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ABSTRACT

This thesis introduces a brief analysis on hosting capacity and related concepts as applied
to distribution network systems. Furthermore, it addresses the applicability of hosting
capacity study methodologies to harmonic voltage distortion caused by photovoltaic
panels (PV) connected at a low-voltage (LV) side of a university campus grid. The
analysis of the penetration of new distributed generation technologies, such as PV panels,
in the distribution grid of the campus was carried out via measurement processes, and
later by computer simulations analysing a new concept of the hosting capacity approach
in relation to voltage harmonics distortion. The voltage rise due to harmonic injection is
analysed and discussed with the aim of validating the discussed model and also putting
forward recommendations for connecting PV generation across other network systems.
Furthermore, it presents a new approach for hosting capacity in relation to harmonic
voltage distortion with variance in time, be it daily, weekly, monthly or even yearly. This
concept is addressed as Dynamic Hosting Capacity (DHC). General aspects of DHC are
demonstrated, as well as its applications using energy storage systems as a mitigation
tool to control the voltage profile for the system and increasing the hosting capacity
profile.

Keywords: distributed generation, distributed energy resources, power quality, hosting
capacity, voltage rise, harmonic distortion, dynamic hosting capacity, energy storage
systems.
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1. INTRODUCTION

1.1 Motivation

Nowadays, traditional centralized electricity generation is not the only source of
production delivered to distribution network systems. At present, the term Distributed
Generation (DG) has come to be used to refer to new production paradigms, which
involve the smart grid concept and its derivatives. In addition to the concept, DG also
refers to production methods in which only a fraction of generated electric power is
delivered by consumers that own small generation units. These are usually designated as
Distributed Energy Resources (DER). DG can also be referred to as decentralized
generation or dispersed generation (CARVALHO et al., 2008). The benefits from DGs
range from economic, technical and environmental to others. Over time, the concept of
DG has evolved, and in the literature (TAN et al., 2013) it is possible to find several
widely used definitions such as any source of electric power of limited capacity, directly
connected to the distribution network wherein it is consumed by end users.

Up to this point, DG or more generally DER integration is expected to increase at
a fast pace. The photovoltaic systems (PV) are believed to be the most important type
of DERs around the world due to their reliability as well as the mainstream technology.
In a global scenario, the PV electricity reached around 227 GW at the end of 2015
(WORLD ENERGY RESOURCES, 2016). As mentioned before, PV has been the
mainstream solar power technology. The global installed solar power capacity between
2005 and 2015 is shown in Figure 1.1.
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Figure 1.1 — Global installed solar power capacity, 2000 — 2015 (MW) (“WORLD EBERGY
RESOURCES, 2016).

Worldwide, based on (WORLD ENERGY RESOURCES, 2016), China is a leader
in relation to PV installations cumulating 23% of the world PV matrix, followed by the
USA (14%), Japan (14%), Germany (13%) and Italy (6%). The rest of the world has
30%. The cumulative global PV installations are shown in Figure 1.2.
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Figure 1.2 — Cumulative Global PV installations 2016 (“World Energy Resources Solar | 20167, 2016).

The large-scale integration of PV, as well as any kind of DERs, has important
impacts on network security, reliability and quality of service. One of the major service
impacts of PV integration is voltage magnitude rise (BOLLEN et al, 2008; CARVALHO
et al, 2008). This is especially relevant in the case of unitary power factor control of the
power electronic converters, which are in the interface of PV systems. The integration of
PVs may cause other disturbance in normal operating conditions. In fact, a large PV
penetration can result in several voltage quality issues.

Note that voltage rise impacts can be amplified by voltage waveform harmonics,
which may be significant in PV and other electronically connected generation
technologies that inject harmonic currents. Depending on the PV connection point and
network characteristics of the electrical network system, voltage distortion caused by
harmonic current injection may, or may not, reduce the system hosting capacity beyond
the limits imposed by the maximum rise of the fundamental voltage component
(BOLLEN, 2008, 2017; OLIVEIRA et al., [s.d.]).

Generally, the impact of DG/DERs can be quantified using a set of power
indicators. The nature of the impact depends on the characteristics of the network system
itself (OLIVEIRA, 2015; RYLANDER; SMITH; SUNDERMAN, 2015; BOLLEN, 2017).
For PV systems, a feeder’s PV hosting capacity may be defined as the largest PV
generation system which can be integrated without violating the limits of these feeders
to which it is connected. The maximum amount of generation can be classified as: the
worst hosting capacity, hosting capacity and the best hosting capacity. They are
connected directly to the worst, existing and best background levels, respectively. Figure
1.3 illustrates this concept.
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Figure 1.3 — Hosting capacity general approach — worst, usual and best cases.

It is important to emphasize that, according to local standards (IEEE 1159, 2009;
PRODIST, 2015; BOLLEN; RONNBERG, 2017), a voltage rise violation is considered
as a primary feeder violation when the recorded voltage data registers voltages greater
than 1.05 per unit (p.u.).

According to (BOLLEN; RONNBERG, 2017), many studies have been done on the
impact of local generation on the grid, where overcurrent and overvoltage, for example,
are the capacity limitations most commonly studied to date. In other words, a large scale
of active power electronics, either in production or consumption, can result in further
phenomena, the interharmonics or supraharmonics cited above. Another aspect has also
been considered in current studies: the amount of capacitance connected to the grid that
is expected to increase at all voltage levels in the grid, which takes further analysis in
order to preclude the impacts on the power quality of the distribution grid. As we can
see, (BOLLEN; RONNBERG, 2017) shows us an overview of the power quality issues
which is related to major challenges in this field.

The present research will address the overvoltage rise, due to characteristic
harmonics and non-characteristic harmonics (harmonics and interharmonics up to 2
kHz). For these occurrences, the impact on voltage quality must be studied as well as
the impact of emission by other equipment connected to the grid. Moreover, this part of
the planning should cover a combination of measurements, simulation studies and
relevant information about the grid. Furthermore, capacity limitation, which is derived
from the hosting capacity, is a function of the consequent impact on power quality, such
as the voltage rise and background harmonic voltage, among others (DUBEY, 2017;
DUDIAK, 2014; ETHERDEN, 2011; RYLANDER et al., 2013). This aspect is detailed
in the following section and provides the validity and scope of the present work. This
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new approach has many applications in the field of local hosting capacity, for example,
a new approach to find a time variant hosting capacity in order to bring more dynamism
to its global results as an improved concept. Thus, a practical application will be shown
throughout the document.

1.2 Research Objectives

A large scale of power electronics at the interface of DERs, as well as electronic
equipment of consumers, have been considered in the electrical systems (SAIZ—MARfN
et al., 2014), which can result in further phenomena regarding harmonic injections into
the system. Another aspect addressed in current studies is the amount of capacitance
and the number of inverters connected to the grid, both of which are expected to increase
at all voltage levels in the grid. Firstly, this thesis has the purpose to demonstrate that
the harmonic injections into the system could impact the voltage rise profile at the PCC.
Secondly, our research will address the behaviour of devices whose harmonic injection
changes over a specific period of time changed their harmonic emissions. Seemingly, those
phenomena are variant in time, which means its power quality indexes are changeable
throughout a period of time. Consequently, the maximum amount of generation possible
to connect to the grid will be variant following the tendency of dynamic providing.
Moreover, this approach seeks to address a way to calculate a global hosting capacity
value within a dynamic profile determined for a PV installation.

Furthermore, this thesis identifies and improves the control of a solution for the
voltage rise problem in electrical grids using a storage system. The storage system is
examined with the intention of finding the best contribution to decrease the voltage rises,
thus improving the local and the dynamism of the hosting capacity. We believe that we
have designed an innovative solution for distribution systems in relation to voltage rise
indexes due to PVs, or even DERs, connected at the electrical grid.

In order to address this research question, the following sub-questions are
formulated, and they are addressed in the subsequent chapters of this thesis.

The first sub-question is formulated while interpreting the primary issues and
motivators of the creation of a global hosting capacity methodology. The hosting capacity
approach is capable of answering which limits must be respected in the systems. However,
there are limitations when these phenomena are analysed separately and, as a result,
different hosting capacity values will be found, and this could create doubts in relation
to which value should be considered for planning. In order to determine the proper
hosting capacity value, new challenges proposed by a hypothesis into the distribution
grid due to the connection of PVs are analysed and detailed. The new opportunities
established by these approaches should then be studied and classified. Therefore, the first
sub-question is formulated as follows:
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(i) What are the advantages and implications of creating a global hosting capacity
analysis with respect to different power quality phenomena?

It is worthy to highlight that some implications using just one power quality index
significantly underestimate other consequences due to the negligence of other
phenomena and their effects. One of these significant impacts is related to the maximum
amount of generated power that can be planned for the system, the hosting capacity
value. A global hosting capacity can be defined as the hosting capacity approach, which
presents an integration of other phenomena that are related to a determined level of
power quality issues. The advantage of an integrated platform that considers two or
more power quality issues is related to the more realistic values of hosting capacity,
whose importance is connected to the planning and improvement of electrical networks.

(i) How could a dynamic hosting capacity be used in order to allow for better planning
and improving into the distribution systems?

It may be assumed that the dynamism of a hosting capacity profile will achieve
two significant values, maximum and minimum in order to produce an analytical effect
to the grid. To the best of our knowledge, the minimum value will be the deterministic
value to describe the effectiveness of the grid, where the region under the minimum value
can be considered unacceptable for working conditions, which means that the harmonic
background at the PCC, as well as the voltage values, are almost crossing their respective
limits, imposed by standards and regulations. On the other hand, the maximum value
determines that the region has the best power qualities indexes, but to achieve these
values it is necessary to carry out power conditioning improvements, which can be led
by previous studies in the grid. Conversely, the maximum value determines the region
where the best power quality indexes can be found. This range of values suggests that
there is an acceptable region where the DERs system will be working at their limits
considering power quality issues.

(iti) How is the hosting capacity approach impacted, in terms of background distortion,
especially in unusual occasions, such as global events?

Background distortion will directly impact the value of the hosting capacity in
relation to electrical grids. As far as we know, the bigger the background distortion is,
the lower the hosting capacity value will be. However, careful attention must be
exercised in worldwide events, such as the FIFA world cup, where there is satisfactory
agreement between the number of TV sets connected during the matches and the
impact on the harmonic distortion. These results thus need to be interpreted with care
and attention.
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(iv) Special Issue: How can the voltage rise problem be mitigated by incorporating a
storage system at the PCC regarding the reversed power flow?

Storage systems are attracting considerable interest as a way of avoiding the voltage
rises in regard to the bidirectional power flow, as well as improving the hosting capacity
of the system. As far as we know, it is possible to understand that there will not be
voltage rise at the PCC because, with the exceeded energy being storage, the
bidirectional power flow would no longer takes place. Thus, storage systems are a
possible improvement into the distribution system.

(v) How could the network planning and improvement procedures be optimised by
applying an integrated hosting capacity methodology, and what would its impact

be on voltage profile disturbances mitigation?

This issue will be answered in the conclusion section of this study.
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1.3 State of the Art

The term hosting capacity is recognized as being the most important demonstrating
parameter in evaluating the penetration of DER into the electrical system regarding
power quality indexes, such as, voltage rises, harmonic distortion, overcurrent, among
others. Hosting capacity studies are generating considerable discussions in terms of the
maximum amount of power generation allowed for electrical systems, either distribution
or transmission, without causing any disturbances. The hosting capacity method is
considered a useful feature for quantifying those values in order to bring more reliability
and security to the systems.

The hosting capacity concept made its first appearance in an EU research project,
EU-DEEP, (European Distributed Energy Partnership) (BOLLEN, 2017; ETHERDEN,
2011; J. DEUSE, D. BENINTENDI, 2005). The term was firstly proposed by André Even
in March 2004 (ETHERDEN; BOLLEN, 2011). Afterwards, other authors have
developed further discussions about hosting capacity over some similar projects
(BOLLEN; RONNBERG, 2017; J. DEUSE, D. BENINTENDI, 2005). What is known
about hosting capacity is largely based on overvoltage issues, which directly impact its
value.

In the literature, there are some examples of the hosting capacity definition in
different fields, even before 2004 when the term in electrical systems came up. The
concept has been used in areas such as internet servers, watermarking of images,
settlement of refugees, as mentioned in (BOLLEN, 2017). As an illustration, the term
hosting capacity has been already used in computer science, where it defines the capacity
of a web server to host many access calls (ETHERDEN, 2011). In his doctoral thesis of
2012, Nicholas Etherden cited that, up until the beginning of 2013, over 150 scientific
journal and conference papers had been published mentioning the hosting capacity term.
Moreover, the author analysed that the number of publications has increased after 2010.
Since then, the hosting capacity concept has been used as a term and as a methodology
by network operators, by researchers as well as energy regulators (BOLLEN, 2017;
ETHERDEN, 2012). Additionally, the hosting capacity concept has been used to
evaluate the benefits of voltage regulation of the electrical system in order to improve it.

Several studies, for example (ALTIN, 2014; CAPITANESCU et al., 2014; DUBEY,
2017; RYLANDER et al., 2015; SANTOS et al., 2014), have been carried out on the
hosting capacity concept in many different paths. Those studies calculated the hosting
capacity for distribution networks in regard to voltage rises, as an example, as well as
for new “prosumers” (producers and consumers at the same time). Different methods
have been applied to determine the hosting capacity value of existing distribution
networks to accept DER. Most recent evidence suggests a statistical approaches, aimed
at defining the optimal generation location and sizing (ABDEL-SALAM et al., 2013;
BACCINO et al., 2012; CAPITANESCU et al., 2014; MENNITI et al., 2012;
RYCKAERT et al., 2003). The hosting capacity has been estimated as a common part



INTRODUCTION 8

of large network operators, which allows for the integration of more renewable electricity
production into the electrical networks under analysis (BOLLEN, 2017). It is important
to highlight that what makes the hosting capacity method unique is the use of power
quality indexes in order to calculate a global value of hosting capacity, providing the
system with a bigger range of reliability. More recent shreds of evidence (BOLLEN, 2017;
ETHERDEN, 2012) suggest that other performances indexes, such as stability and
protection and its limits, can be defined as a variable to the hosting capacity method.
Other authors have analysed different impacts and methods to define the hosting
capacity concept, as will be shown below.

In (DUBEY; SANTOSO, 2017), studies have shown that a high photovoltaic (PV)
penetration can cause voltage rises as well as reverse power flow concerns in the
distribution network. It shows the hosting capacity for PV systems depends on various
key factors, such as the voltage class of the feeder, PV location, short circuit capacity,
voltage regulations, among others. The main focus of the author was to calculate the
sensitivity of the hosting capacity to various factors affecting it.

In (SAIZ—MARTN et al., 2014), the authors investigated the local hosting capacity
for a wind-harvesting network, which may be limited because of steady-state bus voltage
limits. Also, the paper addresses how the wind farm voltage control provision takes place
and how to increase the local hosting capacity.

Another important issue is addressed in (BACCINO et al., 2012). The paper
describes a methodology, based on an extension of the hosting capacity concept, aimed
at assessing the effects of plug-in electric vehicles (PEVs), which have been charging on
low voltage distribution networks (LV). Moreover, an index called time-dependent
hosting capacity was proposed, thus making it possible to include in its formulation the
charging duration of PEVs as well as the grid’s constraints.

More recent evidence (BOLLEN, 2017; ETHERDEN, 2012) addressed the hosting
capacity as a tool for distribution-system planning under uncertainties. The tool was
illustrated by estimating the willingness of two low-voltage networks for increasing
amounts of customers with PV panels or with EV chargers. Moreover, general aspects of
the hosting capacity calculations have also been discussed, such as performance indices,
limits and calculation methods. Those aspects are discussed in relation to other
phenomena as well (overcurrent, voltage unbalance, harmonic, among others).

A mathematical model will be introduced in this thesis, addressing an applicability
of new local PV hosting capacity methodologies in relation to voltage rise due to
harmonic distortion caused by PV connected at a LV. The researcher analyses the
penetration of those PVs in a university campus, which was carried out via measurement
processes and later, by computer simulations, thus evaluating this new concept.

Further work needs to be carried out to establish whether the hosting capacity
concepts could be extended in dynamic analysis, for example, which is particularly
relevant when the power quality indexes have a time dependency in its uncertainties.
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Additional work on time dependency would help to more accurately estimate the hosting
capacity for real situations.

The hosting capacity approach has raised many questions in need of further
investigation in order to bring deeper conclusions. This is a vital issue for future
researchers. As shown before, future work should concentrate on enhancing the quality
of the hosting capacity results in one unique platform since, as demonstrated, there are
many ways to calculate the hosting capacity value for different phenomena and type of
DERs. These findings suggest the following directions for future research: linked power
quality issues for the distribution system, hybrid systems and its impacts, physical issues
of DERs, among others. The prospect of being able to accurately calculate the hosting

capacity, serves as a continuous stimulus for future work.
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1.4 Thesis Outline

The research questions posed in Section 1.2 are addressed in 6 chapters of this
thesis. The first chapters of the thesis will provide an overview of the fundamental
concepts in order to best understand the new approach proposed by the author. The
three sub-questions will be mainly addressed in the numerical analysis group (Chapter
6) and Implementation (Chapter 7). The chapters are organized as follows.
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Figure 1.4 — Schematic of the thesis structure.
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Chapter 2: Distributed Generation. This chapter provides the background
information of the Distributed Generation (DG) concept and how it has come to be used
to refer to new production paradigms. Thus, the Distributed Energy Resources (DER)
are defined as well referring to a fraction of generated electric power delivered by
consumers that own small generation units. In this chapter, the large-scale integration of
DG/DERs has important impacts on the network, where the security, reliability and
quality of service are shown. A discussion of power quality issues is in the scope of this
chapter.

Chapter 3: Power Quality Considerations. This chapter is organized in two
main sections, the local and international standards in relation to the power quality
phenomena. Problems regarding voltage rise and harmonic distortion are discussed in
adjacent sections, as are their numerical limits and calculation procedures.

Chapter 4: Energy Storage Systems. Energy storage technologies are becoming
more and more important regarding the mitigation of challenges due to interconnection
of DG/DERs into the distribution grid. In this chapter, a brief overview of energy storage
systems is given. As the purpose of this chapter is to present an overall benefit from
storage systems applied into distribution systems, it is important to notice that a specific
technology will not be chosen, just a general one.

Chapter 5: The Background Distortion. In this chapter, the purpose is to
provide a brief discussion of the definition and modelling of Background Harmonic
Distortion (BHD) regarding electrical systems due to additional connections, such as
consumers, distributed degeneration, nonlinear loads, among others.

Chapter 6: Hosting Capacity Concept. In this chapter, the concept of PV
local hosting capacity will be discussed and applied through the evaluation of allowed
voltage rises due to the harmonic distortion, as will its application be considering the
dynamism of the local PV hosting capacity. Thus, storage systems will be presented as
a powerful tool to improve the distribution systems under analysis.

Chapter 7: Case Study. This chapter validates the proposed method in three main
parts. The first part addresses an application of calculation of the local PV hosting
capacity value considering voltage rises due to the harmonic distortion caused by the
electronic power of the inverters and the harmonic background of the network. Moreover,
in this chapter, a benefit of this method is addressed as dynamic hosting capacity, using
the data collected from the system analytically, and by observing a set of results. The
last part also addresses an extension of the results from the previous section, in order to
demonstrate the efficiency of energy storage systems to solve voltage rise problems due
to reverse power flows. This solution will be proposed as an integration into the existing
operational system.

Chapter 8: Case Study — The Impact of FIFA World Cup 2018 on
Background Distortion: This chapter discusses the impact of Brazil’s national team’s
matches on the electrical grid. Firstly, a general analysis regarding the load profile is
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presented. Secondly, the harmonic distortion profile is provided by measurements in the
transmission system. Then, local measurements are made in order to analyse the power
quality indexes as well as their dynamic hosting capacity profile and their impact on the
system.

Chapter 9: Conclusions: This chapter covers the overall conclusions,
recommendations and contributions from the current research for future and possible
researches.

Chapter 10: Social and Envorinmental Assessments: This chapter covers an
overview of the impact of the hosting capacity approach considering the improvement of
social and environmental issues. The hosting capacity approach can be examined as a

tool aimed at maximizing socio-environmental well-being.
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2. DISTRIBUTED GENERATION

2.1 Initial Considerations

This chapter gives a brief overview of Distributed Generation (DG) and Distributed
Energy Resources (DERs), including its general concepts, basic aspects and impact into
the grid. This chapter begins by examining the general concept and basic aspects of DG,
as well as its current technologies. The next section looks at the questions of DERs and
its characterisation into the distribution systems. Impact issues regarding the connection
of DG and DERs are discussed in later sections of this chapter.

2.2 Distributed Generation Concept — DG

Distributed Generation (DG) is widely considered to be the most important concept
in the sustainability worldwide scenario. DG is defined as the generation directly installed
in the distribution network, very near to the demand (ENERGY; CHALLENGE, 2017).
In other words, the integration of renewable energy sources into distribution systems is
called DG (SHAYANI, 2010).

It is known that the presence of small generators close to the loads may result in a
range of benefits to the power system, as well as to the concessionaires. These benefits
are listed below according to (CEMIG, 2018).

i. Postponement of investments regarding the expansion of distribution and
transmission systems;

ii. Lower environmental impacts and its benefits;

iii. Improvement of the voltage level into the systems, over the heavy load
period;

iv. Energy efficiency due to the reduction of losses and electricity transmission;

V. Diversification of the energy matrix;

Vi. The encouraging for creating new business models, which will be applicable

to the energy sector.
In this context, the Distributed Energy Resources (DERs) can be defined as well.

2.3 Distributed Energy Resource Concept — DER

In addition to the concept of DG, another concept can also be associated to
production methods in which only a fraction of generated electric power is delivered by
consumers that own small generation units (ANDREN et al., 2014). These are usually
designated as Distributed Energy Resources (DERs). Other definitions of DERs present
it as small, geographically and dispersed generation resources located in the distribution
systems (ANDREN et al., 2014). Additionally, still according to (ANDREN et al., 2014;
RIBEIRO et al., 2001), DERs could partially or completely offset consumer electrical
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demand. DERs typically use renewable energy technologies, such as small hydro, biogas,
solar power, biogas and wind power. Additionally, DERs can be designated as energy
storage devices, which are often called Distributed Energy Storage Systems (DESS).
Moreover, DERs are designated as a tool for energy efficiency and demand response
resources.

Within the next few years, DERs are likely to become an important component in
the global energy system, mainly in the context of the energy evolution (ANDREN et
al., 2014; MEHRIZI-SANI, 2013). Some researchers have addressed the question of
efficiency improvement and falling technology costs, which are designed to accelerate this
tendency. This fact is going to happen within DG, specially DERs. Issues of regulatory
frameworks have been trying to catch-up with a range of technologies, as well as changing
energy users demand in many countries around the world.

According to (MEHRIZI-SANI, 2013), DERs will rapidly become an issue, with
countries that do not take the necessary steps to integrate it facing sensitive energy risks,
infrastructure executions and investments challenges. A major issue of DERs is related
to the environmental aspects. Furthermore, DERs could offer major benefits to reduce
carbon emissions and address localized pollution, as some consumers are using them to
achieve their own environmental goals. It is important to highlight that DERs will
improve the environmental sustainability of the grids.

2.3.1 Enabling more DERs in the Grid

Countries, which have been having rapidly increasing volumes of DERs, are
deploying an extensive variety of tools and strategies to integrate these sources and
technologies without compromising reliability, security and affordability, according to
(SLAUGHTER; MOTYKA; MCCUE, 2016).

A challenge in the field of DERs is to find the most indispensable solution, where
DERs can be integrated, and that enable their use in order to bring safety and
improvement to the grids. The community has raised some issues about this topic. In
the light of recent events in integration and enabling of DERs, there is considerable
concern about these matters. Ten solutions are listed below according to (SLAUGHTER;
MOTYKA; MCCUE, 2016):

i.  Redesigning markets;
ii.  Improving forecasting;
iii.  Accessing dispatchable centralized generation resources;
iv.  Tapping into dispatchable DERs;
v.  Deploying energy storage;

vi.  Expanding transmission;

vii.  Increasing regional coordination;

viii.  Planning/optimizing location of DERs;

ix.  Testing new technologies and Modernizing the grid.
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2.4 The Classification of DG and DERs.

Alternative renewable sources of generation may take the form of wind power, fuel
generators, photovoltaic cells, micro turbines, among others. The use of these sources is
being promoted due to their development, as they can present the most efficiency and
lowest cost of installation and solution. Table 2.1 classifies them according to their size,
which means, their most common installed capacity.

Table 2.1- Classification of DG and DERs in the distribution systems (AEMC, 2018).

Classification Technical Definition Typical Installation

Less than 2 kW and ted t
Micro ess thatl e contiected 2o Rooftop solar PV
low voltage network

Greater than 2 kW and up to 10
reater than and up to Fuel cells, combined heat and

Mini kW single phase or 30 kW three
power systems
phase
Greater than 10 kW single phase or
Small 30 kW three phase but no more Biomass, small hydro
than IMW
. Greater than 1MW but no more Biomass, hydro, local wind
Medium . .
than 5SMW generating units

Co-generation, hydro, solar
Large Greater than 5MW thermal. Many wind farms are
connected in distribution systems

2.5 The Impact of DG/DER into the Distribution Systems

In the history of DG and DERs integration, the focus has always been to find a
safe, reliable and cost-effective interconnection into the distribution grids, since the main
purpose has always been to follow the energy policies objectives and customer preferences
(REW, 2018).

Renewable sources cause impacts when connected to the conventional distribution
grid due to the change of topology, because the distribution systems are passive and
planned for the presence of a source generator or utility and for unidirectional power
flow. These systems will be classified as active systems if they present a bidirectional
power flow cooperating as energy consumer and power generator. As the distribution
systems were not designed to receive this bidirectionality of the energy flow, these could
present problems due to the growth of the DG and DERs into the system (TREVISAN,
2011). Previous work (TREVISAN, 2011; GONCALVES et al., 2010) has focused on
other main impacts, such as: voltage regulation problems, frequency variation, changing
of short-circuit -level, non-intentional islanding, power quality disturbance in general,
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economic problems due to the level of penetration of these DG and DERs sources, among
others.

The insertion of a few sources of GD and DERs into the distribution system has
practically no impact, unless the distribution system presents a systemic weakness.
However, the world’s tendency is that there will be a considerable growth of DGs and
DERs in the next few years, making the disturbances very significant, with remarkable
effects on the grid.

In relation to the power quality disturbances due to the insertion of DG and DERs,
we can list impacts such as voltage rises, short interruptions, long-term interruptions,
harmonic distortions, voltage fluctuations, voltage imbalances, among others
(OLIVEIRA et al., 2015). In the next subtopics voltage rises and the harmonic distortion
due to DG and DERs will be defined and described as the base objective of this thesis.

2.5.1 The Voltage Rise due to DG/DERs — Power Quality
Disturbance

The presence of DG and DERs in the distribution system can compromise the
efficiency of the system regarding voltage variations. The voltage variations can
compromise the power quality indexes provided to the consumer, as well as lead to a
reduction in the lifetime of voltage regulating equipment.

A serious monitoring of the voltage profile in the busbars is necessary in order to
analyse if its limits are being exceeded. When the power flow is reversed, the voltage rise
may increase too much depending on the amount of generation exported to the load
connected at the PCC. As an example, if the relationship between the PV and the
installed load is high, the voltage rise will be a major problem, which means, the higher

the generation is and the less the consumption of load is, the higher the voltage rise will
be.

