considering the expected outcomes of the project and implemented solutions
and functionalities, and specifying baseline values and targets. This way, KPIs can be used to measure
the improvement caused by a smart grid solution, comparing the values of certain parameters before
the smart grid solution is implemented (baseline values) and after; or to measure the effectiveness of

the implementation with respect to the aimed objectives (target values).

In the U.S,, the key metrics that the DOE should use to monitor and assess smart grid projects have
been defined by the GridWise Alliance in (KEMA for the GridWise Alliance, 2009) based on the
objectives established in the American Recovery and Reinvestment Act of 2009. The proposed metrics
are listed in Table 2.4. Additionally, the GridWise Alliance proposes to apply the Analytical Hierarchical
Process (AHP), using a set of weights for the different metrics that take into account the relative
importance perceived by different stakeholders for each objective. The work of (Bossart & Bean, 2011)
reviews and summarizes these metrics and maps smart grid functionalities and energy resources to

their expected impacts.
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Economic Stimulus Effect

e Job creation

e Impact on local economy: wages

e Stimulation of a Smart Grid business ecosystem

e Consumer savings and reduction of regulated electric rates and energy costs
e Number or extent of new programs/services being offered

e Number of existing smart grid implementations in the state

Energy Independence and Security

e DG: additional capacity for accommodating peak MW & energy from renewables and % of DG that can
be sensed and controlled

e PHEV: # of PHEV and # PHEV providing V2G services

e Demand response management: # customers and peak MW participating, peak reduction in MW and
MWh, market price impact and % improvement in losses

e System Efficiency: $ and % improvement in costs

e Greenhouse gas emissions reduction per MWh and customer

e Power System reliability impacts: SAIDI improvement, reduced restoration time, reduction in major
outages and improvement in Loss of Load Probability

e Amount of distribution and substation automation in project: Increase in IED penetration integrated to

SA and control systems and # / % of feeders and stations to be automated

Integration and Interoperability

¢ Fulfilment of state energy assurance plan

¢ Integration with state/local energy efficiency and conservation programs

¢ Plans for measurement of customer participation and adoption

e Interoperability of smart grid technologies

e Use of Open Protocols: # of IEDs and controllable apparatus using open protocols and compliance to

Security needs

Business Plan Robustness

e Encouragement of direct consumer participation: attractiveness of customer value proposition and open
protocols and open business model to 3rd party products / services

e Completeness of technology plan and maturity of chosen technologies

e Outcome of cost-benefit analysis which includes qualitative factors such as benefits to society

e Plans for interim reporting on progress

¢ Implementation plan: assess per FAR, risks - cost, schedule

Table 2.4: List of metrics for the objectives set in the ARRA 2009 (KEMA for the GridWise Alliance, 2009).

The authors of (Dupont, Meeus, & Belmans, 2010) propose a set of KPIs based on the six
characteristics of the smart grid determined by the U.S. Department of Energy (DOE) (U.S. Department
of Energy Electricity Delivery and Energy Reliability, 2009) and adapted to the European context. These
KPIs are quantitative and specific and follow the SMART criteria as proposed by (Shahin & Mahbod,
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2007) that states that KPIs must be specific, measurable, attainable, relevant and timely. Table 2.5

contains the proposed KPIs.

Economic Stimulus Effect

Advanced Meters

1A: Number of advanced meters installed
1B: Percentage of total demand served by advanced meters

Dynamic Pricing

2A: The fraction of customers served by RTP tariffs
2B: The fraction of load served by RTP tariffs

Smart Appliances

3A: Total yearly retail sales volume for purchases of smart appliances [€]
3B: Total load capacity potentially modified through smart appliances [MW]

DSM 4A: Fraction of consumers contributing in DSM [%]
4B: Percentage of consumer load capacity participating in DSM [MW/MW]
4C: Potential for time shift (before start-up and during operation) [h]
Prosumer 5A: Energy locally produced versus energy consumed [MWh/MWh]

5B: Minimal demand from grid (maximal own production) versus maximal demand
from the grid (own production is zero) [MW/MW]

5C: Fraction of time prosumer is net producer and consumer [h/h]

Accommodate all generation and storage options

DG and Storage

6A: Amount of production generated by distributed generation (MW/MW)
6B: Potential for energy storage relative to daily demand [MWh/MWh]
6C: Indirect storage through the use of heat pumps: time shift allowed [h]

PHEVs

7A: Number and % of on-road light-duty vehicles, comprising PHEVs

7B: Percentage of the charging capacity that can be controlled [MW/MW]
7C: Share of stored energy in PHEVs that can be controlled [MWh/MWh]
7D: Number of charging points that are provided to charge the vehicles

DER Interconnection

8A: The percentage of DSOs with standard DER interconnection policies

Sell more than KWhs

New Energy Services

9A: Number of customers served by ESCO's
9B: Number of additional energy services offered to the consumer9C: Energy savings

for the consumer [kWh]

Flexibility

10A: The number of customers offering flexibility to aggregators

10B: The flexibility that aggregators can offer to other market players [MWh]
10C: The time that aggregators can offer a certain flexibility [h]

10D: Ability of storage a DG to provide ancillary services vs total offered [%]
10E: Share of storage and DG that can be modified [MW/MW]

Customer Choice

11A: Number of tariff plans available to end consumers
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Support
Mechanisms

12A: Smart grid investment that can be recovered by rates/subsidies [%]

12B: The percentage of smart grid investment covered by external financing

Interoperability
Maturity Level

system stakeholders

Provide power quality for the 21st Century

Power Quality

14A: Amount of voltage variations in the grid [RMS]
14B: Time of a certain voltage variation [h] 1

4C: Percentage of customer complaints related to power quality problems

Required Power
Quiality

15A: Range of frequencies [Hz] contracted and range of voltages [V] contracted

Microgrids

16A: The number of microgrids in operation
16B: The capacity of microgrids [MW]
16C: Grid capacity of microgrids versus capacity of the entire grid [MW/MW]

Optimize assets and operate efficiently

T&D Automation

17A: Percentage of substations applying automation technologies

Dynamic Line Rating

18A: Number of lines operated under dynamic line ratings18B: Transmission circuits
operated under dynamic line ratings [km] 18C: Yearly average transmission transfer
capacity expansion due to the use of dynamic (versus fixed) line ratings [MW-km]

Capacity Factors

19A: Yearly average and peak generation capacity factor (%)19B: Capacity factor for
transmission lines (%-km per km) 19C: Yearly average peak distribution transformer

capacity factor (%)

Efficiencies

20A: Generation facilities [energy output (MWh) / energy input (MWh)]
20B: Energy losses in transmission and distribution [MWh/year]

Operate resiliently to disturbances, attacks and natural disasters

Advanced Sensors

21A: Number (%) of grid elements (substations, switches, ...) that can be remotely
monitored and controlled in real-time
21B: % of substations possessing advanced measurement technology

21C: Number of applications supported by measurement technologies

Information

22A: Total SCADA points shared per substation (ratio)

Exchange 22B: Synchrophasor measurement points shared multilaterally (%)
22C: Performance (bandwidth, response speed, availability, adaptability, ...) of the
communication channels towards grid elements

T&D Reliability 23A: SAIDI (average duration of customers interrupted each year) [Minutes]

23B: SAIFI (average number of customer interruptions) [Interruptions]
23C: CAIDI (average outage duration per customer) [Minutes]
23D: MAIFI (average number of short interruptions) [Interruptions]

27

13A: The weighted average maturity level of interoperability realized among electricity
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Telecomm. 24A: Compliance with European and international telecommunication standards and

standards protocols.

Table 2.5: Key Performance Indicators proposed by (Dupont et al., 2010).

Further work that can be found in the literature includes the proposal of (Arnold, Rui, & Wellssow,
2011) where the importance of establishing clear grid performance targets to measure the
“smartness” of solutions is highlighted as a prerequisite for any CBA. The authors postulate that
metrics should assess performance considering the perspective of all stakeholders and propose a
three-level hierarchical set of metrics. Metrics should be calibrated identifying minimum and
maximum values for extreme scenarios. Finally, any given solution would be assessed through a score
for the corresponding metrics represented in a spider diagram. Other works in the literature that have
explicitly addressed the subject of KPIs for smart grids include (Personal, Guerrero, Garcia, Pefia, &
Leon, 2014), where KPIs are categorized for different audiences according to the level of technical
detail and applied for the Smartcity project in Malaga, the work of (Andrea Bonfiglio, Procopio,
Delfino, Invernizzi, & Denegri, 2013) for voltage control in distribution networks and (A. Bonfiglio et

al., 2013) to consider distribution, transmission and their interaction.

Although the different proposals reviewed are formulated at different levels and include different KPIs
and metrics, all of them include economic considerations (e.g.. economic impact, job creation,
affordability, required investment, asset lifetime), integration of RES and DER (e.g.: greenhouse gas
emissions reduction, flexibility, DG production maximization), quality of supply (e.g.: continuity of
supply, resilience) and competitiveness (e.g.: customer choice, interoperability). Different proposals
may include hierarchical levels of KPIs, such as the proposal of the EEGL KPIs may be technical,

economic or social, and quantitative or qualitative (but measurable).

2.2.2 Key Performance Indicators for Scalability and Replicability Analysis

This thesis is focused on the assessment of the potential for the scaling-up and replication of smart
grid use cases, to help infer the expected outcomes of deploying smart grid solutions at a large-scale
in different locations and conditions. Therefore, measuring the impact of smart grid implementations
is of paramount importance, and KPIs are essential for SRA. The SRA of a smart grid use case will
require a set of KPIs that can quantify the performance of the smart grid implementation to fulfil the
pursued objective, and a set of KPIs to measure different impacts of the implemented functionalities
on the operation of the distribution system. Thus, two types of KPIs are defined for SRA, as proposed
by the GRID+ project and the EEGI (see section 2.2.1) but under a slightly different approach:
Objective KPIs and Intermediate KPIs.

Objective KPIs will be used to assess fulfilment of the pursued objectives. For instance, islanded
operation a section of the distribution network to operate as a microgrid based on the management
of DG or storage provides an alternative to maintain electricity supply in the event of supply

interruption cause by upstream faults or problems. The use of islanded operation to improve
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continuity of supply will be measured through objective KPIs such as the volume of non-served energy
avoided. Intermediate KPIs will be used to evaluate other impacts of the smart grid implementation.
Intermediate KPIs will be based on parameters that are relevant to accomplish the objective, but do
not directly measure whether the objective is accomplished. Intermediate KPIs are necessary to enable
comparing the performance of different implementations under different boundary conditions.
Taking the previous example, islanded operation can only successfully supply the demand if stable
operation can be sustained after disconnecting from the grid, which requires generation and demand
to be balanced maintaining frequency and voltage deviations within allowed limits. Therefore,
adequate intermediate KPIs would be voltage and frequency deviations, since these are very
important parameters to monitor and compare when assessing the probability of success of different

cases of islanded operation.

The appropriate KPIs for the SRA of a smart grid use case are determined based on the objective
pursued by the smart grid implementation, considering the type of impacts that may be expected
from the implemented functionalities. Different smart grid solutions may pursue the same objective,
implementing functionalities that can be analyzed following a similar approach. Therefore, the same
KPIs could be used. A mapping that groups smart grid solutions into use cases with the same
objectives and types of impacts can facilitate the selection of KPIs. Furthermore, using the same KPIs

allows comparing different smart grid solutions for different conditions.