2,52 The Harmonic Injection due to DG/DERs — Power
Quality Disturbance

In the current DG and DERs scenario, due to the large presence of power electronics
devices in the distribution systems, voltage distortions have been observed in the feeders
(HARRISON; DJOKIC, 2012). Some DG and DERs technology, such as PV systems,
are connected to the distribution network through inverters, which use power electronic
interfaces. The insertion of this type of generation source can inject harmonic components
into the system (OLIVEIRA et al., 2015). Several international standards establish the
amount of harmonics that can be injected into the power grid due to the DG and DERs
electronic interface. These standards will be discussed and detailed further.
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2.6 Final Considerations

The concept of DG and DERs within the distribution systems have been presented
as well as their technologies, which have been lately applied to the renewable energy
field, considering their benefits and challenges over the years. The main impacts caused
by this type of generation were conceptualized. The power quality consideration can be
found in the following chapters in order to amplify what has been discussed before.
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3. ENERGY STORAGE SYSTEMS

3.1 Initial Considerations

Power systems, such as transmission and distribution, are experiencing massive
changes due to the new grids technologies, which have been impacting directly their
operational systems and quality of service. Lately, a considerable growth of electronic
loads has taken place, which has resulted in serious issues in the power quality field.
Moreover, with the continued electric load growth, the generation and transmission
systems have not been able to expand properly in order to meet these demands
(RIBEIRO et al., 2001). Additionally, power sources into the distribution system have
been included as well, such as the DG and DERs, which are the new reality in the
distribution grid. To go over the main points, all those scenarios result in technical,
environmental, operational and governmental regulation issues.

In this context, energy storage technologies applied into the systems can provide
impactable benefits in order to improve issues of supply and power quality in the
distribution systems, for example. In this scenario, energy storage systems have become
an important tool leading to an improvement of the grid, supplying the load demand,
when it becomes bigger than the local generation, as well as solving power quality
disturbances (RIBEIRO et al., 2001; ABDULGALIL et al., 2018). Regarding the power
quality, the energy storage system can provide instantaneous voltage support in order to
maintain the voltage profile. This can be achieved by injection or absorption of active or
reactive power (SPERTINO et al., 2012; DRINCIC, 2018). To reach this goal, a
mathematical hypothesis should be proposed regarding local hosting capacity, which is
going to be discussed in further chapters. The present chapter aims to call into question
the technologies of energy storage systems and their applicability into the power quality
field.

3.2 Energy Storage Systems Technologies

The term “energy storage system” has come to be used to refer to any kind of
electricity storage, but AC energy can be stored if the electricity is converted in
electromagnetic, electrochemical, kinetic or potential energy (RIBEIRO et al., 2001).
According to (RIBEIRO et al., 2001; ABDULGALIL et al., 2018; DRINCIC, 2018), three
important factors must be considered in the energy storage system. Firstly, the amount
of energy that can be stored. Secondly, the rate of energy which can be transferred into
or out of the device. Last, but not least, the technology of the device, which will impact
directly its application.

The power energy ranges regarding near-to-midterm technologies have been used
by (RIBEIRO et al., 2001) to refer to the four possible energy storage technologies. It is
important to highlight their benefits, such as transmission enhancement, power
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oscillation damping, dynamic voltage stability, tie-line control, short-term spinning
reserve, load levelling, under-frequency load shedding reduction, circuit break reclosing,
subsynchronous resonance damping, and power quality improvement (RIBEIRO et al.,
2001; DRINCIC, 2018). The type of technologies is shown in Figure 3.1.
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Figure 3.1 — Specific power and specific power rangers technology (RIBEIRO et al., 2001).
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It has been suggested (RIBEIRO et al., 2001) that a range of technologies seems

3.3 Energy Storage Systems Technologies
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to be an innovative approach into the energy storage systems, which is shown in Table

3.1.
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3.1 Final Considerations

A discussion of energy storage systems and their technologies has been presented.
Further questions regarding energy storage systems can be found in the references cited
throughout chapter 3. Our conclusions are drawn in the application section using the
previous knowledge in respect to the application of energy storage systems in distribution

networks.
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4. POWER QUALITY CONSIDERATIONS

4.1 Initial Considerations

According to (COMMITTEE, 2006). the term power quality (PQ) has come to be
used to refer to “the concept of powering and grounding electronic equipment in a manner
that is suitable to the operation of that equipment and compatible with the premises
wiring system and other connected equipment.” In the literature, power quality tends to
be used to refer to designate the best path in the electrical system regarding voltage
systems in order to turn out its sinusoidal form at nominal voltage level (OLIVEIRA et
al., 2014). The subject, which we shall call “power quality issues” is any kind of
disturbance from the sinusoidal form that leads to a non-nominal level, which can be
defined as power disturbance as well. These subjects can be defined as: overvoltage,
undervoltage, swell, interruption, harmonics, among others. Two main types of these
aspects will be dealt with in more details. These aspects are: voltage rise or overvoltage
and harmonic voltage distortion.

In this chapter, the meaning of the national and international standard of the cited

aspects will be discussed further.

4.2 Power Quality National Standards - PRODIST

The first considerations of PQ in Brazil were conceived in 1995, when the Brazilian
Electric System went through an innovative restructuring process related to its new
regulation. In the history of regulation of electricity in Brazil, the FElectrical Energy
National Agency (ANEEL) was created in 1996. Afterwards, ANEEL has created the
National Operator of the Electric System (ONS), whose duty is to establish and control
procedures regarding generation and transmission systems. Since 2008, ANEEL has been
launching regulation procedures in relation to distributions grids called Procedures for
Distribution of Electric Energy in the National FElectrical System — PRODIST
(PRODIST Modulo 8, 2015; PRODIST Médulo 3, 2012; COLNAGO et al., 2012).
Additionally, ONS has also created what they refer to as “grid procedures for
transmission and generation grids”.

It is important to notice that all this restructuring of the Brazilian electrical system
had the aim to introduce a competition in generation, “deverticalization” of utilities and
establish an open access to the generation, transmission and distribution systems
(COLNAGO et al., 2012). Figure 4.1 presents an overview of the Brazilian electrical
system regulatory and operation agencies.
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Grid Procedures o
Transmission and

Generation
Systems (< 1 kV)

Regulation

» Utilities

Distribution

PRODIST Systems

Figure 4.1 — Relation among agents, system and its national standards, based on (COLNAGO et al.,
2012).

It has now been suggested by PRODIST an entire chapter dedicated to P(Q issues
(PRODIST Modulo 8, 2015), which is called the PQ standards — Module 8. This chapter
presents all the PQ indexes and their limits, calculi methods, protocols to be followed in
order to analyse and bring improvements to the distribution networks (PRODIST
Modulo 8, 2015). Thus, the PQ standard is separated in two groups: Quality of Service
and Quality of Product. The Quality of Service is concerned with the reliability of the
system regarding sustained interruptions, while the Quality of Product is concerned with
the steady state and transient phenomena. The subject of study in this thesis relates to
the Quality of Product, classified in: Steady State Voltage, Harmonic Voltage, Voltage
Unbalance, Voltage Fluctuation, Voltage Sag and Swell, Frequency Variation and Power
Factor.

Although there are several P(Q indexes which could be further analysed, the
following subsections will concern to the Steady State Voltage in relation to voltage rise
and the harmonic voltage. These two factors are the base of the methodology that is
going to be proposed in the following chapters, and for this reason both base phenomena
must be well understood.

4.2.1 Steady State Voltage — Voltage Acceptable Levels

In the section Steady State Voltage — section 2 of (PRODIST Modulo 8, 2015), this
study presents the appropriate, precarious and critical limits for the steady state voltage
level, as well as the individual and collective voltage indicators. Thus, the measurement
and recording data are defined in order to register when the voltage measurement exceeds
its indicator’s limits. The steady state measurement is performed in intervals of 10
minutes at the PCC and its period is one week, which is equal to 1008 intervals.

Furthermore, the term "electrical voltage compliance" is defined, which refers to
the comparison of the voltage value obtained by deterministic measurement, at the PCC,
to the voltage levels specified such as: adequate, precarious and critical.

Regarding the contracted voltages at the distribution level, the voltage is
contracted at the point of connection (PCC), where, for the nominal operating voltage
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higher than 1 kV, it must be between 95% and 105% of the nominal operating voltage
of the system. Thus, the measurement period can be classified in a set of voltage levels.
Figure 4.2 shows the voltage values normalized by Module 8 of PRODIST.

V>1.102 (p.u)

Precarious

(p.u)
Adequate V< 1.047 (p.u)
Adequate V2>0.913 (p.u)

0.858 <V < 0,913
(p.u)

Precarious

V <0.858 (p.u)

Figure 4.2 — Voltage values in relation to measurement analysis based on (PRODIST Modulo 8, 2015;
COLNAGO et al., 2012).

42.1 Voltage Unbalance

Voltage unbalance is a phenomenon characterized by any difference in the
amplitudes between the three phases of voltage in the three-phase system considering
the electrical phase difference of 120° between the phases related to the same system
(PRODIST Modulo 8, 2015). Thus, one way to calculate the unbalance voltage is given
by (4.2.1).

V.
FD(%) = 1~ x100 (4.2.1)
+

Where, V_ is the magnitude of the negative sequence of voltage and V, is the
magnitude of the positive sequence of voltage.

Voltage unbalance has been raising interest due to single-phase production units,
mainly PV, which will increase the unbalance voltage in the low-voltage networks
(CIGRE, 2018). The majority of them will be connected to the low-voltage feeder, which
can have side effects at the PCC, one of the main concerns regarding unbalance voltage
into distribution systems.

Experiments on voltage unbalance were carried out by (SCHWANTZ et al., 2017)
regarding the high-penetration of single-phase photovoltaic inverters, using a stochastic
model to estimate the increase in voltage unbalance with random distribution of the
inverters over the three-phase system. In their analysis of voltage unbalance due to single-
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phase inverters, they show the rise in unbalance voltage for customers connected to the
rural network in Northern Sweden, for example. Figure 4.3 shows voltage unbalance for
a given number of customers with PV.
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Figure 4.3 — Voltage unbalance versus the number of PV inverters (SCHWANTZ et al., 2017).

It is possible to notice that there is an increase in voltage unbalance due to the
high-penetration of PV inverters. Furthermore, large single-phase loads, such as vehicle
charges and heat pumps will rise the unbalance voltage in the systems (CIGRE, 2018).
It is important to highlight that there is less similarity when compared to solar
production, but it must be considered as well.

4.2,2 Harmonic Voltage Distortion
In (PRODIST Modulo 8, 2015), the harmonic distortion is defined as the

phenomena associated to deformations in the voltage and current waveforms in relation
to the sinusoidal signal of the fundamental frequency. In this scenario, the background
harmonic distortion can be defined as the aggregated level of harmonic distortion present
in the supply voltage of a PCC, previous to the connection of a new linear or non-linear
load or generator. This distortion may vary along the day in shape, in magnitude and
phases of individual components, as well as it may consequently add or reduce the
resulting distortion after the connection of a new non-linear load or generator. This
distortion is due to the flow of non-sinusoidal currents into the system. In section 4 of
PRODIST — Module 8, the terms used to calculate the harmonic distortion are defined,
namely: total harmonic voltage distortion (DTT%), total harmonic voltage distortion for
non-multiple pairs (DTT,%), total harmonic voltage distortion for odd components non-
multiple of 3 (DTT;%), and total harmonic voltage distortion for the multiple components
of 3 (DTT3%).

The mathematical expressions to calculate the THD% and IHD,% are shown in
(4.2.2)and (4.2.3):
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|4
DTTp,;3(%) = 7"x100 (4.2.2)
1

hmax y72
Zh=2 Vh

DTT (%) = ~———x100 (4.2.3)
1

Where,

h=2..50;

V; Harmonic voltage of fundamental frequency;
V, Harmonic voltage amplitude of order h.

The limits of harmonic distortion are well defined by Module 8, where the
standard suggests reference values for when the electrical grid is being planned. In Table
4.1, the planning and analysis values for voltage level < 1 kV are shown and defined
regarding the national standards.

Table 4.1- Limits of the harmonic distortion (PRODIST Modulo 8, 2015);

Indicator Vn £1kV

DTT95% 10 %
DTT(P)95% 2.5 %
DTT(1)95% 7.5 %
DTT(3)95% 6.5 %

These values will be considered in distribution systems regarding DG/DERs
insertion. They will also be used as comparing parameters to analyse the network
efficiency and its impact due to the harmonic background. The PRODIST may have a
limitation with respect to the harmonic individual distortion. This limitation is evidence
of major acceptable harmonic individual values which may or may not bring considerable
impacts and variance when compared to international standards. For this reason, this
study will be based on international standards and the presentation of the local standard
will be used as a comparative parameter.

4.3 Power Quality International Standards — IEEE
considerations

This section presents an overview of international limits for electrical systems from
IEEE standards. There are two main IEEE standards regarding harmonic distortion.
These standards are: The IEEE 519, which sets limits for harmonic voltage and current
at the PCC. According to (KEY; HALL, 1992), this standard is used to prevent harmonic
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currents traveling back to the power system which may or may not affect other
consumers. On the other hand, the IEEE 1547 intends to test the harmonic
interconnection in order to analyse its access under a controlled set of external and
internal conditions of the DER unit, which will meet the harmonic limits specified by
this standard (IEEE, 2003). In order to understand the harmonic emission and its
consequences into the electrical systems, these two standards will be briefly discussed
below.

43.1 IEEE Std 519-2014 — Recommended Practice and
Requirements for Harmonic Control in Electric Power
Systems

In order to calculate the individual harmonic distortion (IHD) and the total
harmonic distortion (THD), it is used the same formulation given in (4.2.2) and (4.2.3),
respectively.

According to (KEY; HALL, 1992), at the PCC, the IEEE 519 recommends that
the harmonics in the system is considered a cooperative responsibility which involves
both end-users and system operators or owners. The standard recommends voltage and
current limits. Therefore, the recommended values are based on the fact that some level
of the harmonic distortion will be acceptable, which means both owners and users could
work willingly to keep the harmonic voltage level within acceptable limits ( PRODIST
Modulo 8, 2015; KEY; HALL, 1992). However, the limitation of harmonic current
injections could be determined by users, thus the voltage distortion can be kept at
acceptable levels.

The IEEE 519 also recommends that the limits must be applied at the PCC and it
shouldn’t be applied to neither individual piece of equipment not at points within the
user’s facility [6]. At the PCC, users and operators should follow all values in percentage
of rated power frequency voltage. The voltage distortion limits are shown in Table 4.2.
As mentioned before, the values shown below refer to the level < 1 kV.

Table 4.2 — Voltage distortion limits to V < 1 kV (IEEE 519, 2014).

Voltage Individual Total

at PCC Harmonic Distortion Harmonic Distortion
(%) (%)

V < 1kV 5.0 8.0

The results set up is based on the IEEE 519 standard proposed by (IEEE 519,
2014). It was chosen this particular apparatus on account of the fact that the values
shown before will effectively answer the questions, which are going to be proposed later
in this study. However, it was opted for these values because they represent an average
value for those distortions’ limits.
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43.2 IEEE Std 1547-2003 — IEEE Standard for
Interconnecting Distributed Resources with Electric Power
Systems

The IEEE 1547 is the first standard which discussed interconnection standards of
DERs into electric power systems. Conventionally, the utility grid wasn’t designed to
accommodate active generation as well as a storage system at the distribution level
(IEEE 1547, 2003). The problem is ruled by major issues and obstacles when the DER
is being used and integrated in the distribution grid. Moreover, the IEEE 1547 will focus
on the technical specifications for the interconnection of DERs, where it will provide
better requirements due to the performance, operation, testing and maintenance of the
interconnection of DERs (IEEE 1547, 2003). It is important to notice that the IEEE
1547 includes DER synchronous machines, induction machines and power
inverters/converters. The standard also defines that the criteria should apply to a
capacity equal to 10 MVA or less at the PCC.

According to (IEEE 1547, 2003), for example, “the DERs should be operated with
a predominant voltage source with a short circuit capacity no less than 20 times the
DER rated output current at fundamental frequency.” Furthermore, the frequency
output and voltage of the source should correspond to the rated voltage and frequency
of the DER. Thus, the IEEE 1547 standard was prepared according to the motivation
shown before. In (IEEE 1547, 2003), further evidence and instructions can be found.

At this point, the IEEE 1547 determines that the harmonic voltage, while powering
a resistive load at 100% of the machine, should not exceed the limits shown in Table 4.3
— Maximum harmonic voltage distortion in percent of rated voltage (IEEE 1547, 2003).
(IEEE 1547, 2003).

Table 4.3 — Maximum harmonic voltage distortion in percent of rated voltage (IEEE 1547, 2003).

Individual
Harmonic h<1l 115h<17 17fh<23 23<h<35 35<h THD
Order
(%) 4.0 2.0 1.5 0.6 0.3 5.0

4.4 New Types of Power Quality Disturbances

Within the next few years, new types of technologies are set to become an important
component of new types of PQ disturbances. Those new technologies related to smart
grids will shortly become an issue regarding new types of emissions from a new type of
equipment connected to the grids (CIGRE, 2018). The main problem of these new types
of PQ disturbances is no longer related to regular harmonic emissions, such as 3, 5 or
7" order. The new demand in the area of PQ disturbances is to define the types of

abnormal emissions. Thus, these abnormal emissions can be classified into three main
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groups: interharmonics, subharmonics and supraharmonics based on recommendations
from (CIGRE, 2018).

4.4.1 Interharmonics

According to (CIGRE, 2018) “Interharmonics are spectral components at
frequencies that are not integer multiple of the system fundamental frequency.
Subharmonics are interharmonics with frequencies lower than the fundamental
frequency.” The levels of interharmonics into distribution and transmissions systems are
expected to increase. This will take place as a result of the integration of new types of
sources, such as DG devices (wind turbines and PV inverters, for example), industrial
equipment with high efficiency, commercial loads and residential equipment
(refrigerators, washing machines, among others) (CIGRE, 2018).

4.4.2 Subharmonics

Subharmonics are described as being the result of the emission of interharmonics
with frequencies lower than 50 or 60 Hz, for example, from wind turbines (CIGRE, 2018).

4.4.3 Supraharmonics

The term suprharmonics has been used by (CIGRE, 2018) to refer to all frequency
components in the range between 2 kHz and 150 kHz. For example, FACTS active
converters and VSC-HVDC will emit supraharmonics at the switching frequency
(emissions at a frequency of 12.4 kHz) (CIGRE, 2018). Moreover, still according to
(CIGRE, 2018), grid-size battery storage connected through active converters is expected

to inject supraharmonics.

4.5 Final Considerations

We have presented both local and international standards regarding PQ issues such
as overvoltage and harmonic distortion. The evidence from this chapter points towards
the idea that all standards have the same principle, particularly when the discussed topic
is harmonic distortion. The results of this investigation support the idea that we are free
to follow the which fits better regarding the cases; it depends on the needs of the system
and the system’s particularities. Taken together, these findings suggest a role for PQ
issues.

In this research, it is followed specific standard considerations, which will be
defined. The voltage values suggested by PRODIST — Module 8 will be used in order to
analyse the voltage rises issues for the system. In relation to harmonic distortions, the
IEEE 519 will be considered as a base standard. In this case, the IEEE 519 has shown
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more conservative harmonic limits. These topics are reserved for future discussion in the
next chapter.
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5. THE BACKGROUND DISTORTION

5.1 Initial Considerations

The purpose of this chapter is to present a brief discussion on the definition of
Background Harmonic Distortion regarding electrical systems due to additional
connections, such as consumers, distributed degeneration, nonlinear loads, among others.

Truthfully, high levels of Background Harmonic Distortion can result in
equipment malfunction, decrease the likelihood of meeting international standards, for
example IEEE 519 or IEEE 1547 (IEEE 519, 1992; WALLACE; BENDRE; WOOD,
2013) as well as the impact of the maximum amount of generation that can be connected
at the PCC defined as the hosting capacity value.

5.2 State of the Art of Background Distortion

One of the key questions in the summarisation of background distortion is related
with the type of sources that can be aggregated, which will either cause positive or
negative impacts. Their impact aggregation will depend on the nature of these loads and
sources. There is a considerable number of studies on the background distortion field.
What is known about the background distortion is largely based on worldwide campaign
measurement. Several authors have attempted to define the background distortion based
on harmonic injection in the majority of the cases, but at the time this study is being
written, there are still concepts under analysis regarding these fields. In this section, this
study describes some of the main analysis conducted on background distortion aiming at
clarifying concepts that will later on be presented in this thesis. In general terms,
harmonic distortion, either current or voltage, can be defined as a way to describe the
principle of background distortion.

In (CUK; COBBEN, KLING; RIBEIRO, 2013), the authors analysed the
summation of harmonic currents, based on field measurements. Their justifications are
based on harmonic sources, which can produce different harmonic currents. Those
harmonic distortions depend on the load level. Thus, due to this fact, the harmonic
voltage changing at the PCC will cause different current distortions. The authors
highlighted that this process is time-varying, which makes it difficult to determine the
exact magnitude and phase of harmonic currents at any given moment. Moreover, they
propose a measurement campaign at different industrial systems using a
15channelmeasurement system, with three channels of voltage and 12 channels of current.
They describe that the total current for one phase of the system at the L'V busbar was
measured taking into account the currents of all devices or group of devices connected
at the same time. In Figure 5.1, the topology used by the authors can be consulted.
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Figure 5.1 — Topology of measured sites according to (CUK; COBBEN, KLING; RIBEIRO,
2013).

It is important to highlight that the authors have conducted two different types
of measurements considering the length of the cables. Thus, at locations A and B, where
the loads are connected 20 meters closer to the busbar and the cables have the same
length, the topology is the same. On the other hand, at locations C and D, the load
distances are different. Further results and analysis can be verified in (CUK; COBBEN;
KLING; RIBEIRO, 2013). They concluded that their analysis and technique can be
useful for predicting harmonic current summation when compared to probabilistic
studies, for example.

Ryckaert and co-workers (RYCKAERT; GHIJSELEN; MELKEBEEK, 2003)
have investigated the influence of the background distortion on the load behaviour of the
shunt harmonic impedance considered. Their justification was based on the fact that
shunt harmonic impedances, or SHI, have proved very effective in relation to the
reduction when compared to the harmonic propagation. Thus, in their paper, they show
that SHI can reduce the line current as well as the THD caused by polluting loads, when
they are modelled as simple current sources. Moreover, the paper presents an efficient
model regarding the maiming power system and the polluting loads. In section 5.4, their
model will be used as a starting point to describe the electrical model of linear and non-
linear loads to conduct background distortion studies.

Experiments on modelling of harmonic injectors were carried out on harmonic
modelling sources in 2012 by a group of researchers (CUK; COBEEN; KLING; RIBEIRO,
2012). They suggested that calculating harmonic voltages and currents into electrical
grids needs more efficient and precise models of linear loads. Also, the authors suggested
that the use of equivalent models without taking into account the impact of all
impedances can lead to disassociate harmonic voltage and currents, which can directly
impact the background distortion value. In their paper, they proposed a harmonic
impedance technique estimation in LV networks. Thus, their analysis can be a guideline
for LV networks regarding harmonic analysis. It is well-known that the appropriate
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choice of load models and network representations can be vital to determine the harmonic
voltage and its background impact on the grids.

It is important to highlight that not only harmonic current source models and
linear and non-linear models are important in terms of background distortion. The limits
imposed by international standards are vital during the process of background distortion.
Thus, the authors (CUK; COBBEN; RIBEIRO, 2014) presented a paper with a review
of international limits for public networks. Furthermore, they pointed out shortcomings
of these international standards, as well as propositions and improvements for these
standards. In their review of international harmonic limits, (CUK; COBBEN; RIBEIRO,
2014) question the need for a revision of the voltage limits origins from measurement
fields and current limits from emission measurements. Moreover, they concluded that the
relation between the voltage and current limits regarding the IEEE 519 and TEC 61000-
2-12 and 3-6 do not apply to all harmonic orders. An important point that the authors
raised is that the standards are not evolving. They justified this with the fact that,
currently, there are no problems in relation to harmonic voltage in the grids. They draw
our attention to adopt less strict requirements in relation to the IEC and IEEE standards
for LV systems. For example, in relation to a voltage THD limit, a percentage of 8%
would work with no concerns and for THD at least 3% for low-order odd orders. Although
the authors have proposed some improvements to international standards, the short-term
effects of harmonic voltage and currents could be carefully further analysed in other
researches.

Finally, a recent review of the literature on this topic (PAPIC et al., 2018) found
that it is essential to determine the contribution of facilities to the background harmonic
distortion measured at the PCC. Then, the authors propose consistent test systems that
can be used to validate a proposed method, as well as to compare different approaches
that have been analysed throughout the years. They consider examples on how to use
the grid to assess the contribution of harmonics. They also highlight that harmonic
distortion at the PCC is caused by both sides of the system, the consumer side and the
supply system side, both based on a mathematical model that will be discussed further
ahead in this chapter. Thus, the developed benchmark system is realistic because it
represents a typical medium and low voltage network supplying industrial loads.
Moreover, the harmonic sources are modelled in a time domain, instead being modelled
as statical current and voltage sources. These models represent with security the reality
of the background distortion sources into the grids.

It is important to highlight that there is a considerable amount of literature on
the background distortion. What is known about the background distortion is largely
based on papers from the 30’s, when the harmonic contribution first became a concern,
up until now. What was listed in this section is one of the recent and important researches
in this field. This chapter also contributes with a summarisation of the background
distortion review, a basis to understand the next topics regarding hosting capacity and
its importance in this study field.
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5.3 Aggregated Sources

There is a multiplicity of sources which can cause background harmonic distortion
in the grids. Furthermore, those sources will influence the previous PCC in reference to
the Total Harmonic Distortion (THD) levels defined by international standards, such as
IEEE 519 (IEEE 519, 2014).

Voltage harmonic distortion is affected by harmonic currents flowing through
power system impedances, such as long-distance cable parasitic inductance, distribution
transformer’s series impedance (WALLACE; BENDRE; WOOD, 2013) and electrical
energy converters. In relation to facilities and substations, personal computers and
television in household installations or commercial buildings are the largest sources of
harmonic currents (WALLACE; BENDRE; WOOD, 2013; EIRGRID, 2015).

Some researchers have addressed the issue of the behaviour of the load in respect
to the harmonic distortion. The behaviour of loads in respect to voltage distortion is
addressed in (GHIJSELEN; RYCKAERT; MELKEBEEK, 2002), where the polluting
loads can be defined and modelled as a set of current sources in parallel, defined for each
harmonic order. Concerning nonlinear loads connected to the Low-Voltage busbar (LV),
it is important to highlight that the harmonic levels have decreased over the years. This
fact is shown in (RUBENS et al., 2006; LEITAO et al., 2007) where the power supply of
the modern television receivers have presented a much smaller harmonic injection
content. In addition, the higher number of television receivers produced a higher level of
harmonic cancellation. Even though these levels are lower, they must be accounted for
into the system.

As long as the nonlinear loads are connected into the system, their connection will
cause voltage harmonic distortions, and thus, the Background Harmonic Distortion must
be considered regarding the planning and improvement of electrical networks. Based on
this fact, it is important to consider the combined effect between the additional harmonic
contribution generated by nonlinear equipment installed in facilities into the system and
the households with typical nonlinear loads, as well as their interaction in order to define
the final Background Harmonic Distortion level (EIRGRID, 2015).

5.3.1 Power Electronics in the Grid
A recent review of literature on this topic (CIGRE, 2018) found that HVDC was

considered as a source of harmonics in transmission level. More recent evidence reveals
that the shift from line-commutated HVDC (passive converters) to self-commutated
HVDC (active converters) will address the impact of emission of low harmonic orders,
such as 5" and 7%, 11" and 13", 17" and 19", which will become less significant than
expected. On the other hand, higher frequencies and possibly interharmonics will have
their emissions increased by these devices, as they are known as sources of harmonics. In
this case, appropriate filters should be connected when required (CIGRE, 2018).
Nevertheless, into transmission and distribution systems, FACTS has been used for
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power flow control, voltage regulation and for correction of stability issues. Thus, the
implementation of these devices into the systems will be related to their harmonic
injection and their effect over the systems. Moreover, the harmonic distortion caused by
FACTS will be affected by an interaction between them and the network components,
as well as its topology. Operation conditions changes may be included as a concern

(GARCIA; SEGUNDO; MADRICAL, 2014).

5.3.2 Equipment connected to the Grid

New types of equipment that have been connected into the distribution grids may
inject typical harmonic frequencies (3™, 51 71 9 etc.). A recent review of the literature
on this topic (CIGRE, 2018; CHIDURALA et al, 2015; RONNBERG et al, 2013; YANG;
BOLLEN; LARSSON, 2015; YANG et al, 2015) suggests that their injection is low when
compared to power electronics connected to the grid. Nevertheless, it has lately been
proposed the most important issues related to the connection of DG sources into the grid
is related to their diversity as much as generators and loads (CIGRE, 2018). An
increasing number of studies have found that the background emissions present in PV
inverters, wind turbines, water heaters, televisions and electric ovens do not work at the
same time, which will impact their harmonic emissions regarding the PCC, where all
these devices are connected (CHIDURALA et al, 2015; RONNBERG et al, 2013; YANG;
BOLLEN; LARSSON, 2015; YANG et al, 2015). Based on this fact, those devices are
important to consider regarding the background distortion that can be found into the
grids. The next subsection will carefully analyse the harmonic emissions from some

common devices connected into distribution grids.

5.3.2.1 Compact Fluorescent (CFL’s) and Light Emitting
Diodes (LED’s) Lamps

It is well-known that CFL’s and LED’s would result in large increases of harmonic
and current distortion in the grid (RONNBERG; BOLLEN; WAHLBERG, 2010). A
number of studies have found that the increase in distortions level, even in the worst
case, is minor than expected. Moreover, these distortions can result in cases where the
aggregation effects due to these lamps may lead to a decrease in harmonic levels
(BLANCO et al, 2013; GRADY et al, 1995; RONNBERG; BOLLEN; WAHLBERG,
2010). In Figure 5.2, the results of an investigation can be observed, where incandescent
lamps were replaced by a combination of LED’s and CFL’s lamps (RONNBERG;
BOLLEN; WAHLBERG, 2010).
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Figure 5.2 — Harmonic current emission before and after replacement of incandescent lamps by
CFL’s and LED’s according to (CIGRE, 2018).

According to (CIGRE, 2018), the results of harmonic distortion are related with
the cancellation between the non-incandescent lamps and other pieces of equipment that
inject harmonics into the grid. It is important to highlight that the result of an interaction
between the lamps and the equipment will directly impact the background harmonic
emission.

5.3.2.2 Computers and Residential Loads

Some preliminary work on the influence of the computers was carried out in 2009.
Measurements were registered during the LAN parties, where many computers were
being used to play computer games (LARSSON, 2009). The conclusions of this study
were summarised in three main points: there was no change in current amplitude and no
change in power consumption, but the most remarkable result was the large reduction in
harmonic distortion. Figure 5.3 shows the change in harmonic current throughout the
years.
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Figure 5.3 — Change in harmonic currents throughout the years (LARSSON, 2009).

Residential users may include computers, laptops, CFL’s lamps, routers, battery
chargers and monitors, among others. These devices are highly time-variant due to
continuous changes in their load conditions, as well as system parameters, for example,
voltage distortion (LARSSON, 2009). Thus, it is possible to state that not only will the
magnitude of the current harmonic emission regarding those devices change, other
changes are possible, namely on their phase angle. Moreover, these changes will modify
their aggregation with other pieces of equipment in the grid causing disturbances on
the voltage distortion (CIGRE, 2018). It is important to note that these impacts can
be either positive or negative. An example of a positive impact is cited in (CIGRE,
2018). In terms of this positive impact, even a rising magnitude of harmonic current
can cause a constructive impact on the voltage harmonic, but this will only occur as
long as the phase shift leads to a voltage reduction over the Thevenin impedance at the
PCC, reducing the background harmonic voltage and improving the conditions of the
system.

To illustrate, Figure 5.4 shows an example of 5" harmonic current emitted by
typical residential devices.
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Figure 5.4 — 5 harmonic current of different devices, according to (LARSSON, 2009).

5.3.2.3 Electric Vehicles

Electric vehicles (EV’s) are increasingly becoming a vital factor in harmonic
injection due to the power electronic used in their charger. According to (MOLLER et
al., 2015), these rectifiers are equipped with power factor correction. Those devices will
cause a switching frequency, commonly in the range of 10 kHz. Those circuits will
generate a low harmonic order causing distortion in the grid to which they are connected.
Thus, these devices are expected to cause unbalance in the grid, as well as background
harmonic distortion. It is well-known that harmonic currents can be either nearly
constant or distorted, which depends on the voltage distortion (MOLLER et al., 2015).
In order to illustrate their emissions, Figure 5.5 and Figure 5.6 show a measured
individual emission regarding 3" and 5" harmonic based on results from (MOLLER et
al., 2015).
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Figure 5.5 — 3™ harmonic current of EVs and their impact on the 3' harmonic voltage,
according to (MOLLER et al., 2015).
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Figure 5.6 — 5" harmonic current of EVs and their impact on the 5" harmonic voltage,
according to (MOLLER et al., 2015).

In a previous analysis (CIGRE, 2018), a voltage harmonic reduction occurred at
the end of the feeder, which reaches a minimum value when all EV’s are connected. Also,
according to (CIGRE, 2018), this occurs when the background distortion is not already
taken over by the harmonic emissions from the charges.

5.3.2.4 PV Inverters

A similar behaviour from PV inverters can be correlated to EV’s. It has been shown
in (CIGRE, 2018) that a significant phase angle shift and an increasing of the harmonic
current should be considered and analysed when connected to a distribution grid. In
Figure 5.7 an example is shown when an LV grid has more than 50% of PV and its
impact.
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Figure 5.7 — 5™ harmonic changes due to large introduction of PV into a distribution grid,
according to (CIGRE, 2018).
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5.3.2.5 Conclusion of Aggregate Loads and Sources

Electronic equipment and devices are the primary cause of harmonic distortion into
the grid. The previous discussion shows that a large integration of either large equipment,
such as EV’s or PV sources or even a large number of small devices, such as those
connected in the residential circuits, could result in harmonic distortion rise. It is
important to highlight that these devices and equipment can cause either positive or
negative impacts, and the latter depend on the number of devices connected, the grid
topology, among others. One exception that can be exemplified is worldwide events, such
as the FIFA world cup. During the world cup, the number of TVs and computers
connected into the distribution grid can modify significantly the background distortion
causing reliability issues or even impacting the hosting capacity value, previously
measured to the system.

This thesis will show and discuss this particular topic throughout the case study.

5.4 The Definition of Background Distortion

Background Harmonic Distortion can be defined as the aggregated level of
harmonic distortion present in the supply voltage at a PCC excluding the connection of
a new linear or non-linear load or generator to the PCC. This distortion may vary
throughout the day in shape and/or in magnitude and phase of individual components.
Thus, it may consequently increase or reduce the resulting distortion after the connection
of a new non-linear load or generator at the PCC.

5.4.1 Modelling and Methods of Background Distortion
Source

As mentioned before, in order to define the contribution level of nonlinear loads,
it is assumed that the polluting loads can be modelled as an equivalent Norton, which
means it can be modelled as a simple current source according to (GHIJSELEN;
RYCKAERT; MELKEBEEK, 2002). Thus, according to (CIGRE, 2018), the maiming
power system can be as assumed to be linear under the analysis. Moreover, the terms
“primary emission” and “secondary emission” are introduced to explain the source of
emission. In this case, the primary emission is the emission originating form devices
connected at the PCC, whereas the secondary emission is the emission originating outside
of the device where a non-fundamental component in the background voltage distortion
will result in a distorted current. For example, the distortion from fluorescent lamps with
a high frequency defined as primary emission. On the other hand, the current distortion
due to inverters at terminals of a wind turbine at the PCC is classified as secondary
emission (CIGRE, 2018).
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In order to represent the voltage distortion caused by the background harmonic
distortion, the equivalent Norton of the load at the PCC can be transformed into an
equivalent Thevenin as well, where a power system voltage for the harmonic order h is
represented by a voltage source E,,(h), an internal impedance defined as Z,,(h) and the
equivalent current defined as Iy, (h),according to (RYCKAERT; GHIJSELEN;
MELKEBEEK, 2003). The voltage at the PCC point is given by V;,(h). Moreover, the
harmonic impedance of the linear loads connected at the PCC is represented by Z,(h).
Thus, the current source of the polluting loads connected at the PCC is characterized by
I,(h). Finally, the pursued shunt harmonic impedance is represented as Zs(h). The model

described is shown in Figure 5.8.
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Figure 5.8 — Power system representing the background distortion model (GHIJSELEN;
RYCKAERT; MELKEBEEK, 2002).

The method given in (PAPIC et al., 2018) is accurate considering an equivalent
of the circuit regarding two harmonic equivalent sources: the utility voltage E,,(h), and
costumer voltage E.(h), as well as the utility impedance Z,,(h) and customer impedance
Z.(h), defined at a harmonic order h. In this case, the Norton equivalent can be turned
into the Thevenin equivalent on the costumer side. Thus, the system can be given by

Figure 5.9.
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Figure 5.9 — Power system representing the background distortion model as a two Thevenin
Equivalent (PAPIC et al., 2018).

These contributions can be calculated as the following equations (5.2.1) and
(5.2.2).



DISTRIBUTED GENERATION AND POWER QUALITY CONSIDERATIONS 42

__ ZmWW 5.2.1
En(h) =7 ) + 2wy 621
A X RN (5.2.2)

Zm(h) + Z:(h)

It is important to highlight that for these models, both sides must be analysed as
harmonic contribution, which means that the contribution of utility and the contribution
from the prosumer will be implemented by using a superposition method in order to
determine the background distortion at the PCC (PAPIC et al., 2018).

In order to understand the equivalent voltage at the PCC, the IEC voltage phasor
method cited in (PAPIC et al., 2018) allows us to find the total voltage harmonic
distortion at the PCC considering the background voltage and the customer installation.
In this case, the voltage harmonic distortion before connecting any nonlinear load by
costumer’s side is defined as Vbackgmund. Moreover, the voltage phasor V,pission i the
voltage vector that estimates the voltage drop at the costumer’s side. Thus, the voltage
vector at the PCC Vpc(, which consists of the voltage background and customer harmonic

voltage emission, is shown in Figure 5.10.
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Figure 5.10 — Voltage Phasor Diagram based on TEC (PAPIC et al., 2018).
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5.5 Impacts of the Background Distortion

The presence of harmonics voltage distortion into electrical networks can lead to
several impacts, such as, increase losses, heating of components, loss of equipment life,
power factor and others (BROWNE; PERERA; RIBEIRO, 2007). As it has been defined
before, nonlinear loads are the main cause for pollution of the waveform in the electrical
system and must be considered.

Moreover, televisions can cause considerable disturbance that depends on the time
of the year around the world, as an example, during the World Cup (BROWNE;
PERERA; RIBEIRO, 2007; LEITAO et al., 2007; RIBEIRO et al., 2011; RUBENS et
al., 2006). During this time of the year, television viewers will switch on their equipment
at the same time considering different time zones. The impact of television viewing and
other electronic loads on the utility grid harmonic distortion may be of great relevance
as discussed in (TESTA; LANGELLA, 2007). It is commonly considered that in
industrial countries, the 5" harmonic will be significant and coincidently characterized
by the peak of television viewing. Given these points, television receivers have power
supplies which create current harmonics into the system (BROWNE; PERERA;
RIBEIRO, 2007; TESTA; LANGELLA, 2007). Thus, based on these phenomena, it is
safe to assume that the hosting capacity for the system will be decreased as a function
of the increase of harmonic background level (OLIVEIRA et al., 2018). Furthermore, an
important relation between the harmonic background level, voltage rise, and the hosting
capacity value can be defined according to (OLIVEIRA et al., 2018), where, the bigger
the background is, the bigger the voltage rise will be, and as a consequence, the lower
the hosting capacity acceptable region will be.

5.5.1 Impact of the Background Distortion During the FIFA
World Cup 2018

Although many papers have discussed all the effects of background voltage
distortion through different devices and throughout the years, few studies have addressed
the problem of background distortion during the FIFA world cup, where a large number
of TVs are connected into the distribution grids, causing significant disturbances during
the matches. Previous work has only focused on the impact during the FIFA world cup
in many countries, especially in Brazil (ENGINEERING, 2015; LEITAO et al., 2007;
RIBEIRO et al., 2011; RUBENS et al., 2006).

As mentioned before, harmonic distortions on the electrical grid can become much
more serious on specific occasions, when massive events are occurring, such as the FIFA
world cup or other worldwide televised event. Moreover, the impact of this harmonic
distortion will depend on the topology of the grid, electrical parameters and even cultural
subjects. In Figure 5.11, an example of a measurement during the FIFA World Cup 2010
regarding Brazil matches can be examined (RIBEIRO et al., 2011).
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Figure 5.11 — THD profile at different days of Brazil matches (RIBEIRO et al., 2011).

It is easy to notice that during the matches the harmonic distortion increased
substantially, which will directly impact the background distortion of the system. Thus,
the distortion reduction at half-time is related to a temporary load demand causing a
damping and lower impedance at all frequencies (RIBEIRO et al., 2011).

Still in accordance to (RIBEIRO et al., 2011), in Figure 5.12 the 5" harmonic
voltage at 230 kV in the Northeast of Brazil during the Brazil versus Portugal match
was measured. According to (RIBEIRO et al., 2011), typical 5® harmonic voltage on a
typical day is under 0.5%.
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Figure 5.12 “THD of voltage at 230 kV during a Brazilian match on the World Cup 2010 (RIBEIRO et
al., 2011).

Accordingly, the paper concludes that the impact of TV viewing must be considered
on normal days, as well as during highly popular events, as a way to analyse the impact
of the background distortion in the system. It is clear from these results that a significant
increase of harmonic pollution can take place, especially in the 5" harmonic order. Those
results show that the harmonic background can be rigorous due to linear and non-linear
loads connected at the same time. Moreover, it can be concluded that the number of
devices connected will produce impacts on the final background distortion value, even if
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it has been shown in the previous section that, separately, they will not lead to
considerable consequences.

5.6 Final Considerations

In this chapter, the definition and requirements for the nonlinear contributions
and its background distortion are determined. It is well known that harmonic distortion
at the PCC is caused by the harmonic sources on both sides of the system: the shape of
the utility system, as well as the customer facilities.

The summary of the background distortion has been done in order to define the
correct model, which will be defined by the results of this thesis. It is important to
highlight that the background distortion model has an important contribution to the
hosting capacity value regarding distribution systems.



THE HOSTING CAPACITY METHOD 46

6. THE HOSTING CAPACITY CONCEPT

6.1 Initial Considerations

The impact of DG/DERs can be quantified using a set of indicators that accentuate
its performance. In some cases, the system’s performance will improve after the
DG/DERs connection, or there will be negative impacts on the system. Nevertheless, it
is important to realize that those performance indexes should not be exceeded (MENNITI
et al., 2012) . The performance index is defined as the hosting capacity that a system
has in hosting DG/DERs, respecting the limits of the proposed indicators (ETHERDEN;
BOLLEN, 2011).

In the next sections, the concept of PV local hosting capacity will be applied
through the evaluation of allowed voltage rises due to the harmonic distortion, as well
as through its application to the concept of Dynamic Hosting Capacity. Thus, an
application of the storage systems will be demonstrated as a powerful tool to improve
the distribution systems under analysis.

6.2 The Definition of Hosting Capacity Concept

Both the concept and application of hosting capacity have been studied by
researchers in order to elaborate a new significant strategy to plan and improve network
systems, especially for new generation sources. For distributed energy resources, the
hosting capacity approach has been introduced as a communication tool between
stakeholders concerning the connection of DG to the electric grid (BOLLEN;
RONNBERG, 2017). In this context, hosting capacity is understood as the maximum
generation that can be integrated into the distribution grid without causing excessive
disturbances in the power quality, where the term excessive means beyond the limits
imposed by the standards maximum voltage rise, harmonics, flicker, etc.

The maximum PV generation that can be integrated into the system is called PV
hosting capacity (CAPITANESCU et al., 2014; DE OLIVEIRA et al., 2016; DUBEY;
SANTOSO, 2017; RYLANDER et al., 2015; SAIZ-MARIN et al., 2014). In this section,
PV hosting capacity is defined with respect to voltage rise caused by harmonic voltage
disturbances at the point of common coupling (PCC). Figure 6.1 illustrates the evolution
of a generic performance index for the hosting capacity as a function of the insertion level
of a DG (DE OLIVEIRA et al., 2016; ETHERDEN; BOLLEN, 2011; SANTOS et al.,
2015). It is worth noting that there is a restricting range of the hosting capacity defined
between two limit curves: the worst-case scenario, for the lower limit curve, and the best-
case scenario, for the upper limit curve. The difference between the curves is based on
the difference between possible background voltage distortions at the PCC. This
approach for the limits of hosting capacity is shown in Figure 6.1. Voltage distortions at
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the PCC can be caused by electronic devices, generators, transformers, non-linear loads

and others.
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Figure 6.1- Range curves of a generic performance index versus the amount of distributed generation.

According to the literature (BOLLEN; RONNBERG, 2017), it is important to take
into account uncertainties when conducting a hosting capacity analysis, as they will
modify the deterioration region when hosting capacity is analysed. Possible examples of
such uncertainties include customers’ type of installations, three-phase or single-phase,
customer connection phase if single-phase, PV panel orientation, the type of the inverter,
implemented reactive power control if any, and others. As shown in Figure 6.1, the curve
range will represent the acceptable deterioration region between the best hosting capacity
range (the line designating the best hosting capacity and the best background level) and
the worst capacity range (the line designating the worst hosting capacity and the worst
background level), which defines the region where it is possible to keep the system
operating, without uncertainties, while respecting its limits index defined by local
standards.

6.2.1 Voltage Rise Due to Harmonic Injection and Its
Limits to Define the Local Hosting Capacity

Power electronic devices are expected to inject harmonic currents. The larger the
devices are, in general the greater the impacts will be (BOLLEN; RONNBERG, 2017).
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As long as the electronic devices are connected to the network and are injecting harmonic
currents, voltage distortion will occur and, consequently, voltage rise will occur as a
result of root mean square (RMS) magnitude dependence on voltage waveform.

According to international and national standards, the limits for voltage harmonic
distortion and voltage rise have been defined (e.g., PRODIST Médulo 8, 2015, C4-115
CIGRE, 2014; IEEE 1159, 2009). In the following, it is used both the voltage harmonic
distortion limit and the voltage rise limit to define PV hosting capacity.

Assuming that a PV installation can be modelled as a current source and that the
PV is connected at the LV side of a secondary substation at a PCC for which the
Thévenin’s impedance is essentially resistive (i.e., X « R), the system’s hosting
capacity Pg"® is usually approximated by (6.2.1), given a known voltage magnitude
at the PCC, V, (BOLLEN; HASSAN, 2011; CARVALHO; CORREIA; FERREIRA,
2008), V™ as the overvoltage relative margin and Ry as the Thévenin’s resistance at
the PCC:

2
pmax — ) Symax (6.2.1)
Ry
where,
SYmax = (ymax _y Yy (6.2.2)

Equation (6.2.1) neglects harmonic injection by the PV source and voltage
distortion at the PCC. To consider harmonic injection by the source and distortion at
the PCC, (6.2.1) needs to be rewritten based on typical parameters of a L'V feeder model
(CARVALHO; CORREIA; FERREIRA, 2008). Details of the feeder model used, and
corresponding voltage rise formulae are provided in the following.



THE HOSTING CAPACITY METHOD 49

Take the model depicted in Figure 6.2 for which the Thévenin equivalent impedance
at the PCC is given by Rf + jXr. The complex power injected by a PV system and the
complex power absorbed by the local load are defined as S; = B, +jQg and S, = P, +
jOp, respectively. The net injected active power and reactive power at the PCC are
defined as P = B — P, and Q = Q4 — @, respectively.

P.+jQ,.
% R, X ‘e
- f f
‘~ :1—wwm\—
Pf. + } 'Q-’,

Figure 6.2 — Feeder model with PV (CARVALHO; CORREIA; FERREIRA, 2008).

According to the literature (CARVALHO; CORREIA; FERREIRA, 2008; DUBEY;
SANTOSO, 2017), the voltage difference between the PCC and the voltage source can
be expressed, for the fundamental frequency, by (6.2.3).

P+jQl

) (6.2.3)
Veel?

Ve — Vo = (Ry +ij)[

where the voltage at the PCC is denoted by V;.e/® and the voltage at the source is
V,.el°.

Applying the conjugated properties, (6.2.3) can be expanded into (6.2.4),

Vo= P(Rfcose - stinH) + Q(Xfcose + Rfsine)

g o V

7 (6.2.4)

Assuming that cosf = 1 and sinf =~ 0 (DUBEY; SANTOSO, 2017), (6.2.4) can be
approximated by (6.2.5) for the fundamental frequency h =1 .

PR; + QX
A=V, -V~ LT Xy (6.2.5)
Y

Equation (6.2.5) can be generalized for other harmonic orders h # 1as in the
following.

h h
avh~ DR Q"hXy (6.2.6)
Vh
g
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The maximum voltage rise at the PCC is experienced when load (L) is at its
minimum and generation (G) at its maximum. Thus, one can use (6.2.6) to compute an
upper bound for voltage rise assuming that the power factor (PF) of net load can be
controlled by the PV system at the PCC (tan(¢) = Q*/P1).

1yl o 1 1
AVLVE ~ P'R; +Q'X; (627)

AV V! =~ PY(Ry + tan(p)Xy) (6.2.8)

Neglecting the PV source harmonic content and the voltage distortion at PCC, the
maximum power injected by PV can now be given by (6.2.9) assuming that the maximum
of AV is ngax' v}, where ngax’ ! is the voltage limit for the fundamental frequency.

max, 1, ,max, 1 _ ys1
Pmax,l _ 9 (Vg VO)
) =

R(1 + tan(p) 2 - @5
an 5
2 R/

Assuming that loads have negligible harmonic content, then (6.2.9) can be written
for other harmonic orders as in the following.

, h , h
Pmax‘ N B ngax (ngax _ ‘/Oh)
g - hX (6.2.10)
R(1 + tan(y) —Rff )

Where, V* is the harmonic voltage at the PCC.

As long as the conditions under which the model of PV is considered a current
source, it is possible to explain the sum of the power to represent the hosting capacity of
DERs. Also, it is equally important to emphasize that the sum of these injected currents
will impact the RMS voltage at the PCC. Since the RMS voltage is the square root of
the sum of squares of each harmonic voltage, it can be expressed by (6.2.11):

(6.2.11)

In this case, the power generated in relation to the RMS voltage can be rewritten
as (6.2.12), using (6.2.11):

2
2
p = Vrms” _ (V X Vh) _ Y Vi (6.2.12)
Ry Ry Ry
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Then the hosting capacity at the PCC can be defined as the sum of the maximum
power possible, based on (6.2.12), to be injected for each frequency:

h 51 max, h,,ymax, h _ {/h
Pmax Pmax h Vg (Vg I/O ) (6 2 13)
h=1 h=1 (1+ tan(cp) )
Where,
ngax,h is the allowed voltage magnitude for harmonic order h;

VI is the actual voltage magnitude of harmonic order h at the PCC;
¢  is the arcos(PF), where the PF is the power factor at the PCC.

If we use (6.2.13) and notice that, for V < 1 kV, standards impose that individual
voltage distortion be below 5% for h =2 and below 105% for the fundamental
frequency, h = 1, then, the hosting capacity is given by (6.2.14)

1.05(1.05 — Vl) 5 0.05(0.05 — Vh)
pmex — + (6.2.14)

Re(1+ tan(<p) ) h=2 Re(1+ tan(go) )

6.2.2 Sensitivity Analysis of Hosting Capacity

Several factors may affect hosting capacity, namely, harmonic voltage, power
factor, minimum load of the distribution feeder, and voltage regulation equipment,
among others (DUBEY; SANTOSO, 2017). We will elaborate on some of these factors

in the following subsections.

A)  Harmonic Voltage

The calculation of the hosting capacity using (6.2.14) considers the voltage
harmonics, from the fundamental order up to the 50™ harmonic order, as well as
performance index limits, which depend on local standards (BOLLEN; RONNBERG,
2017; PRODIST Médulo 8, 2015, C4-115 CIGRE, 2014; IEEE 1159, 2009). Moreover,
the injection of harmonic current into the system depends on the equipment connected
at the PCC and the PV system inverters. The latter can be controlled by a prosumer as
the equipment is manufactured according to standards. The former cannot be controlled.
The background voltage at the PCC cannot be controlled as it is virtually impossible to
know what is causing the harmonic voltage distortion. Therefore, two extreme scenarios
will be imposed to analyse how the harmonic injection can impact the hosting capacity.

As an example, let us consider a scenario where the voltage for the fundamental
order is set at 1.00 p.u. and the other harmonic voltages for h = 2, up to 15, are set at



THE HOSTING CAPACITY METHOD AND CASE STUDY 52

0.03 p.u. It is important to realize that, for this scenario, a high distortion is considered
as it is dependent on the background and all the electronic devices connected at the
PCC. The other scenarios consider a non-high voltage distortion for h =2 2 up to 15 and
the voltage distortion will set in at 0.01 p.u. In fact, a decrease in harmonic voltage
would increase the hosting capacity as shown in the equation below:

P 1,05(1.05 — 1) + X(0.05 — 0.01)0.05 _ 0.1525

= = =1.12
P 1.05(1.05 — 1) + X(0.05 — 0.03)0.05  0.0775

As can be observed, the decrease in harmonic voltage increases the hosting capacity
by almost 12%. Therefore, the improvement of the voltage distortion signals depends on
the harmonic filters connected to the system. On the other hand, referring to voltage
regulation equipment, and keeping the harmonic background constant, (DUBEY;
SANTOSO, 2017) argues that a reduction of V! to 0.98 p.u., for example, would result
in 1.5 times higher hosting capacity with respect to (6.2.14).

B)  Set Reactive Power on the Inverters

According to the literature (DUBEY; SANTOSO, 2017), the power factor at the
PCC can increase the hosting capacity as well. Let us set the base value for the PF at
0.8 inductive. In order to demonstrate the sensibility due to the PF change, we compute
a new value for the hosting capacity for a new PF value now set at 0.8 capacitive, which
corresponds to the inverter injecting reactive power instead of absorbing it. The ratio
between hosting capacities is then given by the following expression:

pmax’ (1 + tan(cos~*(0.8)) X/p
P"* ™ (1 + tan(cos~1(—0.8)) X/R B

If we assume that the relation X/R at the PCC is unitary, leads to a new hosting
capacity that is about 7 times higher than the base case. In (DUBEY; SANTOSO, 2017,

results with smaller PF variations led to ratios of 2.35.

6.3 The Concept of Dynamic Hosting Capacity for DERs

Recent research has tended to focus on hosting capacity calculation at specifics
instants of time (FAN et al., 2016; RENO et al, 2014). These references show the hosting
capacity related to voltage regulation and reverse power flow. However, it is necessary
to consider also the impact of harmonics on the voltage regulation caused by renewables.
This poses a problem as hosting capacity conditions vary in time. The main limitation
of looking statically at hosting capacity lies in its reliability, particularly when the system
is under constant harmonic injection due to all the electronic devices connected to the
electrical system, thus making it a dynamic harmonic injection issue. One question that
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needs to be raised is how a dynamic harmonic injection could affect the global hosting
capacity value due to its impact on the voltage profile.

A related hypothesis maintains that a dynamic harmonic injection, originating from
external conditions, such as the background harmonic injection, as well as distortion from
the inverters (for PVs, for example), leads to a dynamic hosting capacity profile which
follows the tendency of their harmonic injection. This suggests that it presents a
constructive curve in time, showing that should be considered when planning and
improvement issues will be considered to electrical distribution systems.

The fundamental characteristic of Dynamic Hosting Capacity (DHC) allows to
increase and improve the usual hosting capacity by applying a time variance, which can
describe its behaviour against external and internal variations of the system, such as load
conditions, background harmonic distortion, irradiation index, among others. In
accordance to the section 6.2, the hosting capacity at the PCC can be defined as the sum
of maximum power possible, based on (6.2.14), to be injected for each frequency.
Furthermore, time variation is set as a vital factor in (6.3.1) within this analysis.

h h
1 Vmax, h(Vmax, h Vh(t))
PP ()= Y B M) =y (631)
h=1 — L

I =1 (1 + tan(ep) Rff)

It is important to underline that the maximum and minimum amount of power
depends on the harmonic voltage values which are defined for each instant of time. A
generic graph of DHC is shown in Figure 6.3.
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Figure 6.3— Dynamic hosting capacity (DHC) approach.
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The maximum and minimum hosting capacities values do have analytical
consequences to the grid. The minimum value will be the deterministic value used to
describe the effectiveness of the grid since the region under the minimum value can be
considered unacceptable for working conditions. That is, the harmonic background at
the PCC, as well as the voltage values are almost crossing their respective limits imposed
by standards. On the other hand, the maximum value determines that the region has
the best power qualities indexes. But to achieve these values it is necessary to carry out
conditioning improvements, which can be led by previous studies in the grid. This range
of values suggests that there is an acceptable region defined between the minimum and
maximum hosting capacity value. Thus, the region can be also defined as the region
where the DERs system will no longer work properly considering power quality issues.
As a conclusion based on the previous fact, the large the accept region is, the better the
system performance will be.