SRA is based on the use of KPIs, and selecting the adequate set of KPIs is an important step of the
SRA methodology proposed in this thesis and described in chapter 3. Furthermore, according to the
mapping of smart grid use cases developed later in this chapter (section jError! No se encuentra el
origen de la referencia.), the SRA methodology is particularized in chapter 4, and the KPIs proposed
for each group of smart grid use cases is discussed. Moreover, the case study presented in chapter 6
illustrates the detailed application of the SRA.

2.3 Practical experience on smart grids: demonstration and pilot

projects

Available smart grid technologies and solutions have been tested on the field in pilot projects and
demonstration projects to observe their behavior in real-life implementations. This section describes
the characteristics of smart grid pilot projects and provides an outlook on the current status of smart
grid demonstration.

Smart grid implementations in pilot projects and demos are subject to the technical specificities, the
regulatory framework and the environmental and social context of the system itself and the location
and time where the implementation is carried out. These aspects are comprised within the so-called
boundary conditions of the implementation. Thus, the impacts of the smart grid use case and results

observed in the demo are linked to the boundary conditions. The scaling-up and replication of the
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observed results will require an exhaustive analysis of the parameters that constitute the boundary

conditions.

2.3.1 Design of pilot projects

Smart grid pilots are vital to provide real-life experience for the performance of the tested solutions
and the adoption of implemented innovations by the targeted consumers. Often, on-field
implementations and interaction with external elements and agents bring out issues that had not

been planned.

The authors of (Faruqui, Hledik, & Sergici, 2009) highlight the importance of piloting innovative
solutions with an unclear business case. Their work focuses on pilot projects testing dynamic pricing
and response of the demand and list some principles for pilot design. These principles include
different baseline and reference elements (control group) to establish comparisons before and after
the implemented solution, as well as under different conditions. Furthermore, the authors insist on
the size and representativity of the testing, which in the case of dynamic pricing is translated into a
sufficient amount and participating consumers, selected accordingly to the envisioned large-scale
application (e.g.: random for universal solutions), categorization by their socio-demographic

characteristics to extract conclusions, and a long duration of the pilot project in time.

The World Economic Forum launched a Smart Grid project and published a report entitled
Accelerating Successful Smart Grid Pilots (World Economic Forum & Accenture, 2010). This work
stresses the importance and the need for pilot projects for smart grids and discusses important

aspects regarding the design of pilot projects and the lessons that may be extracted from them.

According to this report, pilot projects should be divided into sequential, yet iterative, phases
examining technology, operating models and business models. The objectives, test parameters and
hypotheses to prove should be clearly specified and documented, both in the design of the pilot and

throughout the testing phases.

This work classifies pilot smart grid experiences into grid-centered and consumer-centered solutions,
and highlights the additional challenges posed by consumer acceptance and behavioral change. Pilot

projects play a critical role to secure the long-term acceptance and engagement of consumers.

Pilot projects give the industry the opportunity to test new business models, identify the needs for
training and re-skilling of their personnel and create commercial multidisciplinary consortia.
Moreover, observed performance and results of pilot projects can guide the design of the next wave
of pilots and can help regulators and policy-makers understand the need for changes in the regulatory

frameworks to align incentives and encourage private-sector investment.

Pilots should adopt emerging best practices in relation to interoperability and standards to facilitate
the upscaling of tested implementations. As innovative technologies, operating models and business
models are tried and tested, pilots are risky exercises and as such should remain flexible, so that they

can adapt effectively in response to unexpected challenges, and should also be given, as the World
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Economic Forum puts it, “permission to fail”. Often, unsuccessful steps provide valuable insights on
how to overcome difficulties and barriers, and some solutions are bound to be less promising than
others under different circumstances. Regulatory frameworks that impose unrealistic outcomes for

funded R&D projects may discourage innovation.

Most importantly, as learning experiences, capturing relevant data, sharing and exchanging
knowledge and extracting valuable lessons learned is of paramount importance. However, commercial
interests and concerns over intellectual property from participating companies may be in conflict with
these objectives. Typically, funding entities (national regulatory authorities, public institutions, etc.)
set the obligation of knowledge sharing as a prerequisite for supported pilot projects. The World
Economic Forum advocates for the systematization of data gathering from pilot projects around the
world into a central clearinghouse using common metrics, normalization and benchmarks to improve
knowledge sharing, avoid overlapping of demonstrations and enable comparison and learning from
similar pilot projects carried out elsewhere. However, the potential for knowledge-sharing from pilot
projects is not fully exploited. There are indeed initiatives to map smart grid demonstration project
from funding institutions, such as the EC or NRAs, and other international organizations, as reviewed
in the following sub-section. By building the framework for scalability and replicability analysis of
smart grid use cases, this thesis aims to contribute so that such systematization, benchmarking and

learning from pilot projects can be realized.

2.3.2 Review of demonstration projects

In the last years, a vast amount of research and demonstration projects have been carried out to test
different smart grid solutions around the world. There is no single inventory of all smart grid project,

but some of the most prominent mapping initiatives around the world are reviewed in the ensuing.

The need to evaluate the outcomes of these projects and share experiences and lessons learned was
highlighted in a joint report by the EC JRC and the US DOE (Giordano & Bossart, 2012). This report
described the main drivers for smart grid developments in the EU and the US and reviewed smart grid

projects carried out in the EU and US.
Europe

JRC has elaborated the most comprehensive database of smart grid demonstrators and pilot projects
in Europe. This work is periodically presented in a series of reports that provide a detailed analysis of
the status of smart grids in Europe (Covrig et al., 2014; Giordano et al., 2013; Giordano, Gangale, Fulli,

& Sanchez-Jiménez, 2011), and in the form of an updated interactive map of the projects?®.

Around 460 smart grid projects are listed and classified according to their maturity, scale, scope,

budget and objectives. The JRC monitors the funding sources (private or public funding from the

6 http://ses jrc.ec.europa.eu/smart-grid-projects-europe
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European Commission, regulatory, national, etc.) and participants in the projects (country,
organization type and role in the project), as well as the main characteristics of the implementation:
location, tested applications, targeted consumers and social impact. The diagram of Figure 2.4

summarizes the smart grid projects and related elements listed in the inventory.

IMPLEMENTATION SITES

Total: 459 projects
in 47 countries

Total: 3.15 billion € Total: 1670 organisations Total: 578 sites

Average: 7.5 million € 2900 participations 33 countries

422 with budget information
°

221 ongoing projects: 2 billion € Involved in more than one project:

287 national projects
(73 projects having more than

(with an average of 9 million €
per project)

700 organisations

Average: 3 sites per project

one partner) C
Most active company: 45 projects Most sites:
238 completed projects: 1.15 (from Denmark) Germany (77) and Italy (75)
172 multinational projects billion € (with an average of 5 .

(with an average of 6 countries million € per project)

per project) Most active organisation types:

Universities/ Research centres/
Consultancies and DSOs

Biggest number of sites per
project: 30 sites
Largest investments:

Average project duration: France and UK

33 months Average: 6 partners per project

Figure 2.4: Summary of smart grid projects in Europe listed in the 2014 JRC inventory. Source: (Covrig et al.,
2014).

Smart grid projects are labeled according to their maturity stage as research and development (R&D)
projects and demonstration and deployment (D&D) projects. The report points out that at first,
sporadic research activity was recorded (2002-05). Then, activities in smart grid projects increased
dramatically from 2006 onward and investment has been increasing consistently, as can be observed
in Figure 2.5. Over the years, the size of the projects has increased'’, moving towards a higher share
of D&D projects, which require larger investment.

7" The share of projects with budgets over €20 million grew from 27 % in 2006 to 61 % in 2012.
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Figure 2.5: Accumulated budget of smart grid R&D and D&D projects per year. Source: JRC*®,

Most projects have received some public funding, around 55% of the total budget for the smart grid
projects comes from public funding, mostly from the EC and national research programs, and the
remaining 45% from private capital. DSOs are actively participating and leading these projects,
together with university, research centers, manufacturers and IT/Telecom companies. TSOs,
aggregators, consumers and other associations are also involved, but in a more limited manner. The

distribution per countries is illustrated in the map of Figure 1.6.

8 JRC Smart Electricity Systems and Interoperability http://ses.jrc.ec.europa.eu/european-smart-grid-projects-
number-and-budget-evolution (accessed March 2017).
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Figure 2.6: Budget of smart grid R&D and D&D projects per country. Source: (Covrig et al., 2014).

The smart grid projects listed in this catalogue include a wide range of smart grid solutions. The
authors have established a classification of smart grid applications into the following categories: smart
network management, integration of large-scale RES, integration of DER, aggregation, smart
customers and smart home, electric vehicles and Vehicle2Grid applications, smart metering and other.

Figure 2.7 shows the budget that has been devoted for R&D and D&D projects of each type.

Smart metering, often separately addressed, is already at the implementation stage in most European
countries®. By 2020, around 200 million smart meters in Europe are expected to be deployed,

covering about 72 % of EU customers, with an estimated investment of €35 billion.

9 16 Member States (AT, DK, EE, FI, FR, GR, IE, IT, LU, MT, NL, PL, RO, ES, SE and UK) have either planned or already
deployed nation-wide smart metering; 3 Member States (DE, LV and SK) are opting for selective smart metering
roll-outs. 4 Member States (BE, CZ, LT and PT) decided currently not to proceed with nation-wide smart metering

deployment.
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Smart network management and smart customer are the most targeted applications. Smart grid
solutions aimed at improving the observability and controllability of electricity networks have been
grouped together under the first category. Smart network management applications are the most
consolidated and widespread and there is a large number of projects focusing on distributed ICT
architectures for coordinating distributed resources and providing demand and supply flexibility.

Projects incorporating storage are increasing, mostly to provide additional grid flexibility.

600 2 600 a
500 - 500 - = Smart Network Management
m Smart Customer and Smart Home
w 400 < w 400 -
s P Electric Vehicles and Vehicle2Grid
g g applications
E“ 300 4 E 300 - = |ntegration of DER
2 2
o o
2 o = Aggregation (Demand Response, VPP)
200 + 200 +
u Other
100 1 100 1 Integration of large scale RES
0 0 - = Smart Metering

Figure 2.7: Budget of smart grid R&D (left) and D&D (right) projects per type of application. Source: (Covrig et
al., 2014).

This exercise of monitoring smart grid projects in Europe has highlighted the need for improving
knowledge sharing. Project partners are often reluctant to share negative results and lessons learned
and unwilling to reveal data due to confidentiality issues. Furthermore, public information regarding

the projects is often fragmented and inconsistent.

In general, smart grid projects have reported that the main obstacles and challenges are mostly at the
social and regulatory levels, rather than technical. Consumer participation is quite limited in size

(typically up to 2000 customers) and volunteer-based, and therefore not representative of actual
consumers.

United States

The US Congress allocated €4.5 billion to the DOE in 2009 through the American Recovery and
Reinvestment Act (ARRA) to promote the modernization of the US electricity system through several
programs, including the Smart Grid Investment Grant (SGIG) and the Smart Grid Demonstration
projects (SGDP).
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The Smart Grid Investment Grant (SGIG) is aimed at the deployment of smart grid technologies, tools,
and techniques to improve grid performance and provided financial support to 99 projects,

categorized into the following groups:

e Customer systems:
This category includes smart appliances and equipment, energy management systems,
distributed energy systems, demand response and load control equipment, energy storage
devices, plug-in electric vehicles, and microgrids.

e Electric distribution systems:
This category includes distribution automation systems; supervisory control and data
acquisition (SCADA) systems; distribution monitoring, control, and optimization systems; load
control systems for lowering peak demand; and electric distribution applications of
distributed generation and energy storage equipment.

» Electric transmission systems:
Several projects added smart grid functions to equipment in the transmission system mainly
based on phasor measurement units, phasor data concentrators, wide area communications
networks, and advanced transmission applications to enhance monitoring. Additionally,
dynamic line rating systems have also been deployed.

» Advanced metering infrastructure (AMI):
Several projects deployed AMI systems for residential, commercial, and industrial consumers,
and a subset of SGIG projects conducted studies to evaluate customer behavior.

e Equipment manufacturing:
This category groups projects where equipment, devices, software, or communications and
control systems were designed and produced to enable smart grid functions.

With a federal investment of $3.4 billion, the total investment on SGIG projects amounts to $8 billion.
The chart in Figure 2.8 displays the number of projects of each category (projects tackling several of
these aspects have been labelled cross-cutting projects) and the corresponding total investment.

. Cross Cutting Projects $ 4,925,826,664

- Advanced Meterning Infrastiucture $£1.997.812.053
tlectric Distribution $511.700.775
@ Flectric Transmission $308014.431
Justomer Systems § 66,534,058
Equipment Manufacturing $52.008278

Figure 2.8: Number of Smart Grid Investment Grant projects and total investment per type. Source:

smartgrid.gov?°.

20 https://www.smartgrid.gov/recovery act/overview/smart grid investment grant program.html (accessed in

March 2017)
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The Smart Grid Demonstration projects (SGDP) comprises Smart Grid Regional Demonstrations, large-
scale demonstration projects to verify the viability, quantify the costs and benefits, and validate new
business of the smart grid deployment, and Energy Storage Demonstrations to evaluate different
storage technologies to provide grid support. In this case, the federal investment added up to $600
million, and the total investment was $1.6 billion. Figure 2.9 shows the share of projects of each
category and the corresponding total investment.

Energy Regional
Storage Demonstrations

Figure 2.9: Number of Smart Grid Demonstration Program projects and total investment per type. Source:

smartgrid.gov?!
India

In India, the main drivers for the SG are reportedly to improve reliability, reduce losses and achieve a
100% electrification (Ministry of Power - Government of India, 2013). The public-private partnership
Indian Smart Grid Forum (ISGF) has been established to bring together stakeholders and advise the
Ministry of Power on the development of the smart grid in India. The Government has approved the
National Smart Grid Mission (NSGM) to support the planning, monitoring and implementation of
policies and programs related to Smart Grid activities with a budgetary support of 3.38 billion INR.
There are currently 14 smart grid pilot projects under implementation, as shown in the map in Figure
2.10. These projects are mostly focused in the improvement of reliability through outage management
and peak load management, as well as on the deployment of advanced metering infrastructure (see
Figure 2.11, where the number of smart grid projects addressing each functionality defined by the
NSGM is shown). Other tested smart grid functionalities include distributed generation in the form of

PV, and a more ambitious project will test the concepts of microgrid, smart city and smart home.

21 https://www.smartgrid.gov/recovery_act/overview/smart_grid_demonstration_program.html
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Figure 2.10: Smart grid projects currently under implementation in India. Source: National Smart Grid Mission,

Ministry of Power, Government of India?2.
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Figure 2.11: Smart grid functionalities addressed in the 14 on-going smart grid projects in India.

Members of ISGAN (several countries)

The International Smart Grid Action Network (ISGAN)? carried out a survey to identify the main drivers

for smart grids in different countries (P. Wang, 2014) and has catalogued 108 smart grid projects

22 http://www.nsgm.gov.in/content/sg_snapshot.php

23 The International Smart Grid Action Network (ISGAN) was established in 2011 as the International Energy Agency
(IEA) Implementing Agreement for a Co-operative Programme on Smart Grids. ISGAN is currently comprised by
25 countries (Australia, Austria, Belgium, Canada, China, Denmark, European Commission, Finland, France,
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according to the main functionality implemented (P. Wang, 2013a) and to their contribution to policy
goals (P. Wang, 2013b).

The report (P. Wang, 2014) compared the most relevant drivers and the technologies ranked as most
promising to accomplish the main objectives according to the economic development of the
responding countries to highlight that developing countries are more interested in improving
reliability and achieving in economic savings; while developed countries tend to be more focused on

economic efficiency and developing new business opportunities.

EV and V2G applications

Coordination and

Aggregation (DR, VPP) interconnection

Integration of Large Scale RES
Energy efficiency and savings

Smart Customer/Home

Integration of DER Security and quality of supply

Smart Metering
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Figure 2.12: Smart grid projects catalogued by ISGAN by main application (a) and policy goal heading (b).
Source: (P. Wang, 2013a, 2013b)

Summary

Smart grid demonstration projects around the world have focused on testing different solutions to
efficiently integrate new DG and EVs in the distribution networks to optimize the flexibility that the
DER connected to the network can provide to the system, including DG forecasting, active
participation of DG in voltage control, management of storage and EV charging and demand
response. Moreover, network management solutions have been tested, increasing monitoring and
control capabilities to improve reliability and quality of supply, tackling operation (voltage control)
and maintenance (fault management) strategies, and helping the integration of DER as well.

Additionally, smart grid solutions have also been tested at the consumer side, including the

Germany, India, Ireland, Italy, Japan, Korea, Mexico, Norway, the Netherlands, Russia, Singapore, Spain, South
Africa, Sweden, Switzerland, and the United States).
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deployment of smart metering, AMI, and home automation systems, as well as time-of-use tariffs and

other economic incentives to empower the consumer and activate demand response.

The mapping efforts of institutions like JRC and ISGAN are very helpful to bring together available
information on smart grid projects. Furthermore, public funding institutions like the DOE in USA or
the EC in Europe set common requirements for dissemination of project results and outcomes.
However, there is no common reference KPIs or metrics and there are limitations in the publication

of project data and lessons learned, so demonstration projects are not easily comparable.

Clearly, a huge volume of investment has already been devoted to smart grid demonstration projects
around the world. Up to 2015, over €3.15 billion and $9.7 billion have been reportedly invested in
smart grid demonstration projects in the European Union (EU) and the USA respectively (Covrig et al,,
2014; U.S. Department of Energy Electricity Delivery and Energy Reliability, 2012). The trend is
increasing for investment in larger-scale projects and an increased number of tested functionalities

at each demonstration site.

Real-life testing and demonstration is a necessary step to ensure that smart grid solutions can actually
be implemented in the real world and observe its performance under different conditions. However,
pilot projects are very costly and limited to a certain set of conditions. Simulation and scalability and
replicability analyses help reduce the required investments. Scalability and replicability analysis of
smart grid implementations can maximize the learning potential from demonstration projects,
extracting very valuable lessons to identify the most promising solutions and most favorable
conditions for deployment of smart grid use cases and help infer the expected outcomes of large-
scale deployment. Furthermore, SRA can guide the design of future research investment and further
demonstration projects (to decide new demo locations, which solutions to test, etc.) to assess smart

grid solutions in different real-life conditions.

2.4 Modeling the impact of smart grids

Much work has been devoted to evaluate the potential and impacts of the integration of smart grid
technologies and solutions under different scenarios. Numerous analytical and modelling approaches
may be found in the literature, as well as uncountable case studies based on different simulation
models and scenarios. As previously introduced, analytic approaches based on modelling and
simulation are complementary to pilot and demonstration projects. Furthermore, simulation is
essential in order to be able to extrapolate project results for larger-scale deployment (Electric Power
Research Institute, 2010) and may be the only way to account for different situations and model critical
scenarios (World Economic Forum & Accenture, 2010). Unavoidably, the quality of simulations is

driven by the quality of the data available.

Since smart grids cover a wide range of solutions, there are numerous studies and analyses available

in the literature where the impacts and benefits of different technologies, systems and solutions are
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analyzed. The main research lines and references have been reviewed and are presented in this

section.

24.1 Distributed generation and distributed energy resources

Under the current context of increasing degrees of penetration of DG and other DER, much work has
been devoted to analyze the impact of DER in the operation and planning of distribution networks,
as well as to propose and assess different strategies for the integration and management of DER.

Furthermore, the different elements comprised in the concept of DER are often analyzed separately.

(Alarcon-Rodriguez, Ault, & Galloway, 2010), (Georgilakis & Hatziargyriou, 2013) and (Keane et al.,
2013) provide an extensive review of the different approaches proposed in the literature for DER
planning. The reviewed references formulate optimization problems for siting and/or sizing of
different DER technologies, minimizing losses and/or total cost for different stakeholders, including
in some cases environmental benefits or reliability improvement explicitly. The authors state that
active management of DER is a key aspect for the optimal integration of DER, however it can be
concluded that most references still do not include the possibility of DER management in their
analyses. Active management is now becoming the focus of interest for research. For instance, in
(Ochoa & Harrison, 2011) the optimization of sitting and operation of DG is carried out for time-
varying generation and demand scenarios and a smart voltage control system with active participation
of DG is included. Moreover, (Keane et al., 2013) provides some references on operational
optimization of DG which explore the provision of ancillary services such as reserve and reactive power
by DG.

The impact of DG on distribution has been studied for different scenarios and from many different
perspectives, considering diverse aspects of the distribution system, such as energy losses, voltage
profiles, operation costs and power quality. The authors of (Cossent, Olmos, Gomez, Mateo, & Frias,
2010) analyze the impact of DG on distribution costs for different management strategies using a
reference network model for distribution networks of different countries. A very different approach is
presented in the dynamic analysis is carried out in (Srivastava, Kumar, & Schulz, 2012) to assess the

effect of DG, with and without storage, on transient stability.

24.2 Storage technologies and electric vehicles

Storage technologies offer a great potential, providing flexibility to distribution systems. Therefore,
this type of DER has been analyzed for many different uses, isolated and also to enable the integration
of other not so flexible DER elements, such as DG. The report prepared by the SANDIA Laboratories
(SANDIA National Laboratories et al, 2013) provides an extensive review of available storage
technologies and benefits that may be obtained from their connection to distribution and
transmission networks for different uses, taking into account the different agents and dimensions of
the electric power system. Furthermore, this report provides a framework to analyze the impact of

storage based on addressing how storage can help solve different problems. (Beaudin, Zareipour,
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Schellenberglabe, & Rosehart, 2010) also provides a comprehensive revision of storage systems for
different uses and cites batteries as most suitable to maintain power quality and stability in the
presence of distributed generation based on renewable sources. (Pudjianto, Aunedi, Djapic, & Strbac,
2014) proposes a whole-system approach to assess system costs using storage connected at different
voltage levels as an alternative to network reinforcement. The use of storage located in secondary
substations to reduce peak demand and thus reduce network reinforcement requirements has also
been studied by (C. Mateo et al,, 2015; Carlos Mateo, Sanchez, Frias, Rodriguez-Calvo, & Reneses,
2016) using a reference network model (Mateo Domingo, Gomez San Roman, Sanchez-Miralles, Peco
Gonzalez, & Candela Martinez, 2011). (Divya & Qstergaard, 2009) discusses energy storage battery
systems and methods to assess the technical and economic impact on the system, as well as the role
of batteries in EVs, providing yet a different review of references that assess stability, reliability

improvement and economic analysis, both from the perspective of utilities and consumers.