This implies that the DHC analysis is important to create better conditions on the
grid considering DERs. These findings add t a growing body of literature on the hosting
capacity concept and its derivations.

6.4 Final Considerations

In this chapter, we presented a new concept for calculating the local hosting
capacity as a contribution to the context of planning and improving DERs installations
into distribution systems. The definition of DHC has been discussed, as well as its
application to energy storage systems.

In the next chapter, these proposed concepts of hosting capacity will be applied
through the evaluation of voltage rises, due to harmonic distortion levels, through the
determination of the DHC profile and its improvement concerning energy storage
systems, which will be presented further in APPENDIX X as a scientific proposed
methodology.
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7. CASE STUDY

7.1 Initial Considerations

This chapter presents the measurement results of a real system and its applicability
using the hypothesis proposed in Chapter 6. The actual systems in question deal with
the installation of the PV at the QMAP building and previous simulations regarding the
expansion of this generation system, and also in relation to new PVs into the campus.
These new PVs will be connected to the feeder from the supply point in the main
substation at UNIFEI, which supplies the QMAP distribution transformer and other
buildings in the campus. The data used are part of the measurement results at QMAP.

This chapter is organized into three mains sections. The first section gives an
overview of the hosting capacity approach related to the voltage rise and harmonic
injection proposed in Chapter 4 as a new hypothesis. Thus, the new methodology aims
to find the hosting capacity value through the integration of two important phenomena
in the power quality field. In this context, the measurement results in the QMAP building
were used, totalling one week of measuring following the PRODIST measurement
protocol — MODULE 8 (2015) with the PV connected and working. Problems and
applicability regarding the use of PV local hosting capacity in relation to voltage rise
due to harmonic voltage are discussed in later sections.

The second section examines the applicability of Dynamic Hosting Capacity (DHC)
using the results shown in the previous section. It is important to highlight that the
concept of DHC applied is based on the equation used in section one, which means, the
base of this section needs to be correctly understood in order to extend its procedure of
calculation. Thus, the DHC profile and its importance will be shown in two different
analysis, daily and weekly, where it is possible do calculate the hosting capacity
maximums and minimums of the system in order to get a better planning and
improvement.

Finally, the objective of this study is to apply and analyse the hypothesis of PV
local hosting capacity, as well as dynamic hosting capacity and its applicability in order
to present a new tool for planning and improving electrical networks with DERs.

7.2 Equipment of Measurement and Analysis

The equipment package used to collect the data was DRANETZ, which has been
shown and better detailed in (OLIVEIRA et al., 2015). This equipment is characterized
by its high resolution and the ability to monitor network events of power quality, power
flow and transient events in electrical systems.

The models used are the Power Guide 4400 family and Power Explore Px5 that
meet the standards IEC 61000-4-15 and IEC 61000-4-30 class A, also the EN50160 with
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multiple configurations in alternating current, direct current and communication via RS
232, Ethernet and USB. Figure 7.1 and Figure 7.2 are photos of both meters.

Figure 7.1-DRANETZ Power Guide 4400.

Figure 7.2-DRANETZ Power Explore Px5.
The software application used for the data captured by DRANETZ was the
DRAW-VIEW 6, a Windows-based software that allows you to easily and quickly view
and analyse all the monitored data with easy access and customizable options that meet

the needs of all projects. The software allows to easily export its data to Microsoft
EXCEL.

7.2.1 Measurement Points through PQ Analysers.

Figure 7.5 presents the single-line diagram showing the locations where the PQ
analysers were connected in the QMAP substation. It is important to highlight that the
QMAP building has a 150-kVA distribution transformer with an input voltage level of
13.8 kV and output voltage of 220 V, dry characteristic and a percentage impedance of
about 4.16%, supplying two distribution frames of loads. This information will be detailed
in the next section.

The PQ analysers were installed in two locations in the building’s substation. The
justification of the locations is given by the possibility of an amplified analysis of the
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power delivered by the PV and the analysis of the bidirectionality of the power flow on
the LV side of the distribution transformer. Thus, it is possible to investigate the
phenomena of harmonic voltage distortion and RMS variation of voltage on the 220V
bus-bar.

The points of measurement are, according toc:

1) Output of the PV, after the autotransformer that is connected to the 220 V

bus-bar of the building;

2)  In the LV of the distribution transformer;

The measurement locations are shown in the single-line of Figure 7.5 of the section
6.3. Besides, Figure 7.3 and Figure 7.4 show the connection of the PQ analysers.

Figure 7.4— PQ Analyser installed at the output of the distribution transformer in the building
(OLIVEIRA et al., 2015).
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7.3 Experimental Data and a Brief Analysis

The distribution system for this analyse is a 220 V feeder with one bus, one 150
kVA transformer connected to 13.8 kV-220 V, one PV system with 15 kW, (solar panels
+ inverter + autotransformer), described in the section 5.2.1. It’s important to notice
that peak generation for the minimum load is a number close to 15 kW, even though
the maximum load of this system is a number between 4 — 8 kW, where the reminiscent
generation is distributed at 13.8 kV as a bidirectional power flow at the university
system for the other buildings connected to this same feeder. The electric schematic of
the described circuit is shown in Figure 7.5, as cited before. In Table 7.1, the values of
parameters are shown as well.

Table 7.1 — Parameters of the QMAP System (OLIVEIRA et al., 2015).

Parameter Default Value
45 kVA, 380/230-220/127 V, Z =
Autotransformer
1.2%
Transformer 150 kVA 13.8 kV-220/127 V, Z = 4%
PV cable 18 m x 3F, 6 mm? Cu
PV syst
system + 15 kWp + 2 Inverters (7.5 kW)
Inverters

CEMIG 13.8 kV See= 1000 MVA
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&

1 CEMIG 13.8kV

W | Pv-15kwp

+ Inverters

3Fx6 mm?

() ~18 m
l I

Transformer 150 kVA
45 kVA
.8 kv -220/127V
380/230-220/127 V e VZ=49,0/ 2
2=1.2% ’

220V

Figure 7.5 — One-line diagram for the PV System of the QMAP sited in UNIFED’s (Federal University of Itajuba)

campus.

In order to illustrate the calculation of hosting capacity by the maximum capacity
equation, the voltage rise, and harmonic source will be validated by the PQ analysers
described in section 7.2.1 to get the equivalent data of the voltage profile, harmonic
injection, frequency and others. As described and justified before, both pieces of
equipment were installed on the 220 V sides of both the transformer and the
autotransformer. As a result, it is possible to measure the bidirectional power flow as
well as the voltage profile, simultaneously.

The RMS magnitude of the nodal voltage and of current injection at the 220 V
bus were recorded over the course of one week, with 10-min resolution (OLIVEIRA et
al, 2015) resulting in 1008 valid data records used for analysis. Harmonic power and
other power quality indices were also measured. Measurements were undertaken
according to Brazilian standards for power quality regulation (PRODIST Médulo 8,
2015; PRODIST Médulo 1, 2012). Based on these obtained data, the results from
Equations (6.2.1) and (6.2.14) are compared against each other as well as against actual

measurement data.
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Figure 7.6 shows a sample of the data obtained in different time periods (different
dot symbols and colours for different days) projected into two dimensions: (i) active
power injected by the 15 kW, PV systems, at the abscissa axis, and (ii) RMS voltage
rise margin at the PCC, at the ordinate axis. The chosen time-range is between 07:00
a.m. to 06:00 p.m.

PV MEASUREMETN WEEKLY

0.05
0.045
0.04
0.035
0.03
0.025
0.02 -+
0.015
0.01
0.005
0 ‘ ‘ ‘
0 10 15
Pg (kW)
= = = Limit 5% (IEEE 519) B Measurement PV 08/04/15
® Measurement PV 10/04/15 A Measurement PV 11/04/15
Measurement PV 12/04/15 Measurement PV 13/04/15
¢ Measurement PV 14/04/15 B Measurement PV 15/04/15

Figure 7.6- Hosting capacity experimental data.

Figure 7.7 filters the data of Figure 7.6 for just one day, where the amount of
energy produced was at its maximum and PF was within a narrow range: we eliminated
gdata records within that day for which the PF was outside the range [0.77; 0.96]. The
projection of the filtered data onto V™ and B"** is then compared with the
estimation given by Equations (6.2.1) and (6.2.14), respectively, using the same
overvoltage margin. For the results of Equation (6.2.14), it was used a constant power
factor of 0.80 inductive, which represents the average PF in the period. Results show
that the derived model expressed by (6.2.14) represents the experimental data were
obtained quite well, as the data points match the linear equation estimated by (6.2.14).
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Hosting Capacity Analysis for the QMAP System Using Equation (6.2.1) and (6.2.14)
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Hosting Capacity (kW)

A Estimated HC by Equation (6.2.1)
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Linear (Estimated HC by Equation (6.2.1))

Figure 7.7 — Hosting capacity validation against (6.2.1) and (6.2.14).

Moreover, and perhaps more importantly, results also show that Equation (6.2.1)
significantly overestimates the PV system’s hosting capacity by neglecting harmonic
current injection effects and the power factor at the PCC, which accounts for a
significant amount of the difference for the estimated PV production. Note that (6.2.1)
estimates a 48 kW, hosting capacity for a 5% allowed voltage rise, while (6.2.14), more
realistically, limits such capacity to half of that value, i.e., 22 kW,.

7.3.1 Calculation Method for Analysis and Planning —

Voltage Rise Due to Harmonic Injection to Define the Local

Hosting Capacity

In order to illustrate the use of the hosting capacity approach related to the
voltage rise and harmonic injection demonstrated in (6.2.14), a thorough analysis is
shown in this section to exemplify the different impacts and behaviours of the approach

discussed earlier. For this application of the hosting capacity approach, it was chosen

to define four different scenarios with the following characteristics:
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I. A worst-case scenario is defined in two strands as part of an extreme situation.
First, it was considered that all harmonic voltages are 5% for h = 2, which leads to 5V},
=0 in equation (6.2.14). This situation corresponds to the system being at the maximum
harmonic limit. Second, it was considered the case where the power factor is at the
minimum possible, which in this case is zero. This scenario defines an unacceptable
region where the system is where the PV unit cannot be integrated into the distribution

system.

II. A best-case scenario is also defined in two strands, in a similar way to that used
for the worst-case scenario. First, it was considered all harmonic voltages as negligible for
h =1, which leads to 8V}, = 5%. This situation corresponds to the system having a voltage
waveform that is 100% sinusoidal. Secondly, it was considered the case where the power
factor is at the maximum, which in this case is above 90%.

III. A third scenario is defined as the real case wherein the power factor range was
[0.77; 0.82].

IV. Finally, the fourth scenario is used to illustrate the behaviour of the hosting
capacity approach when only the fundamental frequency is considered in (6.2.14) and
compared with case (III), which considers all harmonic orders.

When the hosting capacity is analysed, it is necessary to define a system’s
performance index. In this case, the voltage rise limit considered is the performance
index for the Brazilian standard, where the limit used is 5% at the bus voltage under
analysis. For the present analysis, the four scenarios were defined previously, as was the
limit performance index for the hosting capacity. This analysis is shown in Figure 7.8.
As a result, it is possible to illustrate the hosting capacity approach taken and its
acceptable deterioration region.

In Figure 7.8, it is possible to observe a sample of the data obtained for the specific
time periods as denoted in the Figure 7.7 the “4” symbols. The data has a direct
relation with the power factor at the PCC, which is variable due to the load variation
in that period, the solar incidence, etc. The data obtained falls within the power factor’s
range of [0; 0.9], which results from the characteristics discussed in (I) to (IV).

For the extreme case, it can be noted that there is a hatched region where the
system can work as long as the limit performance index is respected. In this case, the
system can be set up within a hosting capacity range between 0 and 25 kW, considering
an acceptable deterioration region. However, it is important to underline that the
background level at the PCC can be the cause of an important relation between the
amount of energy that can be produced and the limit for practical purposes. The curve
for a realistic situation, with a power factor set at 0.8, which was described in (III),
considering the existing harmonic background at the PCC, leads to a hosting capacity
of about 21 kW,. On the other hand, from the moment the background distortion at
the PCC is neglected, and just the fundamental frequency is considered, the hosting
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capacity for the same situation decreases abruptly to 14 kW,, which is below the
maximum generation capability of the system. For this reason, it is possible to say that,
in this case, the higher the harmonic background is, the lower the hosting capacity will
be. Finally, it is important to highlight that, as PF = 0 has been chosen for the worst-
case scenario, the unacceptable deterioration area is no existent for logical reasons due
to the PV system and its operating characteristics.
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Figure 7.8 — Hosting capacity approach for the four scenarios.

Toillustrate the use of the hosting capacity approach discussed before, the following
example can define the behaviour of the system considering a specific power factor for
the lower and upper limits, which will impact the acceptable and unacceptable
deterioration regions for the system under analysis. Figure 7.9 shows the hosting capacity
variation for three different power factors: 0.1, 0.6 and 0.9. It is possible to observe that
the lower the power factor is, the lower the acceptable deterioration region will be.
Moreover, it is important to realize that, even for the best-case scenario, which will set
the upper limit, the impact is not as large as the impact in the worst-case scenario,
where the amount of energy set is impacted directly by the background at the PCC.
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Figure 7.9 — Variation of the hosting capacity region for different power factor.

7.3.2 Simulation of Sensitivity Analysis of the Local Hosting
Capacity Definition

It is well-known that several factors may or may not affect the value of the hosting

capacity into the distribution systems. Based on what has been discussed in section

6.2.2, we will go through a simulation in order to better define those factors that affect
the value of the hosting capacity based on (6.2.14). These tests will highlight the impact
of electrical parameters into the value of the hosting capacity considering a radial system
with single-phase DGs. Thus, the considered system is based on the household
installations at the Technological University of Eindhoven (TU/e) (PQ LAB at TUe,

2015). The system is shown in Figure 7.10.
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Figure 7.10 — Conceptual diagram of the connection of the household installations (PQ LAB at TUe,
2015).

Regarding Figure 7.10, it has been defined 6 PCC to connect the DG sources, as
well as the loads. Also, it can be observed that the length of smaller cables should be
approximately 10 — 30 meters long, type 4x16 mm? Cu shielded. The feeder is 100 meters
long, type 4x50 mm? Al shielded. These values will be considered to determine the
Rep + jXip for each PCC in the system. In the following items, the characteristics of the
system will be further explained.

The next items will describe the technique to obtain the fundamental parameters
to calculate the local hosting capacity for the system, as well as the main characteristics
and variables of the system.

7.3.2.1 The Harmonic Power Flow used as a Simulation Tool

In order to assess the parameters to find the local hosting capacity based on
(6.2.14) a Harmonic Power Flow (HPF) has been developed via Matlab®. A conventional
power flow technique is a tool which determines electrical parameters such as voltage,
current, active and reactive power, power factor at different points of the system, among
others. In this case, only fundamental frequency is considered regarding voltage and
currents’ quantities into the electrical grid. Thus, by definition, a HPF is a tool which is
used to predict the level and propagation of harmonic voltage and the current created
by one or more harmonic devices connected into the electrical grid. At this point, single-
phase DG has been considered as a case study in order to compose the developed HPF.
This model was chosen because it is one of the most realistic ways to represent a
distribution system considering DG.

The design of the HPF was based on a simple power flow solution which has been
adapted to harmonic devices connected into the system. It was decided that the best
method for this investigation was to analyse the impact of single-phase generation, as
well as single phase load. Through the use of the HPF, we are able to calculate the
harmonic voltage vector from the fundamental order until the 15" harmonic order. In
this case, the following algorithm can be found in APPENDIX A.
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7.3.2.2 Definition of the System’s Parameters

The radial system was prepared in accordance with Figure 7.10. All six busbars
of the system were carefully checked to connect one single-phase DG and one-single phase
load. The allocation procedure was obtained via the HPF Matlab® program and the
connected points were randomly generated into the algorithm. The DG and load
allocation of the system is shown in Table 7.6 in black shading. It is important to notice
that most of the DG sources and loads allocated are connected in the phase C (green
phase) of the system.

Table 7.2 — Allocation of the loads and the DG sources into the system.
Node

6 5 4 3 2 1 Phase

] A

m

Once the GD sources and the loads allocation have been defined, the equivalent

impedance of the system is calculated based on data shown in Figure 7.10. In this case,
the equivalent impedance per kilometre in p.u. is Z; = 0.641 + j0.15 (pu/km). It is
important to highlight that the base values considered are: 400 V and 100 kW. Thus,
the length of the busbar was defined based on Figure 7.10. The respective lengths, in
meters, from the main busbar to the nodes are shown in Table 7.3. In this case, the main
busbar is defined as node 0.

Table 7.3 — Lengths of the system.

From Oto From1lto From2to From3to From4to From 5 to
1 2 3 4 5 6
50 meters 10 meters 10 meters 10 meters 10 meters 10 meters

This study used traditional techniques based on recommendations of a residential
harmonic distortion spectrum and harmonic current injection of inverters. Firstly, the
residential harmonic distortion was prepared in accordance with the traditional
background distortion injected by linear and non-linear loads (OLIVEIRA et al., 2015).
This model was chosen because it is one of the most practical ways to demonstrate the
behaviour of residential loads considering their background distortion. In addition, the
base value of the load was chosen as 2 kW, cosp = 0.8 (inductive).

Secondly, the inverters of the DG unities were selected in order to define their
current harmonic injection into the system based on a traditional spectrum which can
be found in (OLIVEIRA et al., 2015). Through the use of the current harmonic spectrum
by the DG, together with the background distortion created by linear and nonlinear
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loads, we were able to find the total harmonic voltage distortion for each PCC in the
system.

The outlined spectrum regarding the background voltage distortion created by
the loads is shown in Table 7.4

Table 7.4 —Background voltage distortion spectrum — Residential load (OLIVEIRA et al., 2015).
Order V (%)

1 100
3 3-1
) 5-3
e _

>7 1-0.5

The outlined spectrum regarding the harmonic current injection created by the
inverters of the DG is shown in Table 7.5.

Table 7.5 -Typical current spectrum created by inverters (OLIVEIRA et al., 2015).
Order 1 (%)

1 100
3 2-1
5 54
7 2-3
>7 1-0.5

7.3.2.3 Definition of the Sensitivity Analysis and Results

The aim of the HPF is to find the harmonic voltage vector considering the nonlinear
and linear loads, as well as the DG sources connected at the PCC. As a result, it is
possible to calculate the hosting capacity value for each phase and for each PCC. This
simulation opted for a small sample of harmonic orders, in this case until the 15™
harmonic order, due to the relevant impact of the first orders such as the 3, the 5% and
the 7" harmonic orders.

It was decided that the best procedure for this investigation was to conduct a
sensitivity study of the local hosting capacity when electrical parameters have been
gradually changed in order to analyse their impact on the local hosting capacity final
value, as a sensitivity analysis. In this case, the design of the local hosting capacity
evaluation was based on two factors:

e A harmonic distortion ranging from 0.5% to 5% (Limit imposed by
international standards);
e A power factor at the PCC ranging from 0.5 to 1.
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The local hosting capacity was gradually found when those parameters were
modified. It is important to notice that when the power factor was improved, the
harmonic distortion kept constant and when the harmonic injection was altered, the
power factor also kept constant.

A. General Results
In the first step of the process, the total local hosting capacity profile for the system

has been drawn considering a constant power factor and random harmonic injection. The

total local hosting capacity profile is shown in Figure 7.11.
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Figure 7.11 — Total local hosting capacity profile for the system

Interestingly, the total hosting capacity decreased gradually from 280 kW, in node

1, to 124 kW, in node 6. Generally speaking, we can conclude that the further the node
is, the lower the hosting capacity will be. This result is significant only due to the voltage
drop in the feeder from node 1 to node 6. The first set of analysis confirmed the impact
of the distance on the local hosting capacity value. As soon as the total local hosting
capacity has been defined, it was possible then analyse the local hosting capacity per
phase, in order to illustrate the impact of the allocation of the loads and the DG sources.
The association between the allocated phase and the hosting capacity value is

worth mentioning because those variables are related between themselves. The total

phase hosting capacity profile is shown in Figure 7.12.
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Figure 7.12 — Phase local hosting capacity profile for the system.

The most remarkable result to emerge from the data is that phase C has the

lowest hosting capacity profile when compared to the hosting capacity profile of phases

A and B. Remarkably, this association is related to the fact that most of the loads and

DG sources are allocated in phase C. As far as we know, this causes remarkable values

of voltage rise on phase C considering the significant quantity of reverse power flow.

Significantly, phases A and B have almost the same profile due to the fact that just one

load and one DG have been allocated to those phases, therefore the voltage rise will be

essentially the same. It believes that the results emphasise the validity of our model

considering single-phase generation. These results have further strengthened our

confidence in that the impact of the voltage rise due to harmonic distortion is worth

mentioning in order to define the hosting capacity profile.
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B. Sensitivity Analysis of the Power Factor
These next tests revealed that the power factor value at the PCC has a significant
impact on the local hosting capacity. Let’s take a look at Figure 7.13 where it has been
computed the power factor for the system at 0.5, 0.8, 0.9 and 1.
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Figure 7.13— Total Local hosting capacity profile considering PF = 0.5, 0.8, 0.9 and 1.

The power factor at the PCC can increase the local hosting capacity. There is
significant positive association between the power factor and the local hosting capacity
for each node in the system. In order to illustrate the sensitivity analysis, let’s take a
look at node 6 of the system. As expected, the total hosting capacity value, regarding a
power factor equal to 0.5, reached a value of 84 kW. On the other hand, when the power
factor was set to 1.0 (resistive) the total hosting capacity value found was 134 kW. This
analysis captures the response of the improvement regarding the total hosting capacity

for the system in an average value of 59.5 %, as shown in Figure 7.14. There is
satisfactory agreement on the fact that a small change in the power factor can improve
the total local hosting capacity.
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Figure 7.14-Sensitivity profile for the PF change.

C. Sensitivity Analysis of Harmonic Distortion

As mentioned before, the injection of harmonic current into the system depends on
the equipment connected at the PCC and the DG sources system inverters. The latter
can be controlled by the producer when the equipment is manufactured according to
international standards, but the background voltage at the PCC cannot be controlled.
Therefore, sensitivity analysis scenarios will be imposed to investigate how the harmonic
injection can impact the total local hosting capacity for the system.

As a forecast, these experiments demonstrate that the voltage distortion can
decrease the value of the total local hosting capacity for the system. In this case, let us
consider a scenario where the voltage for the fundamental order is set at 1.01 p.u. and
the other harmonic voltages for h = 2, up to 15, are set at 0.05, 0.01, 0.03, 0.04 and 0.05

p.u. The total local hosting capacity profile for these distortions is shown in Figure 7.15.
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Figure 7.15— Total Local hosting capacity profile considering voltage distortion equal to
00.05, 0.01, 0.03, 0.04 and 0.05 p.u.

It is important to realise that a decrease in harmonic voltage would increase the

total local hosting capacity as shown in the results of Figure 7.15. As hypothesized, the
experiment demonstrates that the higher the voltage distortion is, the lower the hosting
capacity will be. Regarding node 6, those findings would seem to demonstrate that the
local hosting capacity value for 0.05 p.u of voltage distortion is 115 kW and for 0.005
p.u of voltage distortion, the hosting capacity value reached 151 kW, which means that
the local hosting capacity reached almost 31% of improvement when the voltage
distortion decreased 10 times. An implication of this fact is the possibility of an average
of 32% of improvement when the voltage distortion decreases. The conclusion is shown
in Figure 7.16.
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Figure 7.16—Sensitivity profile for the harmonic voltage distortion change.

General Conclusions

The evidence from this section points toward the idea that a sensitivity analysis

can provide a better understanding of the proposed local hosting capacity methodology

regarding voltage rise due to harmonic distortion. The results of a sensitivity analysis

indicate the idea that the power factor variation and the improvement of the harmonic

distortion can cause impact on the local hosting capacity value. We have found a cutting-

edge solution for the changing of electrical parameters in order to improve the local

hosting capacity value. Moreover, we have provided further evidence that the bigger the

local hosting capacity is, the higher the local hosting capacity will be. Furthermore, the

lower the harmonic distortion is, the higher the local hosting capacity will be.

Moreover, details of the harmonic power flow results and the hosting capacity
calculation regarding this section can be consulted in APPENDIX B.
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7.4 The Dynamic Hosting Capacity Application

In order to illustrate the calculation of DHC by the maximum capacity equation
given in (6.3.1), the voltage rise, and harmonic source will be validated by specific
measuring equipment to get the equivalent data of the voltage profile, harmonic injection,
THD profile, frequency, and others.

This seems to be a useful approach to get a weekly power quality measurement.
Thus, the DHC capacity can be calculated in order to define a hosting capacity profile
considering the maximum amount of energy calculated by (6.3.1).

It is believed that this method could probably be usefully employed in determining
the range of values where the hosting capacity is valid to keep the efficiency of the grid.
This would appear to indicate that the maximum and minimum values of the hosting
capacity must be respected. For example, there is a slight probability that the minimum
value would be lower than the already installed power, which means the system was
underestimated by planners and its harmonic background has not been properly
considered. Thus, the minimum value will be set up considering the installed power. On
the other hand, the maximum value would lend itself well for use by future improvements
of the grid.

7.4.1 Dynamic Maximum Power Capacity Daily and Its
Dynamic Hosting Capacity Profile

The first set of analysis examined the impact of the DHC on the measured system.
The association between the measurements’ power generation data and maximum power
generation was tested and plotted for all the days in the measured week. Interestingly,
for all values of power generation measured, a maximum amount of power generation
was calculated using (6.3.14) creating a linear dependency between them. Those results
are shown in Figure 7.17 through Figure 7.23, where a significant association between
the maximum amount of power generation points is found through linear regression using
the y = ax + b formulation.

If a linear extrapolation is created using these points, it is possible to determine
the hosting capacity when the calculated line crosses the overvoltage limit index at 5%.
For example, for the 9" of April 2015, the linear regression found regarding the maximum
amount of power calculated is equal to y = 0.0035 x — 0.0333 |, where the variable y
represents the overvoltage margin of the system, and x represents the calculated power
for any overvoltage margin considered. In this case, the overvoltage margin of 5% will
be replaced in y in order to find its respective x value. Thus, the final solutions contained
represent the average hosting capacity in relation to the chosen day. In Figure 7.17, it
is possible to see that the hosting capacity calculated is 24 kW for the 9" of April 2015.
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Daily Dynamic Maximum Power Generation - 9th April 2015
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Figure 7.17 — The linear dependency in relation to the maximum amount of energy calculated by (6.3.1)
—April 9 2015.

These tests were reproduced to other days. The results are shown in the following
graphs. As mentioned before, a linear extrapolation is created using those points to
determine the hosting capacity when the line crosses the overvoltage limit index at 5%
for all days. Based on this fact, it is evident in Figure 7.18 that the hosting capacity
calculated is 23.5 kW for the 10" of April 2015.

Daily Dynamic Maximum Power Generation - 10th April 2015
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Figure 7.18 — The linear dependency in relation to the maximum amount of energy calculated by (6.3.1)
~April 10%, 2015.
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Regarding the 11" of April 2015, it is possible to see in Figure 7.19 that the hosting

capacity calculated using its linear regression is 23.4 kW.

Daily Dynamic Maximum Power Generation - 11th April 2015

0.05
y =0.0033x - 0.0257
0.04
003
=
é; o0 o ..
> ¥ ®e g% ®
S ® e ©
0.02 °. e .“0‘..$ °® ﬁ
° ®e. o L]
® o of
°
0.01
0
0 5

Pg (kW)

® power generated measured

® maximum power generated

calculated
Linear (maximum power

generated calculated)

20 25

Figure 7.19 — The linear dependency in relation to the maximum amount of energy calculated by (6.3.1)

~April 11%, 2015.

After having calculated the linear regression for the 12% of April day, we found it
to be 20 kW as we can see in Figure 7.20, which is less than the average value found

before.