Actually, plug-in EVs use batteries, but they are often addressed separately. Their effect on distribution
depends on whether only charging is allowed, so that it may be regarded as a flexible load, or vehicle-
to-grid applications are also available, so that EVs can be regarded as an additional form of storage.
References (Clement-Nyns, Haesen, & Driesen, 2010) and (Sortomme, Hindi, MacPherson, & Venkata,
2011) analyzed the technical impact of EVs, including voltage profiles and losses, to compare different
charging strategies for test distribution networks, based on load flow analysis. The authors of (Pieltain
Fernandez, Gomez San Roman, Cossent, Mateo Domingo, & Frias, 2011) analyze the impact of EVs on
distribution investment costs and energy losses for actual distribution networks based on a technical

analysis performed using a reference network model (Mateo Domingo et al., 2011).

24.3 Demand response

Finally, under the paradigm of the smart grid, demand takes an active role through demand-side
management programs. Active consumers may be regarded as another type of DER that can provide
flexibility to the distribution system. The impact of demand shifting and peak shaving on operation
and system costs is analyzed in (Dietrich, Latorre, Olmos, & Ramos, 2012) using a unit-commitment
model. The authors of (Conejo, Morales, & Baringo, 2010) have developed a model of demand
response for a dynamic pricing scheme and the impact on the total energy cost for consumers is
analyzed. From the point of view of the distribution system, the work of (Vallés, Reneses, Frias, &
Mateo, 2016) quantifies using a reference network model the potential economic savings on network

reinforcements achieved through the activation of demand response to decrease peak demand.

244 Network management and microgrids

Smart grid implementations for network management can improve power quality, and most
specifically, continuity of supply. The impact of automated MV/LV transformers on reliability is
assessed in (A.S. Bouhouras, Andreou, Labridis, & Bakirtzis, 2010), (Kazemi, Lehtonen, & Fotuhi-

Firuzabad, 2012) and (Rodriguez-Calvo, Frias, et al., 2012). The first reference assesses the costs and
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benefits of implementing this smart grid solution based on the impact of automatic reconfiguration
on the number and duration of supply interruptions. The authors of (Rodriguez-Calvo, Frias, et al,
2012) present a similar technical analysis, but includes a sensitivity analysis to the main parameters
involved, which would be helpful to analyze the replicability potential of this type of smart grid
implementation. (Kazemi et al., 2012) presents the analysis of fault detection schemes on distribution

networks based on the use of a simulation model.

Micro grids and islanded operation implementations make use of the same smart grid technologies
of the previous two categories, making use of different DER (Hatziargyriou, Asano, Iravani, & Marnay,
2007), (Ravichandran, Malysz, Sirouspour, & Emadi, 2013). In the literature, islanded operation has
been regarded as a solution to restore supply in certain areas through reconfiguration during
permanent faults affecting supply in larger areas (Brocco, 2013), to supply demand that is isolated
from the network in islands or in rural isolated areas as an alternative to network expansion (Palma-

Behnke, Reyes, & Jimenez-Estevez, 2012).

The analysis of micro grids that may be found in the literature include DER management and network
management within the island or micro grid. (Ahn & Peng, 2013) proposes a voltage control strategy
to minimize losses within the micro grid. An economic assessment of smart systems for islanded
operation is presented in (L. Sigrist, Lobato, Rouco, Gazzino, & Cantu, 2017), where renewable
generation, storage, DSM and EVs are considered in a centralized hourly unit commitment carried
out on a weekly basis to minimize system operation costs. The authors of (Conti, Rizzo, El-Saadany,
Essam, & Atwa, 2014) assess the effect of islanded operation on reliability making use of tele
controlled switches, considering fault rates of automation. Dynamic analysis is the most distinctive
aspect of micro grids. (J.-Y. Kim et al.,, 2010) assesses stability in terms of frequency and voltage with

simulation models and presents the results observed on a pilot implementation.

24.5 Summary of modeling approaches

While the review carried out in the previous subsections is not completely exhaustive, it aims to
provide an overview of the approaches proposed to assess different aspects of smart grids. Table 2.6
summarizes the modelling and simulation approaches adopted in the literature for the technical and

economic assessment of smart grid solutions and applications, indicating the evaluated impacts.

A first trend in smart grid research was devoted to the assess the impacts of increasing degrees of DG
and EV penetration. Then, an extended body of work has been aimed at the optimal location and
sizing of DER connected in distribution networks, considering DG, storage, EVs, devices based on
power electronics for voltage control, etc. An alternative large collection of research works focus on
quantifying the potential benefits or carry out cost-benefit analyses for smart grid solutions, including
managing the flexibility provided by DER (demand response, smart charging of EVs, active

participation of DG and storage for different purposes, etc.).
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Smart grid solution

Objective of
assessment

Approach and tools /
techniques

Authors

DG siting and power
factor

Minimize energy losses

Multiperiod load flow
analysis

(Ochoa & Harrison,
2011)

Storage and DG

Assess transient

Dynamic analysis

(Srivastava et al., 2012)

stability

Storage Reinforcement of System model, system (Pudjianto et al., 2014)
distribution and cost optimization,
interconnections, use of  representative
storage networks, load flow

EV Voltage profile and Load flow analysis (Clement-Nyns et al,,
energy losses 2010), (Sortomme et al.,

2011)
EV Energy losses Reference Network (Pieltain Fernandez et

Distribution investment
costs

Model

al, 2011)

Demand response

Operation costs

Unit commitment
model

(Dietrich et al., 2012)

Demand response

Cost for consumers

Dynamic demand
profile

(Conejo et al., 2010)

Smart transformer
substation

Improvement of
continuity of supply

Reliability assessment
based on analytic
computation

(A.S. Bouhouras et al.,
2010) (Rodriguez-Calvo,
Frias, et al., 2012)

Fault Diagnosis

Improvement of
continuity of supply

Reliability assessment
based on simulation of
fault management

(Kazemi et al., 2012)

Micro grid Voltage control, energy  Load flow analysis (Ahn & Peng, 2013)
losses

Micro grid and Reliability Simulation (Conti et al., 2014)

automation

Micro grid Stability Simulation (J.-Y. Kim et al., 2010)

Storage, RES, EV, DSM
for an islanded system

Operation costs

Unit commitment
model

(L. Sigrist et al.,, 2017)

Table 2.6: Summary of literature review of impact assessment of SG solutions.

Different approaches are proposed, depending on the type of outcome aimed by the analysis. It can
be concluded that reliability assessment is the most important analysis to evaluate smart grid
solutions focused on islanded operation of the grid, fault management and network diagnosis and
automation. Solutions based on demand response, EVs, DG and storage are assessed through

different loadflow analyses to determine the investment and operation cost reductions, evaluating
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losses, reinforcement requirements to accommodate demand and DER, etc. Additionally, stability and

dynamic analyses become relevant for microgrids and islanded systems.

2.5 Mapping smart grid solutions for SRA: identification of smart grid

use cases

The smart grid demonstration projects reviewed in section 2.3.2 and research work focused on
modelling and simulation reviewed in section 2.4 have shown that there is a wide variety of smart grid

solutions and many different approaches for their assessment.

Smart grid solutions to perform different functionalities result in different impacts for the planning
and operation of the distribution system and for the users of the network. The assessment of the
expected impacts must adapt to this reality accordingly. For instance, the evaluation of storage is
usually based on loadflow analyses to assess the impact on peak demand and energy losses (Pudjianto
et al., 2014) and network planning models to quantify the savings on distribution investment cost due
to peak demand reduction (Carlos Mateo et al., 2016). However, these approaches would not be
applicable to automation of secondary substations or self-healing systems, which are typically
analyzed through simulation focused on reliability assessment (Kazemi et al., 2012; Rodriguez-Calvo,
Cossent, & Frias, 2016). By contrast, the effect of demand response on peak shaving and distribution
costs can be assessed through a similar approach to the case of storage (Dietrich et al., 2012; Vallés
et al, 2016).

As described in section 2.3.2, the JRC grouped smart grid demonstration projects into categories
based on the main smart grid components, such as network management solutions, DER, EVs, or
smart metering. Meanwhile, the SGIG projects were categorized into groups based on the “side of the
system” involved, differentiating customer systems, AMI, distribution systems and transmission
systems.

This thesis aims to develop a methodological SRA framework applicable to assess all kinds of smart
grid implementations based on KPIs that can quantify the impacts of enabled functionalities for the
distribution system. In order to establish guidelines to assess the different types of impacts of smart
grid solutions, the SRA methodology must be particularized according to the different types of

impacts and objectives of different smart grid solutions.

This PhD thesis proposes to group smart grid solutions into three categories of smart grid use cases
for SRA to determine the KPIs to assess their impact on distribution systems: (i) network automation
to improve continuity of supply; (i) DER management and voltage control to increase network hosting
capacity; and (iii) islanded operation and microgrids to improve continuity of supply. The smart grid
solutions implemented in the reviewed demonstration projects may be mapped into these three
groups of use cases according to the pursued objectives, the type of implemented functionalities and

the smart grid elements involved.
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According to the smart grid conceptual model proposed in section 2.1.2, the policy goals and

objectives addressed, as well as the functionalities, smart grid elements and enablers involved in the

three types of smart grid use cases are listed in Table 2.7.

Network automation to

improve continuity of
supply

DER management and
voltage control to increase
network hosting capacity

Islanded operation and
microgrids to improve
continuity of supply

Improve quality of

e Improve efficiency and

Improve quality of service

. service postpone investment
Policy goals o
e Reduce CO; emissions
increasing RES generation
Improve continuity of e Reduce energy losses Improve continuity of
suppl Reduce peak demand suppl
Objectives PPy * P PPy

¢ Increase network hosting

capacity

Functionalities

FDIR
Network
reconfiguration

e DER management

¢ Voltage control

¢ Network reconfiguration
e Smart metering

e Demand response

DER management
Voltage control

Islanded operation
Demand response

Network automation
Smart meters, AMI

¢ Distributed generation
e Battery storage
e Electric Vehicle

Distributed generation
Battery storage
Network automation

Elements .
¢ Network automation Smart meters, AMI
e Smart meters, AMI
e Smart appliances
Communications e Communications Communications
Intelligence (data ¢ Intelligence (data Intelligence (data
processing, state processing, state processing, state
Enablers estimation) estimation, forecasting, estimation, forecasting,
Monitoring optimization) optimization)
Control e Monitoring Monitoring
e Control Control

Table 2.7: Mapping of conceptual smart grid items to the identified smart grid use cases

251

Network automation to improve continuity of supply

The smart grid use cases that aim to improve continuity of supply focusing on the fault management

process of fault detection, isolation and service restoration (FDIR) have been grouped in this category.

The smart grid solutions involved are generally designated network automation and include: (i)
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adding monitoring to detect and locate the fault; (i) remote control of protection elements
(switchgear) to enable switching that can help reconfiguration of distribution networks to restore
supply in healthy sections of the grid; and (iii) coordination between monitoring and telecontrol of

switchgear to remotely operate the network and thus locate faults.

Monitoring of the distribution networks for such use cases is realized through different measuring
equipment with communication capabilities, which may include fault-pass detectors and other
sensors. The information registered by advanced metering infrastructure (AMI) and smart meters may

be used as well to detect supply interruptions and register affected network users.

Furthermore, the available information must be processed and integrated in a control algorithm able
to plan the switching and reconfiguration maneuvers required for automatic FDIR. The validity of
proposed network configurations for service restoration must be previously assessed by the control

algorithm through state estimation to ensure that no technical constraints are violated.

2.5.2 DER management and voltage control to increase network hosting capacity

This category groups together smart grid solutions based on the flexibility of the generation and
demand profiles and network reconfiguration to achieve a more efficient operation of the distribution

system.

This flexibility may be managed to modify the net demand curve and perform voltage control. This
way, voltage problems (undervoltages and overvoltages) and overloading of lines and transformers
may be avoided or mitigated. Furthermore, peak demand and network energy losses may be reduced.
On the one hand, the distribution network is able to accommodate higher shares of distributed
generation, which may result in an increase of energy supplied from renewable energy sources (RES).
On the other hand, network reinforcement requirements may be reduced and the corresponding

network investment may be deferred in time.

This group of smart grid solutions includes DER management. The term DER includes all network
users connected to the distribution networks, so that DG units, plug-in electric vehicles, batteries and

active demand response fall under this category.

DG can actively participate in voltage control. Depending on their technical characteristics, DG units
may modify the reactive power output to help lower (or raise) the voltage in the network in the case
of overvoltages during periods of low demand and high DG generation (or in the case of
undervoltages in the opposite situation). Furthermore, the active power output of DG could also be

modified in emergency mode to avoid a sustained overload that may trip part of the network.

Electric vehicles may also provide flexibility in their charging profile. The mobility patterns of EV users
usually leave room for such flexibility since, typically, EVs are connected to the grid for periods longer
than the time required to charge. For instance, EV users may connect their EVs when arriving home
after work for the whole night, so that the charging process may be postponed to later hours, when

demand is lower, as long as the EV is charged in the morning by the time the user leaves home for
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work. Similarly, EV users may charge their EVs at work, connecting the vehicle to the grid during a
long period, with the requirement of having the EV charged at a certain time. Moreover, EVs may
feature the so-called vehicle-to-grid (V2G) capability, which allows these EVs to not only take power
from the grid to charge their batteries, but also to inject energy into the grid while connected, allowing

even more flexibility.

Energy storage battery systems may be used to absorb (or inject) energy when the network is
overloaded due to very high DG production (or to very high demand); to absorb (or inject) active
power when overvoltages (or undervoltages) arise; or even modify the reactive power output to
support voltage control. Energy storage battery systems may be owned by DG owners to store excess
of energy produced, leaving room for flexibility to support distribution operation (e.g.: PV owners).
Other users may use batteries to benefit from the different price of energy during peak demand and
low demand periods (storing energy when prices are lower and injecting to the grid during peak
demand), thus already performing peak shaving, and could therefore further benefit from active
participation in voltage control and congestion management. Alternatively, and depending on the
regulation, DSOs may own and operate energy storage battery systems precisely to optimize the

operation of the system.

Demand response is based on the ability of consumers to shift their demand, for instance in the case
of electric heating, heat pumps, air conditioning systems and other heating systems with thermal
inertia. Other potentially flexible loads include smart appliances, such as programmable washing

machines, dishwashers or dryers.

Network automation enables remote reconfiguration of the network. This smart grid functionality
provides the DSO with an additional source of flexibility to manage and optimize operation of the
network, by transferring a share of the load (or generation) from one feeder to a less loaded (or more

loaded) feeder.

These smart grid use cases must be integrated into the DSO operation strategy. The DSO must analyze
the current and expected state of the distribution system to determine the optimal operation strategy,
making use of the available resources for voltage control, network reconfiguration and required
flexibility from DER. Therefore, monitoring, state estimation, optimal power flow algorithms and
forecasting are necessary tools for these use cases. In order to enable the active participation of DER,
communications must be established with the DER owners. In the case of consumers engaged in

demand response, smart meters will be essential.

Although voltage control specifically targets voltage quality?), these smart grid use cases are based

on the integration and active participation of DER and network reconfiguration in voltage control.

24 Quality of electricity supply is usually characterized by three properties, namely, continuity of supply, voltage
quality and commercial quality (Rivier & Gomez, 2000).
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Therefore, rather than improving quality, these use cases are mostly aimed at improving the network
hosting capacity to integrate more RES and reducing network losses and reinforcement requirements

to improve efficiency.

All of these smart grid use cases have been grouped together because all of them result in the
modification of the power flows in the distribution network and can be therefore studied together,

using a similar simulation approach based on load flow analysis, as will be later explained.

2.5.3 Islanded operation and microgrids to improve continuity of supply

The disconnection of a section of the distribution grid from the upstream grid and its islanded
operation as a so-called microgrid, offers an alternative to ensure supply when there is a fault that
impedes electricity supply from upstream (even after fault management and reconfiguration).
Therefore, the main objective and addressed policy goal coincides with the previous category

grouping network automation use cases.

Islanded operation is enabled by the existence of network users or elements able to provide the
energy to supply the demand of the islanded system. Therefore, islanded operation relies on DER
management. Generation and demand must be perfectly balanced within the islanded system, which

may be facilitated by if different DER elements can provide flexibility to the operation of the network.

Islanded operation use cases involve the same smart grid elements of the two previous categories.
On the one hand, the disconnection from and reconnection to the grid of the island (or microgrid)
must be controlled and protection and switching elements should be coordinated with the fault
management and control system of the upstream network. On the other hand, DER must be managed
to enable voltage control. However, these use cases have been grouped into an additional, separate
category because in islanded operation, stability becomes a critical issue at the distribution level.
Voltage and frequency control become very relevant, and the assessment of these solutions must
resort to dynamic analyses monitoring the transient response of the system during disconnection and

connection of the microgrid to the upstream grid.

2.54 Interaction among the identified groups of use cases

The proposed categorization is aimed for SRA to understand how smart grid implementations can
achieve certain objectives under different conditions (in a different location or at a larger scale). The
proposed mapping of smart grid solutions into three types of use cases will help develop a
particularized SRA methodology in chapter 4, identifying the adequate KPIs and the appropriate
modelling and simulation approaches to obtain their values. Furthermore, the particularization of the
SRA methodology will help identify the relevant technical, regulatory and stakeholder-related

boundary conditions.

It must be noted however, that these three groups of smart grid use cases are not completely

independent, there are overlapping solutions and functionalities.
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o Different DER management strategies can be performed to facilitate islanded operation.
Islanded operation relies on a control system and distributed supplying resources that may
be battery storage systems and/or DG. Further DER can be integrated to facilitate successful
balance between generation and demand, including other DG, other storage units, demand
response lead by the DER owners or a third-party (aggregator, supplier, or other energy
service company).

e DER management and islanded operation strategies may be incorporated in the fault
management process to improve continuity of supply. During the process of service
restoration, demand response and management of distributed storage and EV charging could
help reduce the demand in the section to restore and thus facilitate restoring service through
an alternative configuration avoiding voltage problems or overloading of sections of the
network now assuming the load of the restored section. Besides, the disconnection of sections
of the network for islanded operation could be an alternative for service restoration when
supply cannot be achieved through reconfiguration (for instance in the case of radial
networks with no meshing).

e Network automation solutions enable remote reconfiguration of the network. This
functionality may be performed to restore service and thus improve continuity of supply (first
group of use cases); or to optimize operation of the network reducing energy losses to
improve efficiency or avoiding voltage problems and overloading to improve network hosting
capacity (second group of use cases). Furthermore, islanded operation is achieved through
the disconnection from the grid, usually enabled by a remote-controlled switch.

2.6 Conclusions

This chapter addresses smart grid implementations in distribution networks to frame the subject of
this thesis. As a result, three types of smart grid use cases have been identified to group smart grid
solutions according to the pursued objective and type of impacts expected, so that the scalability and
replicability analysis proposed in this PhD can be performed to understand how smart grids can

achieve the objectives under different conditions (in a different location or at a larger scale).

This chapter has defined the concepts involved in the smart grid. The smart grid responds to the need
for a passive distribution network and aging infrastructure to adapt to a new situation driven by policy
targets for carbon reduction and technological advances that have resulted in the increasing presence
of distributed energy resources (distributed generation, electric vehicles, active demand, and
distributed storage). The smart grid paradigm involves the upgrade of the infrastructure, addition of
a digital layer, a change of paradigm in the business, and a more active participation of the users.
Smart grid projects consist on the deployment of smart grid solutions comprising different smart grid
elements and enablers to perform new functionalities. These implementations can be organized into
use cases, i.e. functional requirements performed by the smart grid solution in pursue of different

objectives.



Chapter 2. Smart grids in the distribution network 51

Smart grid solutions offer a great potential, and much work and strong investment have been devoted
to assess the potential outcomes of their deployment based on (i) the use of analytic models and
simulation, and (ii) the actual implementation of smart grid solutions in demonstration and pilot
projects. Testing smart grid solutions in pilot projects and demonstrators provides real-life
experience, but the results are limited, since it is subject to the specific conditions of the demonstrator.
Furthermore, testing is very costly and is therefore of limited scale. The use of analytic models and
simulation allows for assessment of smart grid solutions under different conditions. However, the
models may be limited by required assumptions and simplifications leading to inaccurate results. The
SRA proposed in this thesis explores the complementarity of both approaches and maximizes the
learning potential from demonstration. The results observed in pilot projects and demonstrators are
used to validate simulation results and simulation is used to evaluate the effect of different boundary
conditions, so that results observed in real-life may be translated to a larger-scale and for different
locations where the context differs. SRA can therefore help reduce the required investments on
demonstration projects, guiding the design of future research and demonstration projects to decide
the best conditions and solutions to be tested. This thesis proposes to use objective KPIs to assess
fulfilment of the pursued objectives and intermediate KPIs to evaluate other impacts of the smart

grid implementation.

As a result from the review of demonstration projects and modelling approaches to assess the impact
of different smart grid solutions, this thesis proposes to group smart grid use cases into three main
categories for SRA, based on the type of impacts caused and objective pursued: (i) network
automation to improve continuity of supply, (iij) DER management and voltage control to increase
network hosting capacity, and (iii) islanded operation and micro grids to improve continuity of
supply. This thesis aims to develop a methodological SRA framework applicable to assess all smart
grid implementations. For this purpose, chapter 3 presents a general SRA methodology with common
guidelines to assess the different types of impacts of smart grid solutions. Then, the SRA methodology
is particularized in chapter 4 for the three groups of smart grid use cases identified so that the analysis
can be adapted to the different types of impacts expected and objectives pursued. The adequate KPIs

for SRA are defined according to these categories.