Daily Dynamic Maximum Power Generation- 12th April 2015
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Figure 7.20 — The linear dependency in relation to the maximum amount of energy calculated by (6.3.1)
—April 12" 2015.
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For the 13" of April 2015, Figure 7.21 shows that the hosting capacity calculated

is 23.3 kW.

Daily Dynamic Maximum Power Generation - 13th April 2015

0.05
y =0.0033x - 0.0261
0.04 ° .
L

__ 003
= LX) °
= ® o ® ' o0 °.
> 4 ) @
2 ° o0 ° o

0.02 ° o% Q)

o®o®0°® oo % °
[ J
Y ° e o oo (1] ® power generated measured
® °
0.01 ‘ ® maximum power generated
calculated
--------- Linear (maximum power
0 generated calculated)
0 5 20 25
Pg (kW)

Figure 7.21 — The linear dependency in relation to the maximum amount of energy calculated by (6.3.1)

~April 13%, 2015.

Figure 7.22 gives us the hosting capacity calculated for the
is 23.6 kW.

14" of April 2015, which

Daily Dynamic Maximum Power Generation - 14th April 2015
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Figure 7.22 — The linear dependency in relation to the maximum amount of energy calculated by (6.3.1)

—April 14", 2015.
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Finally, regarding the 15" of April 2015, it is possible to see in Figure 7.23 that the
hosting capacity calculated using linear regression is 23.6 kW as well.

Daily Dynamic Maximum Power Generation - 15th April 2015
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Figure 7.23 — The linear dependency in relation to the maximum amount of energy calculated by (6.3.1)
—April 15", 2015.

These tests highlighted that there is a possible DHC profile for the measured week
in order to draw a better view of the behaviour of the system. Moreover, the results on
local hosting capacity for all the days presented before can be summarised in Table 7.6.

Table 7.6 — Hosting Capacity values for the measured week.

9 April 10" April 11" April 12" April 13" April 14" April 15" April

HC 24 kW 23.50 kW 234 kW 20 kW 23.3 kW 236 kW  23.6 KW

This method represents a useful and initial alternative to drawing the DHC profile
considering the day mentioned before, where for each instant of measurement, a
maximum power generation, using (6.2.14), has been calculated. Therefore, as stated
earlier, a linear association is calculated for all these instants of time using the overvoltage
margin as well as the measured power from the PV. These factors will be responsible for
this result. Let’s take a look at Figure 7.24 where an exemplification of the calculation
of the daily DHC is given.
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Dynamic Maximum Power Generation Capacity Daily - 9th April 2015
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Figure 7.24 — Exemplification of calculation of dynamic daily hosting capacity in relation to April 9",
2015.

As in the local hosting capacity method shown in section 6, when these lines cross
the limit index at 5%, a group of lines will be drawn as a result of the hosting capacity
value. These lines are created due to the existence of the ordered pairs: the measured
pair (5V; Pg) and the calculated pair (6V,qy; BJ"**) by (6.2.14). It is important to notice
that all ordered pairs are related by an instant in time. In Figure 7.24, as an example,
we have defined two ordered pairs in order to illustrate the method. For each ordered
pair, as mentioned before, we will extend those lines until they reach the limit index set
as 5% of the overvoltage margin. In the example, the purple line created by the first
ordered pair will reach a hosting capacity value of 5% of the maximum overvoltage
margin of 25 kW. On the other hand, the yellow line created by the second ordered pair
will reach 23 kW of hosting capacity for a certain instant in time. Based on this

methodology, we will repeat the procedure for all ordered pairs created by equation
(6.3.1). Thus, the daily DHC profile for April 9" is shown in Figure 7.25.
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Figure 7.25 — The dynamic daily hosting capacity in relation to April 9", 2015.

The average score for the 9" of April was 24 kW, as calculated through the daily
DHC profile. Surprisingly, some values of hosting capacity are slightly higher and lower
than the average. These phenomena might have occurred because some external and
internal factors had contributed to these differences. In this case, the maximum daily
hosting capacity is 24.8 kW, whereas the minimum value is 22.6 kW. In relation to one
of the highest value, it is possible to offer an explanation. This result is only significant
at a moment when there is almost no solar production because it is early in the morning
or there are clouds covering the panels. The voltage rise will be low due to the lack of
solar production, coupled with the fact that the building is empty. For example, one of
the highest DHC found was at 12 p.m., which is defined as lunch time and all the
building’s equipment are turned off, while of the presence of some clouds in the sky might
have decreased the solar production as well. On the other hand, the smaller values
observed in the daily DHC could be explained as a result of a huge solar production and
no load being fed at that moment. Moreover, the minimum value reached was at 06:00
p-m., which might have happened because most of the electronic equipment of the
building was turned on and injecting high levels of distortion at the PCC. Unfortunately,
it cannot be ruled out that the factors cited before may have influenced the extreme local
hosting capacity values. Further analysis must be conducted. As a conclusion, due to the
special characteristic of the building connected to the system, the lower the solar
production is, the lower the voltage rise will be. Finally, it can be offered an explanation
regarding the region between the maximum value and the minimum value. As mentioned
in section 6.3, the smaller the acceptable region is, the worse the conditions of the grid
will be. In this case, the performance regarding the 9™ of April could be related to the
fact that the day has presented one of the biggest solar production as shown in Figure
C.1. Thus, if the load of the building is lower than expected and the PV production is
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almost reaching its peak, the range of harmonic distortion, as well as the voltage rise,
would impact its DHC profile.

Thus, those results will be reproduced for the other days, as mentioned before,
following the instructions previously described in Figure 7.24.

The second daily profile refers to the 10" of April and is shown in Figure 7.26.
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Figure 7.26 — The dynamic daily hosting capacity in relation to April 10", 2015.

The average score for the 10" of April was 23.21 kW, as calculated through the
daily DHC profile. Surprisingly, the region between the maximum value and the
minimum value is bigger than the previous day, 9" of April, which can explain a better
improvement to the system because, as mentioned in Chapter 6, the larger the acceptable
region is, the better the receptivity of the grid will be. This might have occurred since
the system was in better voltage and distortion conditions than before. These phenomena
might have taken place due to some external and internal factors contributing to these
differences. Also, the higher value of the hosting capacity was registered almost at the
same time as on the 9" of April. In this case, the maximum daily hosting capacity is 24.1
kW, whereas the minimum value is 20.6 kW. In relation to the higher value, it is possible
to offer the same explanation given before. This result is only significant at a moment
when there is almost no solar production because it is early in the morning or there are
clouds covering the panels. The voltage rise will be low due to the lack of solar
production, coupled with the fact that the building is empty. On the other hand, the
smaller values observed in the daily DHC could be explained as a result of a huge solar
production and no load being fed at that moment. Moreover, the minimum value reached
was registered at 06:00 p.m. as well. As mentioned before, it might have related to the
fact that most of the electronic equipment of the building was turned on and injecting
high levels of distortion at the PCC. It is important to notice that the acceptable region
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is larger than the previous day, which can offer a better grid performance. Moreover, it
is related to the fact of the PV production regarding the 10" of April 2015 was lower
than the day before.

The third daily profile pertains to the 11" of April and is shown in Figure 7.27.
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Figure 7.27 — The dynamic daily hosting capacity in relation to April 11", 2015.

The average score for the 11" of April was 23.01 kW as calculated through the
daily DHC profile. Surprisingly, the region between the maximum value and the
minimum value is similar to the 9" of April. This might be explained by the system’s
comparable voltage and distortion conditions. In this case, the maximum daily hosting
capacity is 23.78 kW, whereas the minimum value is 22.24 kW. In relation to the higher
value, it is possible to offer an explanation. This result is only significant at a moment
when there is almost no solar production because it is early in the morning or there are
clouds covering the panels. The voltage rise will be low due to the lack of solar
production, coupled with the fact that the building is empty. For example, the highest
DHC found was at 07:00 a.m., which is defined as the beginning of the morning and all
the building’s equipment is turned off, while there is also no solar production yet. On the
other hand, the smaller values observed in the daily DHC could be explained by it being
a result of a huge solar production and no load being fed at that moment. Moreover, the
minimum value reached was registered at 06.00 p.m. as well. As mentioned before, it
might have related to the fact that most of the electronic equipment of the building was
turned on and injecting high levels of distortion at the PCC. It is important to notice
that the acceptable region is slighter than the previous day, which can offer a not
remarkable grid performance. Moreover, it is related to the fact of the PV production
and load conditions regarding the 11" of April 2015 was higher if compared to the day
before, as shown in Figure C.1.

The fourth daily profile pertains to the 12" of April and is shown in Figure 7.28.
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Figure 7.28 — The dynamic daily hosting capacity in relation to April 12", 2015.

The average score for the 12" of April was 22.71 kW as calculated through the
daily DHC profile. Surprisingly, the region between the maximum value and the
minimum value is similar to the 10" of April. This might be explained by the system’s
comparable voltage and distortion conditions. In this case, the maximum daily hosting
capacity is 23.58 kW, whereas the minimum value is 20.15 kW. In relation to the higher
value, it is possible to offer an explanation. This result is only significant at a moment
when there is almost no solar production because there are clouds covering the panels.
The voltage rise will be low due to the lack of solar production, coupled with the fact
that the building isn’t empty. For example, the highest DHC found was at 02:00 p.m.,
which is defined as the middle of the afternoon and all the building’s equipment is turned
on, while there is also no solar production yet. On the other hand, the smaller values
observed in the daily DHC could be explained by it being a result of a huge solar
production and no load being fed at that moment. Moreover, the minimum value reached
was registered at 01:00 p.m. as well. As mentioned before, it might have related to the
fact that most of the electronic equipment of the building was turned on and injecting
high levels of distortion at the PCC. As mentioned in section 6.3, the larger the
acceptable region is, the better the conditions of the grid will be. In this case, the
performance regarding the 12 of April could be related to the fact that the day has
presented the lowest solar production as shown in Figure C.1. Moreover, it can be related
to the fact that the load of the building could be higher, and the PV production had the
smallest average production, which will impact on the range of harmonic distortion, as
well as the voltage rise. Thus, the acceptable region was larger than the other days of

measurement.
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The fifth daily profile pertains to the 13" of April and is shown in Figure 7.29.
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Figure 7.29 — The dynamic daily hosting capacity in relation to April 13", 2015.

The average score for the 13" of April was 23.02 kW, as calculated through the
daily DHC profile. Surprisingly, the region between the maximum value and the
minimum value is similar to the previous day, 10" of April. This might have occurred
since the system was in better voltage and distortion conditions than before. These
phenomena might have taken place due to some external and internal factors
contributing to these differences. Also, the higher value of the hosting capacity was
registered at 09:00 a.m. In this case, the maximum daily hosting capacity is 23.82 kW,
whereas the minimum value is 20.94 kW. In relation to the higher value, it is possible to
offer the same explanation given before. This result is only significant at a moment when
there is almost no solar production because it is early in the morning or there are clouds
covering the panels. The voltage rise will be low due to the lack of solar production,
coupled with the fact that the building is empty. On the other hand, the smaller values
observed in the daily DHC could be explained as a result of a huge solar production and
no load being fed at that moment. Moreover, the minimum value reached was registered
at 10:00 a.m. as well. As mentioned before, it might have related to the fact that most
of the electronic equipment of the building was turned on and injecting high levels of
distortion at the PCC. It is important to notice that the acceptable region is slightly
larger if compared to other days of measurement, which can offer a better grid
performance. Moreover, it is related to the fact of the PV production and load conditions
regarding the 13" of April 2015 as shown in Figure C.1.
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The sixth daily profile pertains to the 14" of April and is shown in Figure 7.30.
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Figure 7.30 — The dynamic daily hosting capacity in relation to April 14", 2015.

The average score for the 14" of April was 23.25 kW, as calculated through the
daily DHC profile. Surprisingly, the region between the maximum value and the
minimum value is similar to the previous day, 13" of April. This might have occurred
since the system was in better voltage and distortion conditions than before. These
phenomena might have taken place due to some external and internal factors
contributing to these differences. Also, the higher value of the hosting capacity was
registered in three different periods at 12:00 a.m., 02:00 p.m. and 03:00 p.m., which are
worthy to mention. In this case, the maximum daily hosting capacity is 24 kW, whereas
the minimum value is 20.54 kW. In relation to the higher value, it is possible to offer the
same explanation given before. This result is only significant at a moment when there is
almost no solar production because there are clouds covering the panels. The voltage rise
will be low due to the lack of solar production, coupled with the fact that the building is
empty. On the other hand, the smaller values observed in the daily DHC could be
explained as a result of a huge solar production and no load being fed at that moment.
Moreover, the minimum value reached was registered at 10:00 a.m. as well. As mentioned
before, it might have related to the fact that most of the electronic equipment of the
building was turned on and injecting high levels of distortion at the PCC. It is important
to notice that the acceptable region is larger if compared to other days of measurement,
which can offer a better grid performance. Moreover, it is related to the fact of the PV
production and load conditions regarding the 14" of April 2015.
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Finally, the last daily profile pertains to the 15" of April and is shown in Figure
7.31.
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Figure 7.31 — The dynamic daily hosting capacity in relation to April 15", 2015.

The average score for the 15" of April was 23.02 kW, as calculated through the
daily DHC profile. Surprisingly, the region between the maximum value and the
minimum value is similar to the previous day, 14™ of April. This might have occurred
since the system was in better voltage and distortion conditions than before. These
phenomena might have taken place due to some external and internal factors
contributing to these differences. Also, the higher value of the hosting capacity was
registered at 12:00 a.m. In this case, the maximum daily hosting capacity is 24.64 kW,
whereas the minimum value is 21.19 kW. In relation to the higher value, it is possible to
offer the same explanation given before. This result is only significant at a moment when
there is almost no solar production because it is early in the morning and there are clouds
covering the panels. The voltage rise will be low due to the lack of solar production,
coupled with the fact that the building is empty. On the other hand, the smaller values
observed in the daily DHC could be explained as a result of a huge solar production and
no load being fed at that moment. Moreover, the minimum value reached was registered
at 10:30 a.m. as well.

As mentioned before, it might have been related with the fact that most of the
electronic equipment of the building was turned on and injecting high levels of distortion
at the PCC. It is important to note that the acceptable region is larger if compared to
some days of measurement, which can offer a better grid performance. Moreover, it is
related with the PV production and load conditions for the 15" of April 2015.

These tests highlighted that there is a relation between the PV production and the
area, which can be calculated in relation to the maximum and minimum daily hosting

capacity. Strong related evidence was found, making it possible to sustain that the higher
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the PV production is, the worse the performance of the grid will be or the smaller the
daily hosting capacity area will be. Therefore, the daily hosting capacity area can be

defined as energy-hosting capacity (EHC) and this relation can be calculated as given in
(7.4.1).

EHCdaily = (HCmax - Hle'n). (12 hour) [kWh] (74‘1)

The average score for the daily EHC was calculated using (7.4.1) based on the
maximum and minimum values discussed in Figure 7.25 through Figure 7.31. Moreover,

the values of PV production were taken from Figure C.1. The data and results are shown
in Table 7.7.

Table 7.7 — Daily EHC and PV maximum production.

Daily Max PV
Day EHC production

(kWh) (kW)
09/04/2015  50.95374 14.7561
10/04/2015  82.81773 12.8069
11/04/2015  36.94982 13.1786
12/04/2015  80.47586 11.7228
13/04/2015 69.1255 13.6711
14/04/2015  84.26921 13.6245
15/05/2015  82.18106 14.2848

Based on the values from Table 7.7, the daily EHC profile and the maximum PV
generation can be drawn, which is shown in Figure 7.32.
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Figure 7.32 — Daily EHC profile versus maximum PV generation.
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These results are only significant for the performance of the grid based on the PV
production. Interestingly, this association is related to the maximum PV production, as
well as the load conditions at the PCC. It is important to highlight that our results could
not be tested on loading conditions, because there was no exclusive measurement of the
load level. Thus, the single most marked observation to emerge from the data comparison
was the larger the PV production is, the smaller the energy-hosting capacity (daily
hosting capacity area) will be, which can be mitigated by power quality improvement
processes. These mitigation processes can be found in the next sections.

7.4.2 Dynamic Weekly hosting capacity

As mentioned before, it is important to underline that these results weren’t
exclusively for one day of measurement. They were extrapolated to other days during
the week of measurement as shown in Figure 7.25 and Figure 7.26. The most remarkable
result which emerges from the set of data is that the weekly DHC profile is drawn for
the system using the values of Table 7.6. Interestingly, the results are related to the
maximum and minimum points in the final curve, as shown in Figure 7.33, where the
maximum hosting capacity found remained at 23.840.5 kW and the minimum hosting
capacity was 1940.5 kW, describing a 5 kW gap between these two values. The DHC
profile, as well as the lower and upper limits for the maximum amount of power

generated, are shown in Figure 7.33.
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Figure 7.33 — The Dynamic Hosting Capacity Profile Weekly.
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It is fundamental to note that the DHC profile has a strong association to external
and internal phenomena into the system, which will be shown in the next figures. This
analysis will show what has been discussed in Chapter 6 in relation to the impact of the
harmonic distortion into the voltage rise due to DERs, where the Total Harmonic
Distortion (THD) was used to confirm the association with the voltage rise.

Firstly, in Figure 7.34 — a, the THD profile of the system is shown. Also, it is
possible to estimate that the highest value of the measured THD regarding the week of
measurement is related to the high incidence of the 5™ harmonic Figure C.2. which is a
consequence of the inverters connected to the system. Nevertheless, this value has been
found to be typical of PV systems. It is worth observing in Figure 9 that the day 12" of
April had the highest THD distortion regarding the measured week. The most striking
result to emerge from the data, shown in Figure 7.34 — b, is that the highest voltage
value was on the 12" of April as well. Thus, the association between the THD and the
voltage rise is worth mentioning. Consequently, the equation (6.2.14) captures the exact
response of the voltage rises due to the harmonic distortion. Therefore, here is a
satisfactory agreement between the THD and the voltage profile as well as the hosting
capacity value. These results are only significant at a DHC profile level.
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Figure 7.34 — (a) The Total Harmonic Distortion for the System and (b) voltage rise profile for the system.

These results further the knowledge of the DHC and its consequences into the
system. The minimum value of the local hosting capacity is directly connected to the
THD, which impacts the voltage rise as shown in Figure 7.34 — b. As a conclusion, the
higher the THD is, the higher the voltage rise is and the more limited the local hosting
capacity will be. On the other hand, the lower the THD is, the lower the voltage rise is
and the less limited the local hosting capacity will be, giving a bigger range to increase
the local power generation.

From this perspective, the results emphasize the validity of the proposed model to
calculate a DHC due to harmonic voltage distortion and its consequences on the voltage

ST/EST
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rise. These tests revealed that the DHC must be considered and calculated for the systems
in order to minimise issues of planning and improvement and to give a new perspective
regarding this prevailing analysis tool. Thus, the experiments are in line with the previous
results shown in Chapter 6 and its consequences cited in the last paragraph. Regarding
this association, the results were plotted in Figure 7.35, where the relation between the
voltage rise and the hosting capacity value is shown.

DHC Profile x Voltage Profile Weekly

1.03 - 25
- 24
1.025
- 23
= 102 22
-E'..- - 21 'é'-
g 1.015 - 20 =
8 8]
E - 19 T
1.01 | 1a
1.005 r
- 16
1 15
o [ = = = = =
2 2 £ e &2 + =2
(=] (=] [e=] [e=] (== (== (==
& & & & & & &
[l [l (] (] [ [ [
=] =] o o o o o
= = = = = = =
[¥,] [¥,] (9] (9] 4, ] 4, ] 4, ]
Week

—\/0ltage Values Hosting Capacity Values

Figure 7.35 — The comparison between the DHC profile versus the voltage profile.

7.5 Final Considerations

In this chapter it was presented an application of the local dynamic hosting capacity
approach, which has been applied and introduced as an important planning tool to
analyse and predict the impact related to power quality phenomena following the
insertion of PVs systems, or even any kind of DERs, in distribution network systems.

The methodology was divided in three important blocks. The first block of analysis
was necessary to show the hosting capacity approach in order to build a network model
for this analysis: a performance index, which will be determined by the need of the system
under analysis; a corresponding limit according to local standards, which must be
respected to make the system acceptable; and a method to calculate the value of the
performance index as a function of the amount of new production and consumption. The
present analysis related two performance indexes on a grid, in order to extend an analysis
on both voltages rise and harmonic voltage distortion, as a consequence of the insertion
of the PV system into the grid. Furthermore, this study developed and applied a new
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and more detailed equation to establish the hosting capacity approach, considering
several mandatory variables, namely, the harmonic background at the PCC, the power
factor for the installation, their impact on the voltage rise and, on the voltage, harmonic
distortion, following the PV’s connection to the grid.

Secondly, it was calculated a dynamic hosting capacity based on the local proposed
hosting capacity approach. This study also highlights the importance of determining
upper and lower limits, which lead to an acceptable deterioration region for the local
hosting capacity both daily and weekly. There is a cutting-edge solution for an applied
expansion when the performance of the system is evaluated. Taken together, these
findings suggest a role for a practical application to the dynamic hosting capacity concept
regarding the improvement and expansion of the grid using energy storage systems
(APPENDIX X). The dynamic hosting capacity guarantees that the performance of
the grid will be improved when an energy storage system is applied, and it can be
generalized using the overvoltage margin caused by the PVs.

In summary, the measurements for the system were an important tool to determine
the main characteristics of the grid under analysis, in order to demonstrate the efficiency
of the proposed methodology. The findings of this research have important planning and
operational implications in relation to electrical networks and the insertion of DERs.
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8. SPECIAL CASE STUDY - HARMONIC
DISTORTION AND THE HOSTING CAPACITY
DURING FIFA WORLD CUP 2018

8.1 Initial Considerations

The purpose of this section is to provide an analysis regarding harmonic voltage
distortion measured during a day of FIFA World Cup 2018 matches. In the period of the
Brazilian match, a huge number of non-linear loads, such as television and computers,
are introduced into the electrical systems. The first set of analysis relates to the load
behaviour considering the Brazilian electrical system. Thus, the harmonic voltage
distortion is provided by the CHESF, a federal power utility of the Northeast of Brazil.
Afterwards, a local PQQ measurement was given at the QMAP building in the Federal
University of Itajuba in order to support the finding of a dynamic hosting capacity profile
during a Brazilian match. The aim of our chapter is to analyse and describe the impact
of the background harmonic distortion on the hosting capacity value for the system.
Finally, an international scenario (Spain) is considered in order to compare the difference
between the background distortion from two absolutely different countries, both

culturally and electrically speaking.

8.2 FIFA World 2018 Cup and Its Impact on the
Background Distortion Profile

The world cup is, unquestionably, one of the most important events worldwide.
It is a moment where the population of the majority of the countries that are
participating in this event, will be connected at the same time to the same electrical
system in order to follow the matches and celebrate them regardless of the result.
Moreover, television became the easiest way to watch those games, even with the advent
of the internet. According to (RUBENS et al., 2006) the modern televisions set are
equipped with SMPS (Switched Mode Power Supply). Due to the capacitive features of
these power supplies into TV, they are a potential source of harmonic voltage distortion,
as well as of non-linear loads that have become more and more commonly connected to
our grids.

It is important to highlight that there are billions of TVs and computers
worldwide, which can be considered the biggest source to inject harmonic frequencies
into the distribution systems based on the number of such pieces of equipment spread
around the world. In order to understand the behaviour of a typical TV device, a
waveform of current supply is shown in Figure 8.1. In addition, the harmonic spectrum
is shown in Figure 8.2.
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Figure 8.1 — Current waveform of a typical TV set according to (RUBENS et al., 2006).
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Figure 8.2 — Spectrum of a typical TV set according to (RUBENS et al., 2006).

Researchers and experts have always seen the World Cup as a particular harmonic
distortion phenomenon into distributions systems, where millions of TV and computers
sets are connected at the same time to the same distribution grid. Thus, as those devices
are operating simultaneously, they will maximize the current injection into the grid.
Based on this fact, the games of the World Cup have become an important issue in power
quality analysis.

This item is a general report of power quality phenomena, as well as of their impact
on the dynamic hosting capacity for the system through measurements during the three
World Cup matches that the Brazilian national team participated in: on the 17th, 22nd
and 27th of June 2018. Furthermore, these measurements will be compared to the ones
registered on days where the Brazilian national team didn’t play, in order to show their
impact on the electrical system. Moreover, this item seeks to address how to analyse
those phenomena regarding power quality indexes. The following topics will present
electrical measurement results into three big campaigns: the load shape/demand of the
Brazilian electrical system regarding the ONS (National Operator of the Electrical Power
System) FIFA World Cup 2018 reports, harmonic measurements of CHESF (San
Francisco Hydroelectric Company) at 69 kV busbar of the Northeast of Brazil and,
finally, the power quality measurements at QMAP (Excellence Center in Power Quality,
Measurement, Automation and Protection) at 220 V busbar with 27 kW of PV source.
Within the framework of these ideas, we will focus on the calculation of the dynamic
hosting capacity based on the QMAP measurements in order to analyze the impact of
the FIFA World Cup 2018 on the power quality profiles. It is important to notice that
we will relate the local measurements through the national results of the World Cup

phenomena.
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8.2.1 National Electrical Metering Campaign based on ONS
Reports

First of all, the behaviour of the load during the Brazilian team’s matches will be
analysed. The National Operator of the Electric System (ONS) has prepared a special
campaign for the National Interconnected System (SIN) during the FIFA World Cup
2018. This campaign was in accordance with resolution N°01/2005 regarding the
Monitoring Committee of the Electrical Sector (ONS, 2014). According to ONS, the
campaign started two hours before the matches in Brazil and ended two hours after the
match. Moreover, this type of campaign is necessary due to the specificities of the
behaviour of the load during the matches of the World Cup. These characteristics can
be classified as reduction and growth of the demand in the period before the games of
the Brazilian team, during the intervals, and, mainly, immediately after the end of these
matches. These tests are important to highlight their association with the power quality
phenomena which are going to be discussed in the next sub sections.

8.2.1.1 Brazil x Serbia — 27" June 2018 — Load and Demand
Analysis

Let’s take a look at the first match against Serbia on the 27" of June 2018 at
03:00 p.m. The consumption of energy into the SIN has presented the behaviour shown
in Figure 8.3. In addition, the load curves for this day of the match, which fell on a
Wednesday, and for another Wednesday, on which no relevant event took place, have
been plotted in the same figure.

Load of the National Interconnected System (MW)

75000
70000
65000 Interval of the match:
Ramp of 2102 MW in
0000 Before the game: / 15 minutes
g Reduction of 4343 MW in
30 minutes \

55000 /

Beggining of the match: End of the match:
50000 Redu_ctlon of 1419 MW in Beaqining of the 2nd Ram;_: of 6205 MW in

15 minutes _QQJ—time 21 minutes
45000 Reduction of 1766 MW

in 15 minutes

40000

[ v v i i i L A A - R A T

NN NNNNWWWWWWLBS & BB B S OGOOVOLOOODDD DD DN NN N NN @

853888850388 88c838888c38888c0c888885s388¢88
——27/06/2018 (Brasil x Sérvia) ——06/06/2018 (Wednesday)

Figure 8.3 — Demand curve: 27" June 2018 x 06" June 2018 (ONS, 2018).

It is important to notice that during the first hours of the day of the match, the
load was 1,300 MW over the normally observed load on a normal Wednesday. Thus,
before the beginning of the game, at around 01:30 p.m., it was possible to observe a load
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reduction ramp of 7,746 MW in 1h40 minutes. When the match started, an 1,886 MW
load reduction ramp was registered in 15 minutes. Thus, during the first half of the
match, the average load difference for this period was 8,855 MW, comparing to a normal
Wednesday. Furthermore, during the interval, a load growth ramp was observed. The
load growth was approximately 2,102MW in 15 minutes. On the other hand, at the
beginning of the second half, a load reduction ramp reached 1,766 MW in 15 minutes.
By the same token, the average load difference observed during this period was 11,203
MW comparing to a normal Wednesday. Finally, after the end of the game, a load growth
ramp was observed, and it reached 6,205 MW in 21 minutes. In general, analysing this
figure, a considerable load reduction is observed during the match broadcast when
compared to a common day.
The daily demand curve was calculated and is presented in Figure 8.4.
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Figure 8.4 — Demand curve: 27" June 2018 x 06" June 2018 (ONS, 2018).

It is important to highlight that the demand at 02:00 p.m. for both periods was
62,383 MWh. From this point, which was close to the beginning of the match (03:00
p.m.), the demand decreased in a demand reduction ramp reaching 56,835 MWh in one
hour. Moreover, between the beginning of the match until the interval, the demand
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increased just 0.954 MWh. Thus, after the beginning of the second half of the match, the
demand growth ramp increased having reached 55,881 MWh at the end of the match. It
is worth noting that the behaviour of the demand curve for both days were similar.

8.2.2 National Electrical Metering Campaign based on
CHESF Reports

CHESF has a transmission system formed by AC transmission lines with more
than 20 thousand kilometres of lines operating at the voltages of 500, 230, 138 and 69
kV. Its transmission system interconnects the hydroelectric plants to the main load
centres of the states of the Northeast as well as merges the systems in the North,
Southeast and Centre-West of Brazil regions.

Recently, CHESF has adopted special measures in its electrical system,
performing inspections and anticipating preventive facility and transmission lines
maintenance to increase the reliability of the electric energy service, mainly in the
metropolitan regions of the Northeaster capitals, during the FIFA World Cup 2018. In
this case, the values were measured with digital power meters. The measurement received
was as follows:

(i) Total voltage harmonic distortion regarding phases A, B and C;
(i)  The 3%, 5% 70 11" and 13™ harmonics of the voltage regarding phases A, B
and C.

In this case, the period interval was measured in a 30-second interval in different
points of the system. For our analysis, the busbar of 69 kV (SE Maceio, Alagoas state —
Subsystem EAST) was taken in order to provide an analysis about harmonic distortion
in the period of a Brazilian game as well during a common day. The limits of the
individual harmonic order and the total voltage harmonic distortion based on (PRODIST
Module 8) are shown in Table 7.8 for two different voltage levels.

Table 8.1 — Total Harmonic Distortion and Individual Harmonic Distortion based on (PRODIST Module 8).
69 kV < Vn < 230

Indicator Vn<1kV

KV

DTT95% 10 % 5%
DTT(P)95% 2.5 % 1%
DTT(1)95% 7.5 % 4%
DTT(3)95% 6.5 % 3%

Where,
DTT95% is DTT% (Total Voltage Harmonic Distortion) indicator value that was
exceeded in only 5% of valid readings;
DTT(P)95% is DTT(P)% (Total voltage harmonic distortion for non-multiple
even components of 3) indicator value that was exceeded in only 5% of valid
readings;
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DTT(I)95% is DTT(I)% (Total voltage harmonic distortion for non-multiple odd
components of 3) indicator value that was exceeded in only 5% of valid readings;
DTT(3)95% is DTT(3)% (Total voltage harmonic distortion for multiple
components of 3) indicator value that was exceeded in only 5% of valid readings.

Based on what has been presented before, the following topic will discuss the
results of the cited metering campaign of PQ related to harmonics during the game Brazil
x Servia on the 27" of June 2018, as well as on a given common day, when there is no
game happening (20" of June 2016). Both measurements took place at the substation of
Maceio (SE Maceio) in the Northeast.

8.2.2.1 Brazil x Serbia — 27 June 2018 — Harmonic Profile
Analysis

Figure 8.5 shows the voltage THD during the Brazil X Serbia match as well as
the variation in relation to a common working day.
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Figure 8.5 — Total Voltage Harmonic Distortion: 27" June 2018 x 20" June 2018.

It is important to notice in Figure 8.5 that the distortion decreased during half-
time, which seems to be caused by a temporary increase regarding the load demanded as
shown in Figure 8.3, which causes a damping and lower system impedance on the
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harmonic frequencies under analysis. Also, according to Figure 8.5, the THD of voltage
increased substantially during the game, although the maximum value registered is in
total conformity with the limits adopted by Table 7.8. In this case, the maximum THD
distortion reached during the match was 1.8 %.

Figure 8.6 illustrates the IHD (3, 5% 7% 11" and 13™) regarding phase A, also
during the match day and on a common day. It can be examined that the 5" harmonic
voltage component, at 300 Hz, prevails above all the reminiscent others. These
measurement analysis shows that the 5" harmonic level increased during the period of
the matches that Brazil played, at a rate of approximately 1.3 times, due to the effect of
the matches.
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Figure 8.6 — Individual Voltage Harmonic Distortion of: 27" June 2018 (Match day).

These tests revealed that the TV sets, when analysed individually, contain large
amounts of 3" and higher harmonic currents as exemplified in Figure 8.2. Interestingly,
it can be assumed that this component will be, for the most part, kept in delta
connections of the transformers into the distribution systems. Thus, it can be highlighted
that these components adopt a positive or negative component sequence, although some
will eventually be relocated to the highest voltage side (primary side).

Generally speaking, and comparing the results from (BROWNE; PERERA,;
RIBEIRO, 2007; LEITAO et al., 2007; RIBEIRO et al., 2011; RUBENS et al., 2006),
during the Brazil matches in different world cups (2006 and 2010), it is possible to notice
that the 5™ harmonic level presented lower levels, instead of presenting the same
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behaviour throughout the years. This phenomenon can be phrased in terms of electrical
changes into the grid. Some possible reasons for these results are listed below:

(i) The reduction of the system impedance at harmonic frequencies

throughout the years;

(ii))  The power supply of modern TV receivers, such as SMART TV and LED

TV sets, results in much smaller harmonic injection levels due to the
national and international standards that have become stricter regarding
the harmonic injection into the systems that is allowed;

(ili) The number of TV receivers produced higher levels of harmonic

cancellation;

(iv)  The system has become much stronger through the years regarding

electrical parameters such as the damping of the system.

At the initial stage of the process of a general analysis of the system regarding a
Brazilian match, a preliminary analysis was carried out in order to understand the
behaviour of the Brazilian system. As soon as a general analysis considering the load
shape, as well as the harmonic profile, has been carried out, we can then conduct an
analysis of a local building at the Federal University of Itajuba, which has already been
mentioned throughout this thesis. The next section will discuss some PQ indicators as
well as their impact on the local hosting capacity due to the FIFA World Cup 2018.

8.2.3 PQ analysis at QMAP during the FIFA World Cup
2018 and Its Impact on the Dynamic Hosting Capacity

Throughout the year of 2016, the QMAP building received 12 kW more on its PV
installation, which improved the generation capacity of the building. At this point, a new
PQ analysis can be accomplished in order to analyse its impact on the system. Those PQ
indicators can be classified according to their voltage profile, THD profile, disequilibrium,
among others. As soon as these steps have been carried out, a dynamic hosting capacity
analysis regarding the impact of the FIFA World Cup 2018 can be executed following
the same procedure described before. The analysis will consider the match day of the 27"
of June 2018, compared to a common working day, the 20" of June 2018. Let’s start our
analysis by comparing three PQ phenomena: the THD and the IHD of voltage and
disequilibrium. Moreover, the fundamental current profile will be characterised based on
its impact on the calculation of the local hosting capacity.

8.2.3.1 Brazil x Serbia — 27%" of June 2018 — PQ Analysis

The power quality monitoring equipment, which is a FLUKE 430 Series II, was
installed in a 220 V circuit at the secondary side of the distribution transformer in 3
seconds of resolution during the measured days with 4[3 phases + neutral] dc-coupled
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inputs (in APPENDIX E, the datails of the PQ meter can be found), which supplies
the QMAP building from a 13,8 kV feeder. The monitoring results are shown in a way
that presents the behaviour of the harmonic profile on a day of a Brazil match, as well
as on a common day, with no matches happening. Thus, Figure 8.7 represents the THD

profile of voltage throughout the match day, then a common day. It is important to
highlight that the match started at 03:00 p.m. (Brasilia time-zone). Moreover, the next
analysis pertains to phase A of the 220 V side of the QMAP system.
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Figure 8.7 — Total voltage harmonic distortion at QMAP: 27" June 2018 x 20" June 2018.

According to Figure 8.7, the THD of voltage has increased noticeably during the
match time, although the maximum distortion value registered (4%) is in agreement
with the limits adopted by Table 4.2 (limit by IEEE 519) as well as the limit adopted
in Table 7.8. Moreover, it is possible to notice that throughout the first-half the
distortion reached 3.5%, due to a slight increase of the load during this period. It is
also important to highlight that during the period between 12:00 a.m. and 06:00 a.m.,
the system almost reached its limit at 5%. This can be explained by the unusual
characteristics of the QMAP building. Possibly, the PV inverters are not turned off
during the night period, which can turn them into pure electronic loads, continuously
injecting a considerable harmonic amount. Also, the building’s transformer is bigger
than necessary and during this period it is working under almost no load.

The behaviour of the system load is shown in Figure 8.8 through the fundamental

current registered.
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Figure 8.8 — Behaviour of the system load at QMAP: 27" June 2018 x 20" June 2018.

Analysing the previous figure, we can notice that a considerable load reduction
happened moments before the match, causing a large drop of 34 A. Then the load
observed during the match broadcast kept constant for the rest of the game until 06:00
p-m. when a slight load increase is registered. It is important to notice that the same
behaviour has been observed in Figure 8.3 regarding the SIN.

In Figure 8.9 through Figure 8.11, the performance of the IHD of voltage profile
regarding the 3™, 5™ and 7" harmonic was registered during the match day.
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Figure 8.9 — Individual voltage harmonic distortion 3™ harmonic at QMAP: 27" June 2018.
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Figure 8.10 — Individual voltage harmonic distortion 5" harmonic at QMAP: 27" June 2018.
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Figure 8.11 — Individual voltage harmonic distortion 7" harmonic at QMAP: 27" June 2018.

As it can be observed in Figure 8.10, the 5" harmonic voltage prevails above the
3 and 7" orders. The same phenomena can be observed in Figure 8.6 regarding the
harmonic profile at 69 kV from the measured data performed by CHESF. Moreover,
it can be observed that the 3" order had basically the same behaviour for both days.
We can offer an explanation based on what has been discussed before. We can assume
that most of this component will be confined to the delta connection of the transformer
at the QMAP building. Consequently, the behaviour of the 3 harmonic is standard
for all distribution transformers that can keep the same 3*' harmonic distortion
independent, whether the match is happening or not.
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Figure 8.12 presents the index behaviour of voltage unbalance during the match
day and compared to a common day.
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Figure 8.12 — Voltage unbalance behaviour at QMAP: 27" June 2018.

For this specific case of metering made at the QMAP building, the expected result
wasn’t observed in relation to the behaviour of the voltage unbalance. The voltage
unbalance is calculated as the relation between the positive-sequence and the negative-
sequence and it is given in percentage. This index presented a decrease of
approximately 0.1% in its amplitude on the match day. The mentioned decrease can
be explained by the fact that the positive harmonic sequences components, thus during
the match are higher than on a common day. Due to this fact, the denominator of the
voltage unbalance calculator became higher (the positive voltage sequence), which
means the voltage unbalance is lower when compared to a common day, whereas, for
example, the 7" harmonic is almost the same, with the unbalance voltage factor
reaching higher values. As a conclusion, during the match day the unbalance voltage
factor is lower than the unbalance voltage factor during a common day. Another
possible explanation is due to the fact that the PV production during the match day
was not as high as during the common day. It is well-known that the inverters have
a single-phase connection, which means the unbalance will present standard values as
shown in Chapter 5. This is corroborated by the fact that, commonly, the voltage
unbalance decreases during events for which the background distortion is higher than
expected.
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8.2.3.2 Brazil x Serbia — 27" of June 2018 — The Dynamic
Hosting Capacity Profile and Its Impact

In this section, the daily dynamic hosting capacity (DHC) regarding the match
day and a common day will be described and analysed. Strong evidence of the relation
between the background harmonic distortion and the impact on the DHC profile was
found after running the results. Once the background harmonic profile has been defined,
we can then define the dynamic hosting capacity profile. This sets the stage for the next
steps. Firstly, the daily background harmonic distortion regarding the match day and
the common day are defined. Following this, the power factor profile is identified as well
as the electrical parameters, which were already described in section 7.3. Finally, using
equation (6.3.1) we can obtain the daily DHC profile regarding both days in order to
compare and analyse its impact. The daily DHC for both days is shown in Figure 8.13.

Daily Dynamic Hosting Capacity - Brazil x Serbia

M W,WV’MW
30

IMatch day

Commom Day

[

00, 00.00
Bt 9170
9E-EEH0
#2059
ZT-L0°60
¥TIT
Bt Ot-ET
9B LS:5T
FO-FTET
CT-TE0
00822

[ 1

Time

Figure 8.13 — Daily dynamic hosting capacity profile at QMAP: 27" June 2018 x 20" June 2018.

The association between the background harmonic distortion shown in Figure 8.7
and its impact on the DHC profile was tested. These tests highlighted the importance of
the background harmonic voltage on the performance of the grid. The most striking
result to emerge from the data is that the background distortion will decrease the grid’s
performance. These results thus need to be interpreted with care. Significantly, the daily
dynamic hosting capacity will present an average value lower than expected mainly
during the match time. It was found that the daily DHC decreased by 40% on average
when compared to a common day. At the peak of the match, the decrease of the local
hosting capacity reached 53 %, as shown in Figure 8.13. As expected, our experiment
proves that the background harmonic distortion has a significant impact and must be
taken into account. Thus, our formula (6.3.1) reproduces the response of the background
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distortion regarding the local hosting capacity. However, a more careful analysis revealed
that there is a significant association between the local hosting capacity and the load
conditions registered on the match day. During the match day, there is a significant load
reduction, which means the impedance of the system will increase significantly. Due to
this fact, the damping of the system will be reduced and, as a consequence, a voltage rise
will occur.

In conclusion, our analysis can be summarised in a loss hosting capacity profile,
as shown in Figure 8.14. The results of this analysis indicate that the most remarkable
loss in the value of the hosting capacity occurred during the match, reaching peaks of

more than 50% of loss.
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Figure 8.14 — Loss hosting capacity profile at QMAP: 27" June 2018.
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8.2.1 A Global Analysis of the Harmonic Distortion During
the FIFA World Cup 2018 — The Spanish case

According to a report received from Mr. de Apraiz, Mr. Barros, and Mr. Diego
through aPITS-SG2 group, harmonic distortion measurements were taken during Sunday
the 1** of July, the day of the Spain versus Russia match. Moreover, according to their
report, this televised football match was found to be the one with more viewers in Spain.
Figure 8.15 shows the THD of voltage profile during the match day and a normal day.
Those values were computed using 10-minute time aggregation intervals.
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Figure 8.15 — THD of Voltage profile: Spain x Russia and during a normal day using 10-minute
aggregation intervals.

On the other hand, in Figure 8.16 through Figure 8.18 the daily time evolution
regarding the 3", 5™ and 7" harmonic voltages will be represented, comparing all the
results with those measured during a day with no televised football matches.
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Figure 8.17 — Individual voltage harmonic distortion 5" harmonic is Spain: 1% of July 2018
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Unlike the previous results regarding the Brazil match, and contrary to what was
expected, there is almost no significant influence of the televised football match on the
harmonic distortion when compared to a typical day. Only a small increase in THD can
be observed in the measured harmonic distortion during the match, respecting the
international limits. Thus, the difference between the impact of a Brazil match and a
Spain match is clear, and it might be explained by the electrical and cultural differences
observed in both countries. Normally, Brazilians take the world cup event more seriously,
as the country basically stops during the match day and the citizens take the day off
because of the matches.

8.3 Final Considerations

The evidence from this chapter points towards the idea that the impact of television
viewing on the utility grid during the FIFA World Cup has some significant increase of
harmonic pollution, in particular the 5" harmonic. In general, these results suggest that
for both transmission and distribution system, significant levels of harmonic background
distortion were observed.

This chapter has highlighted the importance of the background distortion on the
value of the hosting capacity profile. We have obtained comprehensive results
demonstrating that the hosting capacity can be reduced by the nonlinear loads during
the matches. Moreover, we have provided further evidence that the higher the
background distortion is, the lower the hosting capacity will be, as mentioned before.

Measurements from Spain system has shown a trivial impact when compared to
impact in the Brazilian system. Cultural and electrical differences may have been the
cause of minor impact of the THD of voltage.

Finally, it can be provided that the background harmonic distortion levels have a
strong association to TV sets which depend on the system. Also, those levels have a
stable profile which has been decreasing over the last years. When the background
distortion levels from the FIFA world cup 2010 (section 5.5.1) are compared to the levels
during the FIFA world cup 2018, it is clear the difference between the THD profiles
throughout the years. Moreover, it can be explained due to the fact that the technologies
are becoming less polluted than before, as well as the changing of the electrical
characteristics of the systems, such as the damping, the short-circuit level, among others.
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9. CONCLUSION

This final chapter concludes the research described in this thesis by presenting the
main findings and understandings. Firstly, a brief summary of the research in relation to
the objective and the main topics is provided. Secondly, the scientific contribution of the
thesis to the relevant applied field is proposed and discussed. Finally, the chapter presents
conclusions with the practical and theoretical recommendations for future research in

this field as a planning and improvement tool.

9.1 General Conclusions

The hosting capacity approach has been introduced as an important planning tool
to analyse and predict the impact on power quality of the integration of PV systems into
distribution networks. Three concepts were introduced as part of the necessary
framework to establish the hosting capacity approach: a performance index, which needs
to be established for a specific system under analysis; a corresponding power quality
limit, to be defined according to local standards; and a method to calculate the
performance index based on the new production and consumption quantities.
Furthermore, this research allows the conclusion that the local hosting capacity shouldn’t
be analysed statically as its dynamic nature can help operators to better deal with
distributed renewable resources. Thus, the evidence from this study suggests that it is
possible to find the dynamic hosting capacity profile from previous evidence. This concept
can also be defined as an important tool in order to get further results and information
for distribution systems under high penetration of distributed generation.

To conclude, a more thorough methodology to calculate the local hosting capacity
to be added to the dynamic hosting capacity concept was necessary to improve the
understanding of the use of energy storage systems in order to improve the system’s
performance. Additionally, this study has emphasised that the energy storage system,
when used as a tool to increase hosting capacity, has the potential to be established as a
voltage regulator to the PCC.

A number of research questions were formulated to achieve the objective of this
thesis. The following sections re-examine the outcomes in relation to the research

questions.
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9.1.1 The advantages and implications of creating a global
hosting capacity analysis with respect to different power
quality phenomena

The first outcome proposed a performance index that values voltage rise and
harmonic voltage distortion under background harmonic distortion at the PCC for
different PV system injection scenarios. Furthermore, the work compared the proposed
approach against other simpler approaches to show that there are significant risks in
taking simplistic approaches to determine the system’s hosting capacity. The results
show, among other things, that the information on background distortion is relevant to
determine hosting capacity and that, consequently, one cannot easily determine the
generation interconnection limits of a given system without gathering specific data on
such distortion.

9.1.2 Dynamic hosting capacity as a way to bring better
planning and improving into the distribution systems.

As hypothesized, the second outline demonstrates that the hosting capacity must
be considered as a time variant function. There is satisfactory agreement among the
previous studies in the hosting capacity field, which has been considered as a static
planning and improving tool for distribution systems. Thus, the findings appear to be
well supported by further analysis. In general, these results would seem to suggest that,
for now, all hosting capacity approaches must be considered in a period of time chosen
by planners of the system.

Satisfactory results demonstrated that the dynamic hosting capacity has a greater
range of reliability because the hosting capacity approach is no longer presented for a
single value, since it is calculated for a range of values. Indeed, it was found a way to
determine a dynamic hosting capacity, in a way that it is believe has not been done
before. The investigation into this area is in progress and is likely to confirm the initial
hypothesis. These findings add substantially to the understanding of the dynamics of
the hosting capacity concept.

9.1.3 The impact of worldwide events on hosting capacity
related to the background distortion.

As hypothesized in Chapter 5, the experiments demonstrate that the background
distortion will cause a significant impact on the hosting capacity approach. Those
procedures capture the response of the background distortion as a phenomenon that will
remarkably decrease the local hosting capacity. The results of the hosting capacity
confirmed those findings. They are significant in relation to the number of TV sets
connected during the matches and the harmonic background distortion. As a conclusion,
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it was possible to take into account that the higher the number of TV sets is, the larger
the background distortion is, and the lower the hosting capacity will be during a match,
as well as during the day of a match. This can be justified by the fact that people usually
take match days off.

It is important to notice that there are cultural considerations that must be taken
into account. Since those especial occurrences were registered in Brazil, these rules do

not apply to all countries.

9.2 Proposal for Planning and Improvement of Networks

The research presented in this thesis permits attention to some interesting
questions. In this case, the network could be planned and improved using procedures
which will be optimised by applying an integrated hosting capacity methodology, as well
as analysing their impact on voltage profile disturbances mitigation. The evidence from
this study points towards the idea that the network procedures when the hosting capacity
is being analysed, must follow proposed procedures.

Dynamic Hosting Capacity Procedure — Transmission and Distribution
level:

STEP 1: The measurement and recording data must be defined to register
the harmonic voltage measurement vector for each instant of time. The steady
state measurement is performed in intervals of 10 minutes at the PCC and its
period is one week, which is equal to 1008 intervals, following (PRODIST — Modulo
8, 2015);

STEP 2: The best limits impose by international and local standards must be
analysed and chosen. The limit will give to the analysis the maximum working value
to the system regarding power quality disturbances. In this case, the voltage rise limit
considered is the performance index for the Brazilian standard, where the limit used is

5% at the bus voltage under analysis. For international standards, the limit is 10%

(IEEE 519, 2014);

STEP 3: When the local hosting capacity is analysed using the methodology
presented in Section 7.3, it is necessary to define a system’s performance index
as cited in step 2. For the present analysis, the four scenarios must be defined previously,
as was the limit performance index for the hosting capacity. As a result, it is possible to
illustrate the hosting capacity approach taken its acceptable deterioration region.
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STEP 4: Using the methodology proposed previously in step 3, it will be possible
to draw the daily DHC profile considering the measured week, where for each
instant of measurement, a maximum power generation, is calculated, as well their hosting
capacity value for each instant of time using equation (6.3.1) and applying the
ordered pair methodology (P4; Pg®* ) for each instant of time.

STEP 5: Based on step 4, the most remarkable result which emerges from the set of
data is that the weekly DHC profile can be determined for the system using
those values previously found.

STEP 6: The considerations proposed in step 5, shows that the weekly DHC
must be considered and calculated for the systems in order to minimise issues of
planning and improvement and to give a new perspective regarding this prevailing analysis
tool.

STEP 7: Finally, these previous steps were the first towards enhancing the
understanding of the use of energy storage systems (APPENDIX X) in order
to improve the dynamic hosting capacity profile. This methodology has highlighted
that the storage system, when used as a tool to increase the hosting capacity, has the
potential to be set up as a voltage regulator at the PCC. This can prevent reverse power
flow and the voltage rise caused by the phenomena.

Based on this proposed procedure regarding the DHC methodology, it is important
to notice that will cause a restructuring of the Brazilian electrical system introducing as
part of the regulation step, the proposed methodology to analyse the DHC in order either
to improve the grid or for planning, which can cause a restructuring of utilities and
establish a several and careful access to the GDs and the impact of the background
distortion. Thus, Figure 9.1 presents an overview of the Brazilian electrical system
regulatory and operation agencies based on Figure 4.1 including the procedure proposed
before.

Grid
Procedures Transmission and
o Generation
I Systems (< 1 kV)
Regulation
> —
l Distribution
o Systems
PRODIST

Figure 9.1 — The new proposed structure of the Brazilian electrical system using the DHC methodology.
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9.3 Recommendations for Future Research

Several recommendations for future applications research directions are listed in

this section in order to propose further discussions in the final thesis.

This study is the first step towards enhancing the understanding of an
integrated platform of power quality indexes in order to calculate the hosting
capacity value for distribution systems. These observations have many
implications for research into planning and improvement of electrical
networks. The procedure and methodology could be applied to distribution
grids, such as IEEE 13 busbars or real distribution systems, in order to
validate their requirements to improve the comprehension of local and
dynamic hosting capacity profile.

Results so far have been very promising and also worthy to consider an
improved methodology to planning and improvement of electrical networks,
using the three main implications of this research: Local hosting capacity
considering voltage rise due to harmonic distortion, the dynamic hosting
capacity profile and its implication, and finally the mitigation of the grid
using energy storage systems.

These early successes may hope to deal with the social and environmental
issues into the hosting capacity field in order to bring improvements and
their technical solutions, as well as the social and environmental suggestions
which are important to build up sustainability atmosphere for the future.
This question may have been solved in the next chapter.
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10. SOCIAL-ENVIRONMENTAL ASSESSMENT

AN ANALYTICAL ANALYSIS OF THE MAXIMIZATION OF
SOCIAL-ENVIRONMENTAL WELL-BEING BASED ON THE
HOSTING CAPACITY APPROACH

10.1 Initial Considerations

Hosting Capacity is widely considered to be the most important analytical tool
into distribution systems regarding allocation of distributed generation (DG). Thus, DG
is increasingly becoming a vital factor for a more sustainable type of power supply.
According to major DG’s reports (WOLSINK, 2012), when a multi-generation system is
considered, it may lead to significant benefits into the systems, such as energy efficiency,
reducing carbon emissions and social environmental effects.

The present chapter is an overview of the impact of the hosting capacity approach
considering the improvement of social and environmental issues. The hosting capacity
approach can be examined as a tool aimed at maximizing socio-environmental well-being.
Our knowledge of the maximization of socio-environmental well-being is based on an
analytical consequence of hosting capacity into distribution systems. The aim of the
research was consequently to establish the variables to define the best scenarios regarding
social and environmental issues.

10.2 Environmental and Social Considerations of Distributed
Generation Planning

The term Distributed Generation has come to be used to refer to environmental
and social benefits. In the literature (ODARNO; MARTIN; ANGER, 2015;
RUGTHAICHAROENCHEEP; AUCHARIYAMET, 2012), those benefits are classified
as improved air quality, access to electricity, increased economic productivity, small
business creation in underprivileged communities, among others. On the other hand,
when DG plants are badly designed, negative aspects regarding environmental and social
well-being can be noticed. In relation to environmental issues, this may translate into:
the quality of the air, quality of the water, noise pollution, disruption of local ecologies,
among others. As far as technical issues are concerned, the increasing of the background
distortion into the distribution systems, as well as the decreasing of the hosting capacity
value for the system can be highlighted. Finally, socially speaking, social conflicts and
economic disturbances will become a concern as a consequence of environmental and
technical issues (ODARNO; MARTIN; ANGER, 2015). In the field of social and
environmental well-being, many analytical points, either positive or negative, regarding

social and environmental impacts can be found.
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The first analytical point to analyse is the social impact. Positively speaking, the
promotion and implementation of DG into distribution systems can create a range of
downstream jobs in system installation, project management, operation systems,
maintenance, among others (ODARNO; MARTIN; ANGER, 2015; WOOD et al., 2014).
Social impacts of DG are responsible for an assessment of the employment potential
created from an assumption that, the government and energy policies have been
innovating the satisfactory incentive to related economic and environmental benefits into
the grids. Based on this assumption, those analytical assessments can include the
expected number of jobs, types of jobs, the human knowledge necessary for their
implementation, energy market statement, among others (ODARNO; MARTIN;
ANGER, 2015; WOOD et al., 2014). On the other hand, negative aspects of the poor
implementation of DG into distribution systems can increase the social conflicts between
the concessionary and consumers, as well as the economic divisions due to energy taxes
and their aggregation.

Secondly, the environmental impacts of the implementation of DG into
distribution systems will be addressed. In general, DG can positively affect the
environment in four main aspects: The reduction of air pollutant emissions, water being
used for steam production or cooling, the reduction of waste generation, and the land
required for their operation (EPA) However, DG can cause some negative environmental
impacts such as an unpleasant view because the DG is located closer to the end-users.
Moreover, DG involves combustion, particularly fossil fuels, causing air pollution, and
DG technologies may require water for stream generation or cooling (EPA).

Finally, the introduction of DG into distribution systems can impact, either
positively or negatively, the power flow of the grid, voltage conditions such as regulation
and maintenance of the voltage profile at the PCC, transmission and distribution
capacity, the background distortion at the PCC, which will impact directly the voltage
RMS value, among others (RUGTHAICHAROENCHEEP; AUCHARIYAMET, 2012;
REPORT, 2010)

Furthermore, based on the previous discussion, social, environmental and
technical impacts interrelated forming a triangle of consequences, where all those impacts
will be a consequence of the others. As far as we know, these cycles can be defined as
positive or negative consequence cycles. The triangle of consequences is shown in Figure
10.1.