Chapter 3

Methodology for scalability and
replicability analysis

The main objective of this thesis is to provide the conceptual and methodological framework to analyze
the scalability and replicability of the implementation of smart grid solutions in the distribution grid.
The analysis must account for all relevant aspects, including technical and economic boundary

conditions, regulation, and the behavior and interaction of involved stakeholders.

First, the main concepts related to scalability and replicability are defined and existing and potential
approaches to assess scalability and replicability of smart grids are reviewed in section 3.1. Then, the
proposal of this thesis is presented: section 3.2 explains the objectives and scope of the proposed SRA,
while section 3.3 provides an overview of the proposed SRA methodology. The two main stages of the
SRA methodology are subsequently described: section 3.4 portrays the technical SRA while non-technical

SRA is addressed by section 3.5. To finalize this chapter, conclusions are presented in section 3.6.
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3.1 Scalability and replicability

This section defines the main concepts related to scalability and replicability and reviews the existing
approaches to assess the scalability and replicability of smart grids. Thus, this section provides the
foundations to build the proposed methodology for the scalability and replicability analysis of smart

grid solutions.

3.1.1 Main concepts regarding scalability and replicability

The scalability of a system may be defined as its ability to increase in size, scope or range, whereas

the replicability of a system refers to the ability to be duplicated in another location or time.

As explained in (GRID+ Project, 2012), the ability of a system to be scaled-up and replicated does not
necessarily mean that it performs well. A more restrictive definition of scalability and replicability

would include the ability of the system to maintain its (relative) performance and properties.

In case of simple systems, the relationship between the dimensions of the physical systems and the
outputs can be analytically described through equations. Therefore, the variation of certain
parameters can be directly translated into a specific variation of the outcomes, that is, scaling laws
exist. However, in complex systems implemented in the real-world, the outcomes depend on many
different elements and parameters that are interrelated, as well as on the behavior and interaction of

different agents. Therefore, there are no equations that can determine the upscaling of outcomes.

The concepts of scalability and replicability have been addressed in other fields of knowledge, such
as environmental governance (Padt, Opdam, Polman, & Termeer, 2014), development (Hartmann,
Linn, & Wolfensohn Center for Development, 2008; United Nations Development Programme, 2013)
and universal access to energy (United Nations, 2006), or with a more technological scope, for issues
such as sensors (Sridhar & Madni, 2009), information and communications technologies (ITCs) (Bondi,

2000) and air transportation (Bonnefoy & Hansman, 2008).

In the context of the smart grid, pilot projects and demonstrations test the real-life implementation
of smart grid technologies or solutions (typically experimental solutions, prototypes and non-
commercial solutions, at an early stage of development) in a specific location (a small village, a
neighborhood in a town or city, the area supplied by a primary substation — HV/MV transformer),
usually involving a limited number of consumers and other participants (DER owners, aggregators,

etc.).

The scaling-up and replication of the smart grid implementation can then be defined as depicted

in Figure 3.1.
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e Replication: Replication of the smart grid implementation means reproducing the
implementation elsewhere, ie. implementing the same smart grid solution in a different
location (e.g. a different village, city, or country) or for a different type of stakeholders (e.g.
involving a different type of consumers, or using a different type of DG technologies or DER
resources, for instance).

e Scaling-up: Scaling-up the implementation means widening the region were the smart grid
solution is implemented (e.g. extending it to a whole city, a whole province, a whole country),
widening the scope of the implementation to reach more consumers and other stakeholders,
or increasing the degree of implementation of the solution to include more elements of the
networks or larger volumes of produced energy or demand.

Large -scale deployment

Smart grid i
implementation Scaling-up '

D i‘u’i Reproduce functionalities
LN ”‘_,ﬁ

Replication

Figure 3.1: Definition of scaling-up and replication of smart grid implementations.

Although often used indistinctively or as synonyms, a distinction must be established between the
concepts of scalability and replicability and the concepts of scaling-up and replication?>. The first
refer to the ability of the system to be deployed at a larger-scale or in a different location, while the
second group of concepts refers to the action itself of deploying the solution at a larger-scale or in a
different location, and the outcome of this action. Scalability and replicability are the preliminary

requisites to perform scaling-up and replication successfully.

Accordingly, the scalability and replicability analysis (SRA) of smart grids may be approached from
two different perspectives: solution-based to assess the scalability and replicability of the solutions;

and functionality-based to assess the outcome of scaling-up and replication of the implementation

% As will be later explained in section 3.2, this PhD thesis is mainly focused on analyzing the scaling-up and
replication of smart grid functionalities on distribution systems, so in the ensuing, references to scalability,
scaling-up, upscaling, replicability and replication will refer to the impacts and implications of the implementation
of smart grid functionalities.
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of smart grid solutions. According to these two perspectives for SRA, solution-based and
functionality-based, the diagram in Figure 3.2 presents the aspects involved in the implementation of

smart grid solutions and how these are addressed by SRA.

e Solution-based SRA: assessing scalability and replicability.
Is it possible to actually implement the same smart grid solution elsewhere or at a larger scale?
How could that be accomplished? Would the software, infrastructure, etc. have to be adapted?
What would be the limitations or under what conditions would it not be possible to implement
the smart grid solution?
From this perspective, SRA is mainly related to the technological aspects of the smart grid
solutions and the context to their implementation.
The smart grid solutions must be analyzed to assess whether they can cope with an increased
volume of information, elements, or a larger radius of action. Furthermore, software and
hardware compatibility with existing infrastructure and the evolution of technology must be
considered to ensure a correct integration of the smart grid solution in the distribution
system. Technological factors that affect the scalability and replicability of smart grid solutions
include modularity, interface design, standardization, interoperability, and availability of
equipment.
Additionally, the regulatory framework and the acceptance of stakeholders must be studied
to determine whether scaling up or replication of the considered solution would be viable.
Pilot projects are not necessarily economically profitable and may be subject to special
regulatory treatment. Potential business models and economies of scale should apply in order
to ensure profitability of upscaling and replication.

¢ Functionality-based SRA: understanding scaling-up and replication.
What could be expected if the smart grid use case (in terms of the enabled functionality) were
implemented elsewhere or at a larger scale? How could the technical impacts on the distribution
system be determined? Under what conditions would it make more sense to implement it? What
would be the factors or boundary conditions that could affect the outcomes?
These questions are related to the impact of the scaling-up and replication of a smart grid
use case on the distribution system. The aim is to assess the effectiveness of smart grid
solutions to achieve certain objectives, regardless of the actual technologies implemented?®,
provided that the solution is scalable and replicable. The outcome of scaling-up and

replication is strongly affected by the different boundary conditions of the implementation.

% The same functionality can be implemented with different technology solutions. For instance, network
reconfiguration may rely on different communication technologies, such as PLC, GPRS, optical fiber, etc. As
technology evolves rapidly and is often conditioned by historical reasons (e.g.: existing communications
infrastructure already deployed, partnerships between companies, etc.), it is very interesting to be able to extract
SRA conclusions that are generally applicable for smart grid use cases.
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Under this approach, the technical impact can be quantified through KPIs. Regarding the
technical boundary conditions, scaling-up and replication may involve different
characteristics of the distribution network, consumers and DER units.

As in the previous case, the economic, regulatory and social context must also be studied to
identify whether enablers or barriers may be found to the implementation of the studied use

case.

Smart grid use case

Solution Context

Technology

Functionality

Application

Barriers/Drivers

* Modularity * Regulation * Effectiveness of

* Standardization * Economic smart grid solution
* Appropriate design implications (KPIs)

* Equipment « Stakeholders * Technical impact

availability perspectives

1

-,

Functionality-based SRA

Figure 3.2: Main aspects of smart grid use cases in relation to SRA: smart grid solution, context and

functionality.

Scalability and replicability have different dimensions that will be considered for SRA.

Scaling-up in size: the implementation of the use case is assessed for a larger area, including
a larger number of network elements and network users.

Scaling-up in density: the scope of the use case is widened in terms of implementation
degree of the smart grid solution (e.g.: larger number of consumers involved, higher volume
of participating distributed energy resources (DER), higher number of smart grid elements in
the system).

Intranational replication: the implementation of the use case is analyzed for different
distribution areas within a country.

International replication: the implementation of the use case is analyzed for different

countries.

From the perspective of functionality-based SRA, the different dimensions are addressed focusing on

the change of the boundary conditions that may be encountered. Within a country, similar boundary

conditions may be expected regarding regulation, perspectives of stakeholders, or technical aspects

such as voltage levels. Other technical boundary conditions (network architecture, reliability levels,

etc) may change for different distribution areas with different types of network users (areas of

residential consumers, industrial areas, areas with high PV penetration, etc.). For different countries,

the boundary conditions may differ more widely, including different regulation schemes, network
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characteristics, economic conditions or perspectives from stakeholders. Actually, scaling-up in size
implies considering a larger region, where boundary conditions may change, so intranational
replication implies scaling-up in size and international replication can be regarded as a step further
in upscaling. Scaling-up in density refers to the functionality enabled by the smart grid solution. From
the point of view of solution-based SRA, scalability in size would be related to the ability of the system
to cover wider regions (e.g.: communications covering longer distances), whereas scalability in density
would be related to the ability to cover higher of elements (e.g.. higher number of PV units
participating in voltage control receiving setpoints from a control system). Replicability is related to

the standards and context found in different regions and countries.

3.1.2 Scalability and replicability analysis for smart grids

Scaling-up and replication are always implicitly addressed whenever the potential impact of any
solution, technology or policy is assessed for a system, region or country, since conclusions are drawn
by extrapolating from experimental data, assuming certain hypotheses, or performing sensitivity
analyses. For instance, the work presented in (Working Group III of the Intergovernmental Panel on
Climate Change et al.,, 2011) analyzes the environmental, economic and social impacts of different
RES technologies for a wide range of scenarios to include the effect of aspects such as the energy
sources displaced by RES or different climate change scenarios or environmental policies and targets.
A different example may be found in the smart grid cost-benefit analysis (Electric Power Research
Institute, 2011). The impact observed of smart grids is assumed to be directly applicable for all
distribution grids in the US, which implies a linear scaling-up, where the different conditions across

the country have not been considered.
Cost-benefit analysis of smart grids

Actually, cost-benefit analyses (CBA) and SRA can be considered somehow complementary. The
objective of CBA is to assess the economic viability and sustainability of a project by comparing the
costs and the expected benefits within a certain time frame, typically related to the expected useful
life of the project. The quantification of the benefits involves the monetization of observed or
estimated technical impacts of the project, as well as the economic valuation of other qualitative
benefits expected for the different stakeholders. SRA aims to determine as precisely as possible what
is to be expected when a certain functionality is implemented at a larger scale or in a different context
or location, so SRA results would be the input for CBA to quantify some of the benefits. Additionally,
regulatory considerations included in the SRA can also contribute to CBA for the evaluation of how

to quantify and share benefits and costs among stakeholders in the CBA.

In the U.S., the EPRI (Electric Power Research Institute, 2010) proposed the first methodology for cost-
benefit analysis of smart grid projects. Then, this methodology was applied to estimate the costs and
benefits of the deployment of smart grids in the U.S. in (Electric Power Research Institute, 2011). The
estimated benefits are an update of the values presented in (Report & Electric Power Research

Institute, 2004) for two scenarios, i.e. business-as-usual and a more optimistic scenario. The adopted
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approach assumes that the impact observed of smart grids is directly applicable for all distribution
grids in the US, which implies a linear scaling-up. However, it does not consider the effect of the
different conditions across the U.S. Actually, the authors already explained the need for further work,
potentially using simulation, in order to be able to extrapolate the results observed in individual

projects to estimate their broader implications for larger-scale deployment.