CONCLUSION AND SOCIAL ENVIRONMENTAL ASSESSMENT 116

Positive Negative
o Increasing of the power e Higher background
flow; distortion at the PCC;
e Transmission and e \Voltagerise;
distribution capacity; o Higher bidirectional
e Marinating of the voltage power flow;
profile; e Etc.
e Etc.
Technical
Environmental > Social
Positive Negative Positive Negative
e Reduction of air -
pollutiont; e Unpleasant to the eye; * Job Promotion; e Social conflicts;
e Reduction of waste e Combustion; e Project management; e Economic divisions;
generation; o Kind of DGs technologies; ° Operat.|on system e Energy taxes;
e Land requeired; e FEtc expertise; e Etc.
Etc ’ o Etc.

Figure 10.1- Triangle of Consequences of DG Implementation

The next section takes a new look at the technical impact as the principle of
maximization of social and environmental well — being issues regarding the hosting
capacity approach. Within the framework of these criteria, we tried to create a
mathematical concept of hosting capacity related to the social and environmental issues
within the scope of societies” well-being considering a feeder into the distribution systems
and its connected DG.

10.3 Analytical Social-Environmental Well-Being Based on the
Hosting Capacity Approach

It is common knowledge that the hosting capacity is understood as the maximum
amount of distributed generation that can be included into the grid without causing any
electrical disturbance in the system considering particular phenomena, such as voltage
rise, harmonic distortion, capability of the wide, flickers, among others. Although the
technical characteristics of hosting capacity have been dealt with in depth for the last
decades, the Social and Environmental impact of this tool still requires further analysis.

In order to investigate the analytical consequences of the hosting capacity

regarding social and environmental issues, our analytical experiment is based on the
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connection of DG into a general distribution feeder. The mentioned system is shown in

Figure 2.

DG n°1

?_

DG n°2
DG n°3
PCC- hc
DG n° k-1
DG n° k

Figure 10.2 — A general feeder and its connected DG

In the system shown in Figure 10.2, it is important to notice that the amount of
DG connected is defined as Amountp; = DGy + DG, + DG3 + -+ DGy_1 + DGy
Moreover, the connection point of the system in order to define its hosting capacity is
defined as PCCp.. This point has been chosen because it is the main point where the
impact of all DG sources can be quantified in order to determine the analytical
consequence of their connections into the distribution feeder based on the formulation
presented ahead.

This problem can be graphically illustrated in terms of the hosting capacity
approach. It is easily verifiable that the system has an initial background distortion due
to nonlinear loads, and the increment of DG will directly impact the defined phenomena
index in order to reach the hosting capacity point. A graphical analysis of the hosting
capacity at the PCCy, has been shown in Figure 3.
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Figure 10.3 — Maximum Amount of Generation Increment.

Based on Figure 10.3, the initial background is defined as L; since the index is defined
for the system. It is important to highlight that to the initial power generation the
amount of DG is neglectable. Combining the first DG, defined as P; , into the system we
have an increment of the limit index L. It is observable that the more DG is connected
into the system, the higher the limit index will be. This gives the formal solution where
the last DG connected Py gives the maximum index at the PCC point, Lj. It doesn’t
mean the maximum limit index to the system has been reached. When the maximum
limit index is reached, the system will find its hosting capacity value. Before that, the
system still has an acceptable region to connect more DGs. By combining these
phenomena with limit indexes and amount of DG into the system, we infer calculated
areas in order to define the social and environmental well-being indicator as SEWB
The measured unity can be defined as kW.index. The graphical definition of SEWB is
shown in Figure 10.4.
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Figure 10.4 — The Social and Environmental Well-Being Factor definition.

At this point, we used reliable techniques based on the recommendations of area
calculation bringing the hosting capacity curve closer to the triangles and trapezium for
each limit index and its amount of DG. For example, initially, the first SEWB is given
by SEWB; and it can be calculated by the following equation.

P;. (L1 — L;
SEWBi — 1 ( 1 l)
2 (10.1)

The second area will be defined as a trapezium, as the system is evolving from
the current DG to one more DG connected into the system. Thus, the SEWB; is given

by equation (10.2).

SEWB. = (P, +Pp).(Ly— L)
' 2 (10.2)

The SEWB,, was gradually summed to reach the limit index L, when the last
current DG is connected into the system. The described fact is given by (10.3).

SEWB,_, = (P + Pre—1). (L = Ly—1)
2 (10.3)
Based on (10.1), (10.2) and (10.3), the final solutions contained all reached areas
from DG, + DG, + DG3 + -+ + DGy_q + DGj,. Furthermore, the total social environmental
well-being factor is defined by the following equation.




CONCLUSION AND SOCIAL ENVIRONMENTAL ASSESSMENT 120

k

(Px + Pr—1). (L — Ly—1)
SEWBrotar = Z 1 2 1 (10.4)

k=1

Having an SEWB;,tq; meant that we could determine the reminiscent SEWB,,, 4,
which defines the social environmental well-being the system could reach, as well as
improves the existent amount of generation into the system. In this case, this value is
defined by equation (10.5).

Hosting Capacity + Py.). (L —L
SEWBmax — ( g p 4 k) ( max k)
2 (10.5)

Once these steps have been completed, we are now ready to define the impact of
HC on the social environmental well-being and its robustness in order to define important
scenarios. At this point, the maximization of the social environmental well-being can be
defined using optimization tools. As soon as the social environmental well-being factor is
defined, the final adjustments can be made to determine an analytical consequence of
these factors. By reducing the amount of background distortion, for example, a
maximization of the SEWB can then be done. The social and environmental experiment
proceeds following the steps outlined below. In order to maximize the procedure, let’s
take a look at the following definition:

MCLX SEWBtotal =

Lmax
z (P + Pe—1). (L = Ly—1)
10.
kzi . 2 (10.6)
k < max
s.t L =0

Where, L4, defines the maximum limit index as well as the hosting capacity
point to be reached.

This condition cannot be reached unless the background distortion of the networks
has been reduced approximately to zero by mitigation procedures, for example.
Considerable care must be taken when the system is maximizing the social environmental
well-being. For example, based on (10.6), we can define the worst and the best-case
scenarios. Thus, to do this entails reducing the background.

Some conclusions can be drawn from the previous analysis:

e If L; =0, the social environmental well-being factor is at its maximum as far
as the system is kept within mitigation procedures. Thus, this defines the best-
case scenario where a great amount of DG can be included into the system
and create the positive technical, social and environmental aspects.
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e On the other hand, if L; = L4, , the social environmental well-being is close
to its lower value, which means no DG can be included until mitigation
procedures have been applied to the system. It defines the worst-case scenario.

e As a conclusion, the lower the background distortion is, the better the social
and environmental conditions of the system will be. To mitigate the risk of
negative aspects of social and environmental well-being, the risk of background
distortion can be reduced by applying technical improvement procedures to
all the background distortion originated by local loads.

e A great deal of attention must be paid when DG sources are about to be
included into the system. Thus, before any DG installation, extreme caution
must be taken regarding the values of background distortion created by
technical procedures.

10.4 Final Considerations

The association among technical, social and environmental aspects is worth
mentioning because the positive and negative consequences of including DG into the
system must be carefully analysed. The most surprising association concerns the fact that
those factors impact each other, resulting in a circle of consequences, both positive and
negative. Essentially, the technical aspect can be considered the most remarkable factor.
Socially and environmentally speaking, the technical is considered the top of the triangle
of consequences.

On the other hand, there is strong evidence the background distortion caused by
nonlinear loads and the existent DG installed into the system is considered to be the
most outstanding factor. These results are significant at a maximization of the social and
environmental well-being level. Interestingly, the association between the background
distortion and the social environmental well-being factor is related to an analytical factor
based on the hosting capacity approach. These results have further strengthened our
belief that social and environmental factors must be taken into account as a tool for the
planning and improvement of electrical grids, together with technical factors.
Furthermore, these results extend our knowledge of hosting capacity not just as a
technical tool. This finding confirms that the social and environmental well-being is
inversely proportional to the current background distortion into the grid. Finally, our
analytical validation of social and environmental well-being captures the importance of
a deeper analysis considering collective and environmental factors
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APPENDIX. X (SPECIAL RESULTS) - DYNAMIC
HOSTING CAPACITY CONSIDERING STORAGE

SYSTEMS

This section begins by examining an applicability of the DHC regarding
energy storage systems. Throughout this appendix, the impact of the energy
storage-hosting capacity of the measured system is examined. This section looks at
the question of voltage rise caused by the bi-directional power flow due to the PV
system. It is proposed a new procedure based on the DHC concept to improve the
power quality indexes of the electrical system. The results will be significant for
planning and improving level in regard to the local and the dynamic hosting
capacity. If an energy storage system is considered, it is show how it is possible for
the voltage level to drop due to power flow reversal and to increase of hosting
capacity value of the systems.

Conventional electrical networks consider the total load flow directly from the
substation to the load. In regard to this fact, there is a voltage drop throughout
the transmission line, as shown in Figure A.1. This unidirectional load flow allows

for an easy planning of the distribution transformers and the conductor section of
the feeders (PALUDO, 2014).

Om =
Load

Voltage

Distance

T == AV

Figure A.1- Conventional power flow.

However, when there is penetration of DERs in the electrical network, there
may be a reversal and/or bidirectionality of the power flow. As an example, the
DERs absorbs the consumption of the load to which it is connected, and the
additional power will be injected into the distribution network, feeding other loads

nearby. The phenomenon is shown in Figure A.2. Due to the bidirectional power
flow, some negative aspects can be registered, for example, a voltage rise at the

connection point where the DERs is installed, which can exceed standard indexes,
leading to possible losses (PALUDO, 2014).
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Figure A.2— Bidirectional power flow.

On the other hand, storage systems could help the system at the connection
point. Several researchers have called this into question, claiming that storage
systems can lead to improvements into the distribution system, such as avoiding
the voltage rises due to the bidirectional power flow, as well as improving the
hosting capacity of the system (RIBEIRO et al, 2001). Figure A.3 shows the storage
system’s impact at the connection point. It is possible to understand that the
voltage would not rise in the system because there is no bidirectional load flow into
the system.

P’ Pg DERs
_’ 4—
o | &

lps lpc

Voltage

Storage Load

———————— AV=0
Distance Pg—(Pc+Ps)=0

Figure A.3— The storage system and its impact.

This problem can be outlined in terms of the power of the system. In this
case, the power’s sum will be zero due to the relation P, — (P + F) , where F; is
the power generated by DERs, P. is the power consumed by loads and P is the
power which will be stored by the storage system. It is important to highlight that
the sum will be zero, as long as there is a generation from the DERs. For example,
in regard to PVs, only at the moment when there is solar irradiation. This allows
for a formal solution to be found, where AV = 0. In theory, the less the voltage rise,
the better the hosting capacity will be.

It is easily verifiable that there are two possible options in order to bring
improvement at the connection point: either regulate the voltage through regulators
such as LTC or connect some storage systems into the connection point. It is
necessary to analyse which option is better economically speaking. In this analysis,
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the storage systems will be under investigation with the intention of bringing
improvement regarding the dynamic hosting capacity profile (DHC) for the system,
as shown in Figure A .4.

Hosting Capacity

Maximum Hosting Capacity
without Storage System
Maximum Hosting Capacity
with Storage System

Time

Figure A.4— The DHC with and without the energy storage system.

This proposed hypothesis examines how to solve the voltage rise problem in
electrical grids using energy storage systems in order to improve the DHC approach.
The energy storage system is examined with the intention of finding the best
contribution to decrease the voltage rises, as well as keeping at zero the reverse
power flow, thus improving the hosting capacity. This is a feasible solution for
distribution systems in relation to voltage rise indexes due to DERs connected at
the electrical grid.

i) Formulation of the Dynamic Hosting Capacity with an
Energy Storage System

In sections 6.2.1 and 6.3, this study highlights the importance of considering
that the maximum amount of energy depends on the harmonic voltage values,
which are defined for each instant of time.

The aim of DHC is to calculate the hosting capacity considering energy
storage systems, which can be defined as the storage-hosting capacity.
Consequently, we need to formulate a hypothesis for it. The hosting capacity
concept is applied to the allowed voltage magnitude for the system, in this case,

determined by local standards. In theory, the concept of hosting capacity, either
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static or dynamic, makes it clear that the maximum voltage magnitude allowed is
the determining factor to find its global value.

The storage-hosting capacity was prepared using the same procedure as for
dynamic hosting capacity, but taking into account one specific consideration, which
has already been mentioned before. In this way, this assessment considers the
voltage rise caused by the bidirectional load flow into the system, thus determining
the outline conditions. Instead of basing the maximum voltage magnitude allowed
for the system on local standards, the allowed voltage magnitude in (6.3.1) will be
equal to the voltage rise for systems without an energy storage-system. Moreover,
the voltage reference will be the nominal, which means, equal to1.0 (p.u). Those
considerations are shown below.

ngax,l — ‘/O(t)
ViE) = 1.0 (p.u)

This method represents an alternative to analyse the storage system behaviour
because, in this case, the maximum voltage rises already existent at the system,
considering the DERs, are the determinant factor to find a hosting capacity value.
In addition, the maximum storage power is calculated only for the fundamental
frequency, where the voltage rise is an important impact factor. Thus, the equation
(6.3.1) can be given by (A.1).

pmax Vo) (Vo (1) — 1 0)

storage (t) (A.

Rf (1 + tan(e) R—)

Taking advantage of storage-hosting capacity use, we can hypothetically
propose that the maximum power stored found by (A.1) is a complement of the
maximum power generated given by (6.3.1). Combining (6.3.1) and (A.1), we have
a total maximum power generation for the system considering an energy storage

system, given by (A.2).

PImax’ (£) = PMA% (£) 4 APIGX, (t) (A.

It is easily verifiable that the maximum dynamic hosting capacity can be
extended by (A.1) in (A.3), where it can be defined by linear regression.

HCiotar" (6) = HCloq1 () + AHCSE5 0 ge (1) (4

D

2)

3)
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The new voltage profile for the system after the energy storage system can be
verified. There will not be a voltage rise as defined in Error! Reference source
not found.. The voltage drop can be determined by (A.1). Thus, the new voltage
value is given by (A.4).

Vol(t) — Vo(t) _ AVstorage(t) (A_4)

It is important to highlight that the local DER system, considering an energy
storage system, will be dimensioned by (A.3) and (A.4), in order to ensure future
improvement in the current installation. The results will be discussed further in

this appendix.

ii) An Applicability of Dynamic Hosting Capacity into Energy
Storage Systems

During the first phase of analysis, the impact of the energy storage-hosting
capacity into the measured system has been examined. Remarkably, the possible
values of storage generation, for which the voltage rise due to the reverse power
flow is avoided, are shown in Figure A.2. These values respect the relation between
the generated power by the PVs and the absorbed power by the local load. Thus,
Figure A.5 illustrates the residual power that was injected in the feeder in direction
to other loads. These data were collected by the PQ analyser installed in the LV
side of the distribution transformer.

Storage Amount from the System - 12th April 2015
T T T T

Ps (KW)

time (h)

Figure A.5 — Possible amount of energy storage in order to avoid the reversed power flow —April
12th, 2015.
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The possible values of energy storage for the other days are shown in Figure

Storage Amount from the System - 09th April 2015  Storage Amount from the System - 10th April 2015  Storage Amount from the System - 11th April 2015
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Figure A.6 — Possible amount of energy storage in order to avoid the reversed power flow
— Other days.

In this context, the voltage rise caused by power flow reversal is the key to
this methodology proposal regarding energy storage-hosting capacity systems.
Thus, the maximum increment of energy storage is possible to be found using (A.1),
as expected. Due to this fact, a linear dependency is created through linear
regression using y = ax + b formulation, shown in Figure A.7 through Figure A.13.
Strong evidence was found regarding the 12" of April 2015. The reason why this
day was highlighted is because the system could feed itself 100%, and most of the
power generated could be stored in order to avoid a power flow reversal and then,
there will not be a voltage rise. The possible energy storage-hosting capacity is
shown in Figure A.7 regarding the preferred day.

After having calculated the linear extrapolation, one can find the daily and
weekly energy storage-hosting capacities. A daily analysis was used to predict the
hypothesis proposed in (A.1), where for each increment of maximum power stored
calculated, a voltage drop will be achieved in order to minimise the voltage rise for
the system. For example, to avoid 1.5% of voltage rise due to the reversed power
flow, the system should absorb 4.0 kW from the source based on Figure A.6
example.

Weekly, the maximum power stored is observed when the line crosses the
maximum voltage rise measured for the system in relation to the instant of time
measured. This value is approximately 0.03 p.u. Therefore, the final solution
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determined is given by the calculated energy storage-hosting capacity in relation to
the chosen day. The calculated energy storage-hosting capacity computed is 8.3 kW
for the 9™ of April 2015 and is given in Figure A.7.

Storage Hosting Capacity Daily - 9th April 2015
T T T T
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Figure A.7 — Maximum amount of energy storage found by (A.1) regarding 9" April 2015.
The calculated energy storage-hosting capacity calculated is 8.1 kW for the

10" of April 2015. The possible energy storage-hosting capacity is shown in Figure
A.8 for the mentioned day.
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Figure A.8 — Maximum amount of energy storage found by (A.1) regarding 10" April 2015.
Furthermore, the calculated energy storage-hosting capacity computed is 8.0

kW for the 11" of April 2015. The possible energy storage-hosting capacity is shown
in Figure A.9 for the mentioned day.
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Storage Hosting Capacity Daily - 11th April 2015
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Figure A.9 — Maximum amount of energy storage found by (A.1) regarding 11" April 2015.

The calculated energy storage-hosting capacity computed is 8.0 kW for the
12" of April 2015. The possible energy storage-hosting capacity is shown in Figure

A.10 for the mentioned day.

Storage Hosting Capacity Daily - 12th April 2015
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Figure A.10 — Maximum amount of energy storage found by (A.1) regarding 12" April 2015.

Thus, the calculated energy storage-hosting capacity computed is 8.1 kW for
the 13" of April 2015. The possible energy storage-hosting capacity is shown in

Figure A.11 for the mentioned day.
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Storage Hosting Capacity Daily - 13th April 2015
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Figure A.11 — Maximum amount of energy storage found by (A.1) regarding 13" April 2015.

Moreover, the calculated energy storage-hosting capacity computed is 8.1 kW
for the 14™ of April 2015. The possible energy storage-hosting capacity is shown in
Figure A.12 for the mentioned day.
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Figure A.12 — Maximum amount of energy storage found by (A.1) regarding 14" April 2015.
Moreover, the calculated energy storage-hosting capacity computed is 8.0 kW

for the 15™ of April 2015. The possible energy storage-hosting capacity is shown in
Figure A.13 the mentioned day.
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Storage Hosting Capacity Daily - 15th April 2015
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Figure A.13 — Maximum amount of energy storage found by (A.1) regarding 15" April 2015.

The results on energy storage-hosting capacity for all days can be seen in
Table A.1.

Table A.1 — Energy Storage-Hosting Capacity values for the measured week.

9t April 10" April 11" April  12% April 13" April  14™ April 15" April

HC 8.1kW 8.1 kW 8.0 kW 8.0 kW 8.1 kW 8.1 kW 8.0 KW

At this point of the analysis, the energy storage-hosting capacity profile can
be drawn considering the days mentioned, where for each instant of measurement,
a storage maximum generation, using (A.2), has been computed. As soon as these
steps have been carried out, the improved DHC will be calculated using (A.3),
where for each measured hosting capacity calculated by (A.1), the global hosting
capacity value will be increased by the maximum storage generation, followed by
(A.2). The paradox between the system without storage system and with storage

system is shown in Figure A.14 through Figure A.20, as follows.

The first DHC profile with and without energy storage system analysed refers
to the 9™ of April 2015.
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HC with/without Storage System - 9th April 2015
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Figure A.14 — The dynamic daily hosting capacity with storage system in relation to April 9
2015.

The average mark of daily DHC, in regard to April 9%, 2015, was 24 kW, as
calculated before using (6.3.1). In this case, the maximum daily hosting capacity is
approximately 25 kW, whereas the minimum value is 22.6 kW. The resulting
possible maximum and minimum values are a consequence of external and internal
conditions affecting the system. For example, the minimum values were registered
at around 12:00 p.m. and 01:00 p.m., when the building was empty because of lunch
time, all electronic equipment was turned off and the sun was at its peak. According

to Figure C.1 in APPENDIX C, the 9" of April of 2015 had the highest solar
production. Due to these particular conditions, the level of harmonic distortion
(Figure C.2) probably was higher than in usual occasions, which impacts on the
voltage profile (Figure C.3) and consequently in the level of the hosting capacity
at the moment. It is important to highlight that these values don’t reflect the global
number of hosting capacity. They reflect special conditions, which may or may not
impact the final value of the hosting capacity throughout the DHC weekly profile.
An improvement is likely to be registered, in relation to the DHC profile, when the
energy storage system is considered. The average improvement registered is
approximately 19% every 10 minutes, but it can reach a maximum value of 26%.
For the global value in relation to the day mentioned, the global hosting capacity
is 32.1 kW as given by (A.3), which grants the system almost 50% of improvement
regarding the total installed capacity of the system, in this case, 15 KWj,.

HCM ' =24 + 8.1 =32.1 kW



REFERENCES AND APPENDIXES

144

The next DHC profile with and without energy storage system analysed is
regarding 10" April 2015.

HC with/without Storage System - 10th April 2015
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Figure A.15 — The dynamic daily hosting capacity with storage system in relation to April 10,
2015.

The average mark of daily DHC, in regard to April 10", 2015, was 23.5 kW,
as calculated before using (6.3.1). In this case, the maximum daily hosting capacity
is approximately 24.1 kW, whereas the minimum value is 20.6 kW. The resulting
possible maximum and minimum values are a consequence of external and internal
conditions affecting the system. It is important to notice that those values are
similar when compared to the day before. For example, one of the minimum values
was registered at around 01:00 p.m., when the building wasn’t completely empty

because of the beginning of the morning, with some electronic equipment turned on

and the sun was almost at its peak. According to Figure C.1 in APPENDIX C,
the 10" of April of 2015 had one of the highest solar production. Due to these
particular conditions, the level of harmonic distortion (Figure C.2) probably was
higher than in usual occasions, which impacts on the voltage profile (Figure C.3)
and consequently in the level of the hosting capacity at the moment. They reflect
special conditions, which may or may not impact the final value of the hosting
capacity throughout the DHC weekly profile. An improvement is likely to be
registered, in relation to the DHC profile, when the energy storage system is
considered. The average improvement registered is approximately 14% every 10
minutes, but it can reach a maximum value of 23%. For the global value in relation
to the day mentioned, the global hosting capacity is 31.6 kW as given by (A.3),
which grants the system almost 50% of improvement regarding the total installed

capacity of the system, in this case, 15 kW,.
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HCM& ' =235+ 8.1 =31.6 kW

The next DHC profile with and without energy storage system analysed is
regarding 11" April 2015.

HC with/without Storage System - 11th April 2015
35 T T T T T T T T

HC
- = —HC+Storage

HC (kW)
1]

25 I

20

time (h)

Figure A.16 — The dynamic daily hosting capacity with storage system in relation to April 11",
2015.

The average mark of daily DHC, in regard to April 11, 2015, was 23.4 kW,
as calculated before using (6.3.1). In this case, the maximum daily hosting capacity
is approximately 23.78 kW, whereas the minimum value is 22.24 kW. The resulting
possible maximum and minimum values are a consequence of external and internal
conditions affecting the system. It is important to notice that those values are
similar when compared to the day before. For example, the minimum value was
registered at around 02:30 p.m., when the building wasn’t completely empty
because of the beginning of the morning, with some electronic equipment turned on

and the sun was almost at its peak. According to Figure C.1 in APPENDIX C,
the 11" of April of 2015 had one of the highest solar production. Due to these
particular conditions, the level of distortion probably was higher than in usual
occasions (Figure C.2), which impacts in the voltage profile (Figure C.3) and
consequently in the level of the hosting capacity. It is important to highlight that
these values don’t reflect the global number of hosting capacity. They reflect special
conditions, which may or may not impact the final value of the hosting capacity
throughout the DHC weekly profile. An improvement is likely to be registered, in
relation to the DHC profile, when the energy storage system is considered. The
average improvement registered is approximately 22% every 10 minutes, but it can
reach a maximum value of 31%. For the global value in relation to the day
mentioned, the global hosting capacity is 31.4 kW as given by (A.3), which grants
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the system almost 50% of improvement regarding the total installed capacity of the
system, in this case, 15 KW,.
=234+ 8.0=314kW

max /!
H Ctotal

The next DHC profile with and without energy storage system analysed is
regarding 12" April 2015.

HC with/without Storage System - 12th April 2015
35 T T T T T T T T T

HC
- = = HC+Storage

30 —

HC (k)
-
~

25—

20

time (h)

Figure A.17 — The dynamic daily hosting capacity with storage system in relation to April 12,
2015.

The average mark of daily DHC, in regard to April 12", 2015, was 20.1 kW,
as calculated before using (6.3.1). In this case, the maximum daily hosting capacity
is approximately 23.58 kW, whereas the minimum value is 20 kW. The resulting
possible maximum and minimum values are a consequence of external and internal
conditions affecting the system. It is important to notice that the 12 of April had
some particular values of harmonic distortion and voltage rise registered. For
example, the minimum value was registered at around 01:30 p.m., when the
building wasn’t completely empty because of the beginning of the afternoon, with
some electronic equipment turned on and the sun was almost at its peak. Even

though, according to Figure C.1 in APPENDIX C, the 12" of April of 2015 had
the lowest solar production. Probably due to these particular conditions, the level
of harmonic distortion was registered times higher than in the other days (Figure
C.2), which impacts in the voltage profile (Figure C.3) and consequently in the
level of the hosting capacity. One possible explanation is the amount of electronic
equipment being used at that time and even during the whole day. It is important
to highlight that these values don’t reflect the global number of hosting capacity.
They reflect special conditions, which may or may not impact the final value of the
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hosting capacity throughout the DHC weekly profile. An improvement is likely to
be registered, in relation to the DHC profile, when the energy storage system is
considered. The average improvement registered is approximately 28% every 10
minutes, but it can reach a maximum value of 32%. It is important to notice that
the improvement average due to ESS was higher than the other days, which can
be explained by the voltage and harmonic distortion profiles shown in
APPENDIX C, as well as the reversed power flow shown in Error! Reference
source not found.. Thus, for the global value in relation to the day mentioned,
the global hosting capacity is 28 kW as given by (A.3), which grants the system
almost 50% of improvement regarding the total installed capacity of the system, in
this case, 15 kWj,.

HCMx ' =20 + 8.0 = 28 kW

The next DHC profile with and without energy storage system analysed is
regarding 13" April 2015.

HC with/without Storage System - 13th April 2015
35 T T T T T T T

HC
- = —HC+Slorage

30 — P ’

HC (k)

25~

20

time (h)

Figure A.18 — The dynamic daily hosting capacity with storage system in relation to April 13",
2015.

The average mark of daily DHC, in regard to April 13% 2015, was 23.3 kW,
as calculated before using (6.3.1). In this case, the maximum daily hosting capacity
is approximately 23.82 kW, whereas the minimum value is 20.94 kW. The resulting
possible maximum and minimum values are a consequence of external and internal
conditions affecting the system. It is important to notice that those values are
similar when compared to the 9", 10" and 11" of April. For example, the minimum
value was registered at around 10:30 a.m., when the building wasn’t completely
empty because of the beginning of the morning, with some electronic equipment
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turned on and the sun wasn’t at its peak. According to Figure C.1 in APPENDIX
C, the 13" of April of 2015 had one of the highest solar production. Due to these

particular conditions, the level of distortion probably was higher than in usual
occasions (Figure C.2), which impacts in the voltage profile (Figure C.3) and
consequently in the level of the hosting capacity. It is important to highlight that
these values don’t reflect the global number of hosting capacity. They reflect special
conditions, which may or may not impact the final value of the hosting capacity
throughout the DHC weekly profile. An improvement is likely to be registered, in
relation to the DHC profile, when the energy storage system is considered. The
average improvement registered is approximately 19% every 10 minutes, but it can
reach a maximum value of 30%. For the global value in relation to the day
mentioned, the global hosting capacity is 31.4 kW as given by (A.3), which grants
the system almost 50% of improvement regarding the total installed capacity of the
system, in this case, 15 kW,

HCPE, ' =233+ 81 =314kW

The next DHC profile with and without energy storage system analysed is
regarding 14" April 2015.