Afterwards, the JRC has set the methodological guidelines for CBA of smart grid projects in Europe
(Giordano, Onyeji, Fulli, Sdnchez Jiménez, & Filiou, 2012) based on the work of EPRL The proposed
CBA methodology considers a large set of functionalities and the economic benefits proposed by the
EPRI but also a group of qualitative, non-monetized benefits. The methodology has been applied to
the InovGrid project for illustrative purposes. This work is completely oriented to the evaluation of
projects, so the replication and upscaling of this project falls out of scope. Additionally, the JRC has
developed a specific methodology for the CBA of smart meter deployment in Europe (Joint Research
Centre et al, 2012), mapping the benefits to the corresponding functionalities provided by smart
metering and describing the corresponding KPIs. This work is more oriented to a wider scope,
considering large-scale deployment of smart metering. The authors do not provide a methodology
to determine the impacts of the implementation of smart metering, but they do state the need to
tailor the analysis to the specific boundary conditions of the considered region and to perform
sensitivity analyses for the estimated values. Later on, the JRC has identified and addressed the need
for SRA in further work. The CBA of a smart grid project in the city of Rome in (Vitiello et al., 2015)
aimed at scaling-up the results of a pilot project mostly based on a linear upscaling of the impacts
observed in the pilot project. This work served as a first approach to SRA.

3.1.2.1 Research projects addressing scalability and replicability

Several smart grid research and demonstration projects have addressed scalability and replicability
from different perspectives. This section reviews the approaches developed in Europe up until 2016

to the best of the author's knowledge and is included in (Rodriguez-Calvo, Cossent, & Frias, 2017).

In the EU, the European Electricity Grid Initiative (EEGI) has highlighted the need for scalability and
replicability analysis in (European Electricity Grid Initiative, 2013b) and several EU-funded research
projects have been launched with tasks and work packages explicitly dealing with scalability and
replicability, including GRID+, GRID4EU, IGREENGrid, SINGULAR, SUSTAINABLE and evolvDSO. These
projects have been designed and coordinated to adopt complementary perspectives. Additionally,
the proposal developed in CLNR, a smart grid project in the UK, is presented as an alternative
approach designed outside of the EC funding umbrella, which directly addresses scalability and
replicability and carries out SRA, even if under a different name, highlighting the relevance of such
analyses in all countries. In the ensuing, these projects are described briefly and then compared to

extract conclusions.



60 Chapter 3. Methodology for scalability and replicability analysis

Description of projects analyzing scalability and replicability of smart grids

GRID+? is a Coordination and Support Action for the development of the EEGI. The project aims to
map and monitor smart grid research, development and demonstration activities, foster knowledge
sharing and support scaling up and replication activities (GRID+ Project, 2012, 2013b, 2014).
Furthermore, the EEGI and GRID+ have created the EEGI Labelling to identify the projects that are in
line with the spirit of the EEGI (i.e. knowledge sharing of results, system level innovation, etc.) and
address an EEGI functional objective as specified in the EEGI Research and Innovation Roadmap
(European Electricity Grid Initiative, 2013b). The EEGI Label provides additional visibility including

awarded projects in EEGI and GRID+ communication materials and dissemination activites.

The GRID+ project has studied the prerequisites for smart grid projects to be scalable and replicable.
The focus has been put mainly on the technological characteristics of the developed solutions. Thus,
the SRA approach followed by this project aims to answer the previously raised question: “is it possible
to actually implement the solution?” (functionality-based approach, which is the first approach
described in section 3.1.1). The critical factors related to scalability identified include interface design,
modularity and evolution of the technology. Meanwhile, the critical factors related to replicability
identified include interoperability, plug & play characteristics and standardization. Additionally,
aspects of the implementation context have been listed as relevant factors, including regulation,
stakeholder acceptance and economic factors such as profitability, business models and economies
of scale. The work of the GRID+ project has established the foundation for smart grid scalability and
replicability in the literature (May, Vingerhoets, & Sigrist, 2015; Lukas Sigrist et al., 2016).

Moreover, GRID+ carried out a survey among several publicly funded smart grid projects in Europe
to evaluate to what extent the proposed scalability and replicability factors were taken into account
and whether the results and solutions of the projects were actually deemed apt for scaling-up and

replication.

The GRID4EU? (Large-Scale Demonstration Project of Advanced Smart Grids Solutions with Wide
Replication and Scalability Potential for Europe) project comprises six demonstrators in six European
countries (Germany, Sweden, Spain, Italy, Czech Republic and France) where different smart grid
solutions have been tested, including active management of demand response, distributed
generation (DG) and storage, MV and LV network supervision and automation, and islanded

operation.

In this project, there is a scalability and replicability work package?®® to understand what could be

expected when replicating and upscaling smart grid use cases, which would correspond to a

27 http://www.gridplus.eu/
28 http://www.grid4eu.eu/

23 The Author of this thesis has been involved in the scalability and replicability work package of the GRID4EU
project to develop the SRA methodology and conduct SRA for selected use cases of the six GRID4EU Demos.
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functionality-based approach (second approach described in section 3.1.1). The GRID4EU has
developed a methodology for SRA based on a first stage of technical analysis based on simulation
(loadflow analysis, reliability analysis and dynamic analysis) and representative networks, and a second
stage to include regulatory and stakeholder-related drivers and barriers to upscaling and replication
(GRID4EU project, 2014b, 2015b). Smart grid use cases have been classified into three categories to
adapt the required technical analysis, according to the objectives pursued, implemented
functionalities and corresponding types of impacts: (i) use cases aimed at efficient and increased
integration of DER (voltage control strategies, management of DER), (ii) use cases aimed at improved
continuity of supply (network automation), (iii) use cases aimed at autonomous operation (islanded
operation). SRA has been carried out for the use cases of the GRID4EU demos to produce a set of
scalability and replicability rules (GRID4EU project, 2016d). Then, the application of the GRID4EU SRA
studies in the EU-context has been illustrated with the case of Belgium (GRID4EU project, 2015c).
Furthermore, the applicability beyond Europe has been addressed for the case of Brazil and the state
of California in the US (GRID4EU project, 2016e).

The SuSTAINABLE* (Smart Distribution System Operation for Maximizing the Integration of
Renewable Generation) project has developed a smart operation paradigm integrating information
from smart meters and short-term local forecasting to manage the distribution system and available
distributed energy resources. The main objective is to maximize DG hosting capacity and achieve a
more efficient and cost-effective integration of variable DG. The developed solution has been tested
in a demonstration site in Portugal, and a dedicated Work Package has been devoted to analyze the
scalability and replicability potential of the tested smart grid implementation in four target regions
(UK, Germany, Greece and Portugal) (SUSTAINABLE project, 2012).

These target regions have been characterized to describe the local implementation conditions, both
technical and non-technical. Analyzed technical conditions include population density, orography and
types of networks, of a more geographic nature; and generation mix, reliability levels and network
configurations, more related to technology. Additionally, the scalability and replicability of the
communication solutions has been studied (Gonzalez-Sotres, Mateo, Frias, Rodriguez-Morcillo, &
Matanza, 2016)s. Regulation and stakeholder-related issues have also been considered to include
operation standards, economic incentives and network access, as well as consumer perception,
relationship with TSOs and supplier availability. SRA has been focused on the identification of barriers
to scaling-up and replication of the SUSTAINABLE functionalities. The identified technical, economic
and regulatory barriers have been mapped against the functionalities, and their impact has been
characterized, to determine whether functionalities can still be deployed, and whether the

deployment would be delayed, the cost increased or the effectiveness reduced. Moreover, the

30 http://www.sustainableproject.eu/
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prevalence of the identified barriers in each target region has been qualitatively assessed. Finally,

mitigation strategies have been proposed for the identified barriers, considering different scenarios.

The IGREENGrid3! (Integrating Renewables in the European Electricity Grid) project is focused on
increasing the hosting capacity for renewable energy sources in distribution grids, using the results
from six pilot projects (Spain, Italy, Austria, Germany, France and Greece) testing different solutions.
The project includes the assessment of the scalability and replicability at EU level of the solutions
identified as most promising to generalize the results obtained by individual projects (IGreenGrid
Project, 2016). For this purpose, simulation has been carried out to assess the performance of the
solutions in terms of achievable hosting capacity increase, impact on network losses and impact on
reactive power balance. A top-down approach was followed comprising three steps: (i) feeder
screening based on hosting capacity, (ii) hosting capacity determination to identify critical situations
and achievable increase of hosting capacity and (iii) detailed analysis to evaluate further KPIs such as
the energy efficiency, voltage quality and reactive power exchange with the upstream network.
Additionally, an economic assessment of the different solutions has been performed analyzing the

costs related to the solutions and the benefits provided by their large-scale implementation.

The SINGULAR3? (Smart and Sustainable Insular Electricity Grids under Large-Scale Renewable
Integration) project aims at investigating the effects of large-scale integration of RES and DSM on the
planning and operation of insular (non-interconnected) electricity grids, proposing efficient measures,
solutions and tools towards the development of a sustainable and smart grid. Different network
operation procedures and tools have been developed and tested in different insular systems across
Europe (S. Miguel of the Azores Islands in Portugal, Crete Island in Greece, Pantelleria Island in Italy,
La Graciosa of the Canary Islands in Spain, and Great Island of Braila in Romania). The results observed
in the demonstrations have been studied, implicitly addressing upscaling and replication, to allow the

development of generalized guides for smart grid implementation in insular systems.

The EvolvDSO* (Development of Methodologies and Tools for New and Evolving DSO Roles for
Efficient Distributed Renewable Energy Sources Integration in Distribution Networks) project aims to
shape the evolving roles of DSOs and develop the required tools for DSOs to face the future
challenges driven by DER integration, technological progress, and different customer acceptance
patterns. The EvolvDSO project will produce tools and methods for network planning, forecasting,
operational scheduling and grid optimization, operation and maintenance and CBA. The developed
tools will be validated and tested, and performance will be evaluated considering the requirements
of the key stakeholders. In order to ensure a high replicability potential of the developed tools, an

SRA of the tools will be carried out from the point of view of the software developers creating and

31 http://www.igreengrid-fp7.eu/
32 http://www.SiNGULAR-fp7.eu/

3 http://www.evolvdso.eu/
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adapting the tools for different implementations, and from the perspective of operators in different
DSO using the tools.

The Customer-Led Network Revolution (CLNR)** is one of the flagship smart grid projects funded by
the Ofgem in the UK designed to test a range of smart grid solutions for a more efficient integration
of low carbon technologies (LCT) like solar PV, heat pumps and EVs. The project involved large-scale
demonstration of customer-side solutions including innovative tariffs and load control incentives for
domestic, commercial, industrial and distributed generation customers and network-side

technologies comprising voltage control, real-time thermal rating and storage.

In order to deliver conclusions applicable for the whole country, the project involved large-scale
trialing (involving more than 13,000 customers in Northern Powergrid’s distribution network) and
developed the Validation, Extension, Extrapolation, Enhancement and Generalization (VEEEG)
methodology to carry out post-trial analyses. The VEEEG methodology presented in (Lyons et al.,
2015) proposes the use of simulation to address scalability and replicability of the technical impacts
achieved by the smart grid solutions tested in the project under different LCT scenarios for different

network models.
Comparative assessment of proposals and lessons learned

Table 3.1 summarizes the most relevant information regarding the SRA approach of these seven
initiatives, describing the geographical scope of application or regions of interest, the subject of the

analysis (i.e. the main objective pursued by the proposed SRA), and the main results of SRA.

Naturally, EU-funded projects sustain a EU-scope in their analysis and considerations. However, the
main target regions vary depending on the partners involved that can bring their own experience into
the analyses and on the locations where demos are implemented. The CLNR is a good example of a
national project, focused on the UK. Among the seven initiatives, GRID4EU is the only project where
simulation results and SRA rules have actually been used to illustrate the application of scaling-up
and replication to a whole country and understand the outcomes that could be expected from the
tested use cases (without carrying out further simulations). Furthermore, GRID4EU has also addressed
two examples outside of the European context to illustrate the potential of the proposed approach,

identifying the aspects that would be excluded from the domain of validity of the SRA results.

It is interesting to observe that the SRA proposed by the initiatives focused on a functionality-based
(rather than solution-based) approach relies mainly on technical analyses using simulation and
sensitivity analysis. Simulation models are validated with the results observed in real-life testing and
sensitivity analyses can account for the variability of boundary conditions in the regions of interest.

Regulation and stakeholder-related aspects are mostly included by analyzing the context of the

34 http://www.networkrevolution.co.uk/
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regions of interest to identify how this context can facilitate or hinder the development of the studied

solutions, and proposing recommendations to overcome identified barriers.

The GRID+ project aimed to serve as a reference project, monitoring other initiatives to support the
work in the field of SRA. Thus, data was gathered on how other R&D projects had tackled the issues

of scalability and replicability and providing the first theoretical framework for these concepts.

Noteworthy, interaction is encouraged between EU projects to create a common knowledge base and
take advantage of synergies and complementarities. GRID+ and GRID4EU have collaborated closely
and adopted complementary approaches. GRID+ has addressed scalability and replicability of the
solutions from the point of view of technologies involved, while GRID4EU focuses on the impact of
the enabled functionalities. Thus, the main research question is whether it is possible to scale-up and
replicate for GRID+, whereas GRID4EU addresses the questions of what to expect if scaled-up and
replicated and whether it would make sense. The projects IGREENGrid, SUSTAINABLE and SINGULAR
belong to the family of projects funded under the same call devoted to the integration of variable
distributed resources in distribution networks*>. Therefore, interaction has been established for a close
collaboration (IGreenGrid Project, SINGULAR Project, & SuSTAINABLE Project, 2012). Additionally,
GRID4EU, IGREENGrid, and SuSTAINABLE have interacted and collaborated, so their SRA
methodological proposals are very much aligned. In the case of the CLNR project, which has been
developed separately to the EU projects, the concern for scaling-up and replication of the results

observed in demonstration and the proposed studies are remarkably similar.

35 EC Call "ENERGY.2012.7.1.1. Integration of variable distributed resources in electricity distribution networks"”.
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Project Date Scope SRA objective SRA results
GRID+ 2012-2014 e EU-wide scope  Smart grid EEGI Project Labelling
demo projects Critical factors
Survey among projects
CLNR 2011-2014 e Large-scale Tested VEEEG based on simulation
demo (UK) functionalities Cost-benefit analysis for different
e National scope scenarios and technologies
SuUSTAINABLE 2012-2015 e 2 Demos (PT, Tested Technical, economic and
GR) functionalities stakeholder-related barriers:
e 2 Proof of impact and prevalence in each
concept (UK, target country
DE)
IGREENGrid 2013-2015 e 6 Demos (ES,IT, Tested Simulation & KPIs
AT, DE, FR, GR) functionalities Economic assessment: CA&BA
SiNGULAR 2012-2015 e 5 Demos (PT, Tested Implicit SRA
GR, IT, ES, RO) functionalities Simulation & KPIs
Regulatory recommendations
EvolvDSO 2013-2016 e EU-wide scope  Developed Survey among developers &
tools operators
GRID4EU 2012-2016 e 6 Demos (DE, Tested Simulation & KPIs
SE, ES, IT, CZ, functionalities Regulatory and stakeholder-
FR) related drivers & barriers

Application to
BE

Non-EU
application (BR,
California)
EU-wide scope

Stakeholder survey

SRA rules

Application to a country
Application to a non-EU context

Table 3.1: Research and demonstration projects with focus on scalability and replicability.

Most of the projects described comprise demonstrations for real-life implementation and assessment

of different smart grid solutions. Table 3.2 lists the main functionalities enabled and technologies

implemented in these demos, as well as the monitored KPIs. It can be observed that improving the

integration of DER in the distribution grid is the main objective of current smart grid research projects

and therefore tested functionalities often include monitoring and control voltage to efficiently

integrate and manage PV, EV, storage and other DER. The SINGULAR project stands out, as these

objectives are pursued for islanded systems. Finally, it can be concluded that GRID4EU is the most

comprehensive project in terms of the scope of objectives pursued and tested solutions, including

automated fault management and islanded operation, in addition to voltage control-related

solutions.
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Project Main functionalities Main technologies KPIs
CLNR ¢ Voltage control ¢ Real-time thermal e Increased allowed penetration of
e Demand response rating EVs, HPs and PV
e OLTC
e Capacitors
e Battery energy
storage systems
e Automatic heat
pumps
e PV
e EV
SuSTAINABLE e Monitoring e OLTC Deferred Transmission and
e State estimation e Capacitors and Distribution Capacity Investment
e Forecasting of local DFACTS Reduction of Technical Losses
renewable generation e Battery energy Allowable maximum DG power
and load storage systems without branch overload and
¢ Voltage control e DG voltage limit violations
e TSO-DSO interaction ¢ Controllable loads Share of electrical energy
e Provision of produced by RES
differentiated quality of Voltage and Power Quality
supply performance
Reduction of Carbon Emissions
Reduction in RES cut-off due to
congestion
Optimized use of Assets
Forecasting Accuracy
State Estimation Quality
IGREENGrid ¢ Monitoring e OLTC Hosting Capacity
e State Estimation e STATCOM Fulfilment of voltage limits
¢ Voltage control e Battery energy Variability of voltage amplitude
e Congestion storage systems Duration, number and intensity of
management e DG voltage violations
e Demand response Reduction of energy losses
o EV Solution usage time
Reduction of reverse power flow
Forecasting accuracy
Reduction of greenhouse gas
emissions
SINGULAR ¢ Islanded operation o Battery energy Reduction of CO, and GHG

Forecasting (wind, PV,

load, small hydro)
Integration of DER
Storage and DG
management

storage systems
Smart meter
deployment
Demand response
(desalination plant,
EV)

DG

emissions

RES hosting capacity: probability
of over- and under-voltages
Reduction of RES spillage:
stiffness ratio (short-circuit
capacity of local generation and
network at connection)




Chapter 3. Methodology for scalability and replicability analysis 67

¢ Reduction of peak demand

e Reduction of network losses

e Reduction in interruptions per
consumer

e Waveform quality: harmonics,
voltage variations and voltage

dips
GRID4EU e Automated fault ¢ Monitoring in MV e Energy losses
detection, isolation and and LV e Fault awareness, localization and
service restoration e Automation in isolation time
e Monitoring secondary e Network hosting capacity
¢ Voltage control substations ¢ Line voltage profiles
e Congestion (MV/LV) e Islanded operation metric
management e Automation of LV e Use of standards
e Demand response cabinets e Recruitment
e Losses reduction e Battery energy e Active participation
¢ Islanded operation storage systems in
MV and LV
e CHP forislanded
operation

Table 3.2: Implemented functionalities and technologies in research and demonstration projects.

3.1.2.2 Research on technological aspects for upscaling of solutions

Much work has been devoted to study the scalability of the technologies involved in the smart grid.
In order to enable the large-scale deployment, smart grid solutions must be able to cope with
increasing volumes of information and interacting agents. Therefore, scalability of solutions is
analyzed in terms of capability of information technologies, algorithms, communications and systems
to exchange, analyze and store large volumes of data and perform large-scale computations (Birman,
2012). For instance, the work presented in (Vandael, Claessens, Hommelberg, Holvoet, & Deconinck,
2013) and (S.-J. Kim & Giannakis, 2013) aims to overcome the problem of existing demand response
approaches that cannot cope with large numbers of electric vehicles (EVs) and consumers,
respectively. Yet another example may be found in (Kulkarni, Gormus, Fan, & Ramos, 2012), where a

mechanism is proposed to enable scaling up of automatic meter reading.

3.2 Objectives and scope of proposed SRA methodology

The main objective of the SRA proposed in this PhD thesis is to understand what to expect if the
implementation of a smart grid use case is scaled-up and replicated. Thus, the scalability and

replicability analysis (SRA) of a smart grid solution aims to:
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e Identify the different technical, regulatory and socioeconomic conditions that may be
encountered when the solution is implemented either at a larger scale, or in a different time
and location.

e Study the effect of those conditions on the outcomes of the smart grid implementation.

e Identify the most favorable conditions for different smart grid solutions.

e Provide the guidelines to infer the results that may be expected from the implementation of

the smart grid.

The scope of the proposed SRA is functionality-oriented. According to the two main perspectives
previously identified in section 3.1.1, the smart grid SRA proposed and presented in this PhD thesis
aims to answer the second batch of questions. Rather than the technological scalability and
replicability of the solutions themselves, the proposed SRA aims to determine what to expect from
the implementation of smart grid use cases elsewhere (replication) or at a large scale (upscaling). This
SRA is focused mainly on the technical, economic, social and regulatory aspects of the implementation
of the smart grid. The proposed SRA aims to identify the conditions to ensure that scaling-up and

replication of smart grid use cases make sense and may be more recommendable.

This SRA approach will be more general and open, since conclusions drawn for a certain smart grid
implementation will be applicable to other implementations with similar functionalities and objectives
but different technologies. This feature is particularly interesting given that the technological solutions
implemented may be conditioned by external factors (historical reasons, industrial partnership, etc.),
and most importantly, technological development is very fast, so that tested solutions may be
experimental or mature, costs decline rapidly and new advances result in profound changes in the

constraints for upscaling.

According to the SGAM interoperability layers described in chapter 2, the proposed SRA focuses on
the functional layer, to analyze the impact of implementing smart grid functionalities in the domain
of the distribution system. It also includes the business layer to examine the effect of the regulatory
framework, economic aspects and the perspectives of the different stakeholders involved. SRA,

therefore, aims to study the relationship among the interconnected aspects of these layers.

The SRA methodology proposed in this thesis is based on the review of existing approaches for SRA,
learning from the different perspectives adopted and focusing on the functionalities enabled by smart
grid implementations. More specifically, the developed SRA methodology is very much aligned with
the GRID4EU project, as the Author of this thesis has been involved in the scalability and replicability
work package of the GRID4EU project to develop the SRA methodology and conduct SR