HC with/without Storage System - 14th April 2015
35 T T T T T T T

HC
= = =HC+Storage

HE (kW)

25 I

20 1 | 1 | 1 1 | 1 | 1

time (h)

Figure A.19 — The dynamic daily hosting capacity with storage system in relation to April 14
2015.

The average mark of daily DHC, in regard to April 14" 2015, was 23.6 kW,
as calculated before using (6.3.1). In this case, the maximum daily hosting capacity
is approximately 24 kW, whereas the minimum value is 20.54 kW. The resulting
possible maximum and minimum values are a consequence of external and internal

conditions affecting the system. It is important to notice that those values are
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similar when compared to the 9%®, 10", 11" and 13™ of April. For example, the
minimum value was registered at around 01:30 p.m., when the building wasn’t
completely empty because of the beginning of the morning, with some electronic
equipment turned on and the sun wasn’t at its peak. According to Figure C.1 in

APPENDIX C, the 14™ of April of 2015 had one of the highest solar production.
Due to these particular conditions, the level of distortion probably was higher than
in usual occasions (Figure C.2), which impacts in the voltage profile (Figure C.3)
and consequently in the level of the hosting capacity. It is important to highlight
that these values don’t reflect the global number of hosting capacity. They reflect
special conditions, which may or may not impact the final value of the hosting
capacity throughout the DHC weekly profile. An improvement is likely to be
registered, in relation to the DHC profile, when the energy storage system is
considered. The average improvement registered is approximately 18% every 10
minutes, but it can reach a maximum value of 35%. For the global value in relation
to the day mentioned, the global hosting capacity is 31.7 kW as given by (A.3),
which grants the system almost 50% of improvement regarding the total installed

capacity of the system, in this case, 15 kW.
HCPE ' =23.6+ 8.1 =31.7kW

Finally, the next DHC profile with and without energy storage system
analysed is regarding 15" April 2015.

HC with/without Storage System - 15th April 2015
T T T

35 T T

HC
= = = HC+5torage

HC (kW)

20

time (h)

Figure A.20 — The dynamic daily hosting capacity with storage system in relation to April 15,
2015.
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The average mark of daily DHC, in regard to April 15", 2015, was 23.6
kW, as calculated before using (6.3.1). In this case, the maximum daily hosting
capacity is approximately 24.64 kW, whereas the minimum value is 21.19 kW. The
resulting possible maximum and minimum values are a consequence of external and
internal conditions affecting the system. It is important to notice that those values
are similar when compared to the 13" of April. For example, the minimum value
was registered at around 10:30 p.m., when the building wasn’t completely empty
because of the beginning of the morning, with some electronic equipment turned on

and the sun wasn’t at its peak. According to Figure C.1 in APPENDIX C, the
15" of April of 2015 had one of the highest solar production. Due to these particular
conditions, the level of distortion probably was higher than in usual occasions
(Figure C.2), which impacts in the voltage profile (Figure C.3) and consequently in
the level of the hosting capacity. It is important to highlight that these values don’t
reflect the global number of hosting capacity. They reflect special conditions, which
may or may not impact the final value of the hosting capacity throughout the DHC
weekly profile. An improvement is likely to be registered, in relation to the DHC
profile, when the energy storage system is considered. The average improvement
registered is approximately 17% every 10 minutes, but it can reach a maximum
value of 32%. For the global value in relation to the day mentioned, the global
hosting capacity is 31.7 kW as given by (A.3), which grants the system almost 50%
of improvement regarding the total installed capacity of the system, in this case,
15 kW,.
HCRY ' =23.6 + 8.0 =31.6 kW

Figure A.21 shows the increase of DHC during the week. It is noteworthy that
using the technique described before, there is a 6 kW average in relation to the
global hosting capacity value, which means the system increased its hosting
capacity by 40%, thus enabling a huge improvement in the current system. Such
an improvement is possible whenever an energy storage system is considered, as

described by the proposed hypothesis in this study.
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Increasing of Dynamic Hosting Capacity due to Storage System -
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Figure A.21 — The DHC with energy storage system.

These tests showed that the energy storage system would be dimensioned in
relation to the HC[L&Y' in order to be prepared to receive a higher amount of
energy. These results are significant regarding the planning and improving levels of
the local hosting capacity as cited before.

In order to power conditioning the system considering an energy storage
system, it is possible to decrease the voltage level caused by the reverse power flow
as demonstrated in Figure A.3, as well as keep these values around 1.00 p.u
regarding the formulation proposed in Chapter 6. This technique clearly is an
advantage over the avoiding of reverse power flow and allowing for better conditions
in the system. The voltage drop analysis was used to confirm the theory presented
in (A.4). These results will be shown in Figure A.22 in relation to the 12" of April
2015. These findings thus need to be interpreted with attention. This formula
reproduces the response of the dropped voltage to the system as proposed in Section
6.3.1. As expected, the experiments demonstrate that there will be a voltage
regulation preventing the voltage rise. The number of 0.997 p.u average of voltage
that confirmed the findings was significant in relation to the system.
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103 Voltage Profile with/without Storage - 12th April 2015
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Figure A.22 — Voltage drop due to Energy Storage System in April 12" 2015.

The 12% of April was the day when no power was required from the utility,
which means that all generated power was enough to feed the local load and 100%
of reminiscent power was injected into the feeder. The performance of the voltage
profile had almost no significant variation. There are several possible explanations
for this result. This apparent lack of association can be attributed to the load
variation during the whole day, considering the 12" of April a day with special
external and internal conditions, as mentioned before. Nonetheless, the result of the
voltage profile is around 1.00 p.u, which confirms the proposed theory.

This work has led to the conclusion that the association between the energy
storage system and the voltage regulation was tested and confirmed along the other
days. The load variation occurred without significant voltage variation. Due to this
fact, the voltage kept itself regulated at 1.00 p.u. These results are shown in Figure
A.23.
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Figure A.23 — Voltage regulation due to Energy Storage System to the other days.

The evidence from these results suggests that the energy storage system can
work as a voltage regulator whether a better integrated DER planning is applied
to any electrical system. However, the results of this study support the idea that
the energy storage system will increase the hosting capacity value, which can be
improved resorting to a wide range of possibilities. The energy storage-hosting
capacity methodology provides a powerful tool to improve and correct power

quality issues.
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iili) Conclusion: Voltage rise problems mitigated by
incorporating a storage system at the PCC regarding the
reverse power flow.

The outline considering the energy storage system showed that the energy
storage system would be dimensioned in relation to the dynamic hosting capacity
profile, in order to be prepared to receive a higher amount of energy. These results
are significant at the planning and improving levels in regard to the local hosting
capacity. Considering an energy storage system, it is possible to decrease the voltage
level caused by reversed power flow. This hypothesis has led to the conclusion that
the association between the energy storage system and the voltage regulation was
experienced and confirmed. In general, these results would seem to suggest that an
energy storage system incorporation was successful increasing the energy storage
without significant voltage change.
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APPENDIX. A — The Harmonic Power Flow
Algorithm Considering Single-Phase Generation

The software application used to analyse the data was develop in Matlab®. The
data were obtained as describe in section 7.3.

CODE IN MATLAB®:
cle; clear; close all;

% random number generation

% Set random generation to MATLAB default (simulations will always produce
% the same results every time this script is run)

rng('default');

% bases

Vb = 400 ;% V

Sb = 100e3; % VA
Zh — Vb~2/Sh;

Ib = Sb/(sart(3)*Vb);

% topology
t=]

12;

2 3;

3 4;

4 5;

5 6;

67,

i

num_ nodes = size(t,1)+1;

% impedance per km

zl_km = |
0.641 + 1i*0.15;
0.641 + 1i*0.15;
0.641 + 1i*0.15;
0.641 + 1i*0.15;
0.641 + 1i*0.15;
0.641 + 1i*0.15;

I;

% length
lengths = |
50;
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10;
10;
10;
10;
10;

zl = z1_km*1e-3 .* lengths / Zb; % pu

orders_ harmonics = 1:2:15;

%orders harmonics = 1:2:15;

num__harmonics = length(orders_harmonics);

%zl_harmonics = repmat(real(zl),[1 num_ harmonics]) + 1i*( (1:num__harmonics)

J repmat(imag(zl),[1 num__harmonics]))

zl_harmonics = repmat(real(zl),[1 num_ harmonics]) + 1i*( repmat({1:num_harmonics),[size(t,1)

1]) .* repmat(imag(zl),[1 num_ harmonics]));

vref = zeros(1, num__harmonics);
vref(orders__harmonics == 1) = 1.0;
vref(orders__harmonics == 3) = rand*(0.03-0.01)+0.01;
vref(orders__harmonics == 5) = rand*(0.05-0.03)+0.03;
( ) = rand*(0.05-0.03)+0.03;
vref(orders__harmonics > 7) = rand(sum(orders_harmonics > 7),1)*(0.01-0.005)4-0.005;

vref(orders._harmonics ==

els = ones(1, num_ harmonics);
els(1) = 0;
node_ loads = zeros(3, num_nodes, num__harmonics);

consumer_phases = randi(3, 1, num_nodes-1);

base_load = (2e3)*exp(j*pi*-36.87/180)/Sb;

%node_loads(consumer_phases, 2:num_ nodes) = base load*3
node__harmonic_ voltages = zeros(3, num_ nodes, num__harmonics);
for i=2:num_nodes

node_ loads(consumer_ phases(i-1), i, 1) = -base__load*3;

node_harmonic_ voltages(consumer_phases(i-1), i, orders harmonics == 3) = rand*(0.03-
0.01)+0.01;
node_harmonic_ voltages(consumer_phases(i-1), i, orders_harmonics == 5) = rand*(0.05-

0.03)+0.03;
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node_ harmonic_ voltages(consumer_ phases(i-1), i, orders_harmonics == 7) = rand*(0.05-
0.03)+-0.03;

node__harmonic_ voltages(consumer_phases(i-1), i, orders_harmonics > 7) =
rand(sum(orders__harmonics > 7),1)*(0.01-0.005)+0.005;
end
%node_loads

node__harmonic__currents = zeros(3, num_nodes, num__harmonics);
node_ pflow_voltages = zeros(3, num_ nodes, num__harmonics);

for i=1:num_harmonics

fprintf(T\n\n\n>k>(<>k>(<>k>(<>k>k>(<>(<>k>(<>k>(<>k>(<>k>(<>(<>k>(<>k>(<>k>k>(<>k>(<>k>(<>(<>k>(<>k>k>(<************\n*** Power flow para a

harmonica #%d (%d Hz) ¥\ piireioiirtiontik ook |
orders__harmonics(i), orders__harmonics(i)*50);

[node_ pflow_voltages(:,:,i), mvn, ~, ~] = pf3ph(t, zI__harmonies(:,i), node_loads(:,:,i), vref(i),
els(i), 50);

fprintf('Tensoes fase-neutro\n\n');

Vh= abs(node_ pflow_voltages(:,:,i)) * Vb/sqrt(3)

Yfprintf(' Tensoes neutro\n\n');
Y%abs(mvn) * Vb/sqrt(3)

if( orders_harmonics(i) == 1)
iphase = conj(node_loads(:,:,i) ./ node_pflow_voltages(:,:,1));
node__harmonic__currents(:, :, orders_harmonics == 3) = iphase*0.4 /100;
node__harmonic__currents(:, :, orders_harmonics == 5) = iphase*2.4 /100;

(:
(:
(:
(:

node__harmonic__currents(:, :, orders_harmonics == 7) = iphase*1.4 /100;
node harmonic_currents(:, :, orders harmonics > 7) = repmat(iphase*0.03/100, [1 1
sum(orders_harmonics > 7)]);

%node__harmonic_currents(:, :, orders_harmonics > 7) = repmat(iphase*0.03/100, [1 1 4]);

node_loads(:,:,2:end) = node__harmonic_ voltages(:,:,2:end) .*
conj(node__harmonic_voltages(:,:,2:end));
end
end

%node_ pflow_ voltages(:,:,i)

Yfor n=2:1:8
Vef _la_harm = abs(node_ pflow_voltages(:,:,1))
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Vef total =

sqrt(sum(abs(node_ pflow_ voltages(:,:,2)).”2+abs(node_ pflow_ voltages(:,:,3)).”2+abs(node_ pflo
w__voltages(:,:,4)). 2+abs(node_ pflow_ voltages(:,:,5)).”2+abs(node_ pflow_ voltages(:,:,6)).”2+ab
s(node_ pflow_ voltages(:,:,7)). 2+abs(node_ pflow_ voltages(:,:,8)).”2,3))

%Vef total = sqrt(sum(abs(node_pflow_voltages(:,:,n)).”2,3))

THD= ((Vef total ./ Vef 1la harm))*100

Y%end

for i=1:num__harmonics
filename= 'tensoes';

xlswrite(filename, abs(node_ pflow_ voltages(:,:,1)) * Vb/sqrt(3), Sheet1');
xlswrite(filename, a s(node pflow_voltages(:,;,2)) * Vb/sqrt(3),' Sheet2' )
xlswrite(filename, abs(node_ pflow_ voltages(:,:,3)) * Vb/sqrt(3), Sheet3' );
xlswrite(filename, abs(node_ pflow_ voltages(:,:,4)) * Vb/sqrt(3), Sheet4' );
xlswrite(filename, abs(node_ pflow_ voltages(:,:,5)) * Vb/sqrt(3), Sheet5' );
xlswrite(filename, abs(node_ pflow_ voltages(:,:,6)) * Vb/sqrt(3), Sheet6' );
xlswrite(filename, abs(node_ pflow_voltages(:,:,7)) * Vb/sqrt(3), Sheet7' )
xlswrite(filename, abs(node_ pflow_ voltages(:,:,8)) * Vb/sqrt(3), Sheet8' );

end
%fprintf("\n\n\nPotencias em cada no/harmonica\n');
%mode_loads * Sb/3
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APPENDIX. B — Simulation of Sensitivity Analysis
of the Local Hosting Capacity (Table and Figures)
In this appendix, the results got from the HPF, as well as the hosting
capacity calculation based on the HPF are shown. The voltage value for all six
busbars regarding from fundamental order to 15" harmonic order is provided via
simulation.
Table B.1 — Voltage values phases A, B and C — TU /e system, six bars at PQ Lab
BAR #1 BAR #2 BAR #3
Order VA VB VC VA VB VC VA VB VC
1 230.2881 231.4225 232.2002 230.1385 231.4461 232.5094 230.0448 231.4499 232.7461
3 6.078623 6.070222 6.057965 6.079825 6.070497 6.054744 6.080579 6.070725 6.052511
5 11.12616 11.09994 11.05798 11.12924 11.10148 11.04504 11.13135 11.10311 11.03385
7 7.535749 7.507257 7.456277 7.540281 7.507772 7.443311 7.542144 7.508893 7.434438
9 2.210759 2.208567 2.207112  2.21106 2.208498 2.206589 = 2.21123 2.208474 2.206238
11 1.885457  1.88406 1.883256 1.885632 1.884065 1.882784 1.885696 1.884116 1.882443
13 1.268553 1.265958 1.266045 1.268865 1.265832 1.265646 1.269041 1.265772 1.26539
15 1.477292 1.474853 1.475087 1.477593 1.474744 1.47466 1.477746 1.474715 1.474373
BAR #4 BAR#5 BAR#6
Order VA VB VC VA VB VC VA VB VC
1 230.0069 231.4337 232.9103 229.8955  231.474 233.0553 229.8399 231.4941 233.1278
3 6.081066 6.070924 6.070924 6.081817 6.071004  6.04921 6.082307 6.071056 6.048129
5 11.13156 11.10493 11.02608 11.13575 11.10454 11.01855 11.13784 11.10434 11.0148
7 7.542656 7.510318 7.427635 7.546735 7.509416 7.421397 7.548263 7.509079 7.419062
9 2.211298 2.208485 2.206022 2.211446 2.208435 2.205827 2.211544 2.208402 2.205697
11 1.885717 1.884185 1.882151 1.885914 1.884103 1.881922 1.886022 1.884057 1.881796
13 1.269144 1.265747 1.265209 1.269297 1.265673  1.26505 1.269357 1.265645 1.264988
15 1.477844 1.474714 1.474137 1.478039 1.474611 1.473955 1.4781 1.474578 1.473897
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B.1) Busbar 1 — Hosting Capacity Phases A, B and C (PF= 1.0) —
[axis X (HC in kW) — axis Y (Overvoltage margin in p.u)]
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Figure B.1 — Hosting capacity profile #1 PHASE A.
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Figure B.2 — Hosting capacity profile #1 PHASE B.
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Figure B.3 — Hosting capacity profile #1 PHASE C.
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Figure B.5 — Hosting capacity profile #2 PHASE B.
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Figure B.6 — Hosting capacity profile #2 PHASE B.
B.3) Busbar 3 — Hosting Capacity Phases A, B and C (PF= 1.0) [axis
X (HC in kW) — axis Y (Overvoltage margin in p.u)]
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Figure B.8 — Hosting capacity profile #3 PHASE B.
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Figure B.9 — Hosting capacity profile #3 PHASE C.
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Figure B.11 — Hosting capacity profile #4 PHASE B.
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Figure B.12 — Hosting capacity profile #4 PHASE C.
B.5) Busbar 5 — Hosting Capacity Phases A, B and C (PF= 1.0) —
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Figure B.14 — Hosting capacity profile #5 PHASE B.




REFERENCES AND APPENDIXES

165

0.06
& worst case phase C
0.05 4——4
0.04 . - B calculate point phase C
¢ WA
0.03 yanre best scenario phase C
.02
e Linear (worst case phase
0.01 2
SO e Linear (calculate point
0 & —HA— : : ‘ phase C)
0 20 40 60 80
Figure B.15 — Hosting capacity profile #5 PHASE C.
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Figure B.17 — Hosting capacity profile #6 PHASE B.
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Figure B.18 — Hosting capacity profile #6 PHASE C.

APPENDIX. C — Power Quality Measurements at

QMAP
The main measurements were recorded following the PRODIST (Module 8)

measurement protocol, which suggests that the set of generating measures regarding

the individual indicators should include the recording of 1008 valid analysis

obtained in a consecutive integration interval of 10 minutes for 1068 hours (one

week of measurement). The values recorded have their maximum, average and

minimum values for each measurement interval. It is worth mentioning that the
following graphs have been obtained from (OLIVEIRA, 2015) master’s dissertation.
The quantities measured through the DRANETZ QEE meters were:

Active power;

Reactive and apparent power;

Power factor;

Frequency;

RMS voltage;

RMS current;

Total voltage harmonic distortion (THD-V);
Individual Voltage Harmonic Distortion (IHD-V);
Total current harmonic distortion (THD-I);
Individual Voltage Harmonic Distortion (IHD-I).

During the measurement period, several situations were observed, among

them, periods of high generation or low energy generation, in addition to the

variation in consumption at QMAP building in the observed period of two weeks
of measurement between the 8" of April 2015 and the 22" of April 2015 for reasons
of reliability of the measurements. For this reason, this study chose the perspective
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of observation of the phenomena for seven days of measurement following the
protocol proposed in PRODIST and the analysis for the day that had the highest
generation within the analysed period.

During the measurement period, no disturbance was registered in the

operation of the equipment, only some variations in the electrical network of
UNIFEI due to unknown causes.
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Group one: Weekly Measurement

PV generation at QMAP - April 2015
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Figure C.1 — PV generation for one week of measurement.
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Figure C.2 — THD and IHD for one week of measurement.
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Figure C.3 — Voltage profile of phase A for one week of measurement.
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Group Two: Daily Measurement — 9** of April 2015
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Figure C.6 — Voltage profile of phase A for one day of measurement.
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General Balance of the Powers - Max, Min and Average

15
10
5
Z o
-5
-10
-15
83RE8388873283738388338333333338338338¢R
BN MY neoREan I IANEINEESEEaSRAANN
09/04/15
— PmAXPV[KW]  ——PmédPV kW]  —— P min PV [kW]
P méax QMAP [kW] —— P méd QMAP [KW] —— P min QMAP [kW]
Figure C.7 — General balance regarding one day of measurement.
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Figure C.8 — PV Power factor for one day of measurement.
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Figure C.9 — Installation Power factor for one day of measurement.

APPENDIX. D - DHC and DH + EES Tables from

Section 7.4

Table D.1 — DHC + EES values day 9" of April 2015.
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Time Vo deltaVmax deltaV Pliquido MaxP a b HC min max storage HC+Storage
7:10 | 1.020555| 0.02804329 0.020554545 1.969 16.73311| 0.0035 [ -0.03052 | 23.00645 | 22.60848 | 24.73155| 5.341964366 28.34841529
7:20 1.015218 | 0.033125541 0.015218182 1.3391 18.10654 | 0.0035 | -0.03025 | 22.92781 | 22.60848 | 24.73155| 3.934404823 26.86221938
7:30 | 1.014959 [ 0.033372294 0.014959091 2.2263 18.62142 | 0.0035 | -0.0318 |23.37219|22.60848 | 24.73155| 3.866434235 27.23862237
7:40 | 1.013627 [ 0.034640693 0.013627273 3.5037 18.83239| 0.0035 | -0.03127 | 23.22076 | 22.60848 | 24.73155| 3.517581132 26.73834122
7:50 1.0119 0.036285714 0.0119 3.7416 19.19739| 0.0035 | -0.03091 | 23.11576 | 22.60848 | 24.73155| 3.066489243 26.18225134
8:00 |1.015609| 0.032753247 0.015609091 4.1368 19.13428 | 0.0035 |[-0.03422 | 24.06192 | 22.60848 | 24.73155| 4.037021644 28.09894457
8:10 | 1.015482| 0.032874459 0.015481818 3.517 18.65379 | 0.0035 |[-0.03241 | 23.5468 | 22.60848 | 24.73155| 4.003602972 27.55040773
8:20 1.012259 | 0.035943723 0.012259091 6.1731 19.12938 | 0.0035 | -0.03101 | 23.14546 | 22.60848 | 24.73155| 3.160143758 26.30560645
8:30 |1.017141| 0.031294372 0.017140909 6.7731 19.36353 | 0.0035 [ -0.03648 | 24.70799 | 22.60848 | 24.73155| 4.439886434 29.14787737
8:40 |1.019091| 0.029437229 0.019090909 7.4551 18.34828 | 0.0035 | -0.03478 | 24.22336 | 22.60848 | 24.73155| 4.954461126 29.17782339
8:50 1.017432 | 0.031017316 0.017431818 7.8272 17.92377| 0.0035 | -0.03172 | 23.34739 | 22.60848 | 24.73155| 4.516529913 27.86391939
9:00 |1.017009| 0.031419913 0.017009091 8.2247 18.18476 | 0.0035 [ -0.03223 | 23.49335| 22.60848 | 24.73155| 4.405171548 27.89852525
9:10 1.01675 | 0.031666667 0.01675 8.5378 18.45572 | 0.0035 | -0.03293 | 23.69382 | 22.60848 | 24.73155| 4.336964634 28.03078211
9:20 1.011836 0.03634632 0.011836364 8.8638 19.14615| 0.0035 | -0.03067 | 23.0472 | 22.60848 | 24.73155 3.04989909 26.09710158
9:30 | 1.009786| 0.038298701 0.009786364 9.0833 19.94801 | 0.0035 [-0.03152 [ 23.29124 | 22.60848 | 24.73155| 2.516562604 25.80779772
9:40 | 1.014405| 0.033900433 0.014404545 9.7049 19.63462 | 0.0035 |[-0.03482 | 24.2345 | 22.60848 | 24.73155| 3.721068228 27.95556434
9:50 1.014309 | 0.033991342 0.014309091 9.8386 18.99409 | 0.0035 |-0.03249 | 23.568 |22.60848 | 24.73155| 3.696062011 27.26405855
10:00 |1.013495| 0.034766234 0.013495455 10.1794 | 19.10374| 0.0035 | -0.0321 |23.45624 | 22.60848 | 24.73155| 3.483102141 26.93934369
10:10 |1.013168| 0.035077922 0.013168182 10.4109 | 19.65439| 0.0035 |-0.03371 |23.91784 | 22.60848 | 24.73155| 3.397537392 27.31537594
10:20 | 1.016782| 0.031636364 0.016781818 10.9786 19.17848 | 0.0035 | -0.03549 | 24.42523 | 22.60848 | 24.73155 4.34533908 28.77056778
10:30 | 1.018605| 0.029900433 0.018604545 11.1459 | 18.05446 | 0.0035 |[-0.03329 | 23.7972 | 22.60848 | 24.73155| 4.825936041 28.6231315
10:40 |1.019777| 0.02878355 0.019777273 11.7523 | 17.55233 | 0.0035 | -0.03265 | 23.61417 | 22.60848 | 24.73155| 5.136042627 28.75021127
10:50 |1.019841| 0.028722944 0.019840909 12.1554 17.30842 | 0.0035 | -0.03186 | 23.38758 | 22.60848 | 24.73155| 5.152890152 28.54046738
11:00 |1.021891| 0.026770563 0.021890909 11.9598 17.1586 | 0.0035 | -0.03328 | 23.79558 | 22.60848 | 24.73155| 5.696724556 29.49230764
11:10 |1.023159| 0.025562771 0.023159091 12.8019 16.758 | 0.0035 | -0.03309 | 23.74007 | 22.60848 | 24.73155| 6.034225879 29.77429372
11:20 | 1.021173| 0.027454545 0.021172727 12.658 16.77169 | 0.0035 | -0.03125 | 23.21325| 22.60848 | 24.73155| 5.505958061 28.71920487
11:30 |1.022673| 0.026025974 0.022672727 12.6105 | 16.83132| 0.0035 [ -0.03288 | 23.68104 | 22.60848 | 24.73155| 5.904693055 29.58573772
11:40 |1.020623| 0.027978355 0.020622727 11.5098 | 16.82776| 0.0035 [ -0.03092 | 23.11966 | 22.60848 | 24.73155| 5.360042357 28.47970122
11:50 |1.025468 | 0.023363636 0.025468182 10.6442 16.95264 | 0.0035 | -0.03597 | 24.56303 | 22.60848 | 24.73155| 6.650847954 31.21387682
12:00 |1.028236| 0.020727273 0.028236364 14.7561 | 16.36792| 0.0035 [ -0.03656 | 24.73155 | 22.60848 | 24.73155| 7.393645317 32.12520026
12:10 |1.023223| 0.025502165 0.023222727 12.0848 | 16.24283 | 0.0035 | -0.03135 | 23.24222 | 22.60848 | 24.73155| 6.051183012 29.2933982
12:20 |1.024427| 0.024354978 0.024427273 11.4323 16.35361 | 0.0035 | -0.03288 | 23.68076 | 22.60848 | 24.73155| 6.372546327 30.05330167
12:30 1.0242 0.024571429 0.0242 11.3046 | 16.10214 | 0.0035 [ -0.03179 | 23.36744 | 22.60848 | 24.73155| 6.311855178 29.67929678
12:40 |1.024459| 0.024324675 0.024459091 11.1828 | 16.21032| 0.0035 | -0.03241 | 23.54613 | 22.60848 | 24.73155| 6.381045187 29.92717046
12:50 | 1.024786| 0.024012987 0.024786364 11.7233 16.1664 | 0.0035 | -0.03257 | 23.59126 | 22.60848 | 24.73155| 6.468491963 30.05975458
13:00 |1.022086| 0.026584416 0.022086364 11.3848 | 16.52188 | 0.0035 | -0.03124 |23.21204 | 22.60848 | 24.73155| 5.748687495 28.9607305
13:10 |1.018505| 0.029995671 0.018504545 11.821 17.89691 | 0.0035 | -0.03264 | 23.61243 | 22.60848 | 24.73155| 4.799525255 28.41195334
13:20 | 1.01805 | 0.030428571 0.01805 11.4194 | 18.81091| 0.0035 [ -0.03541 | 24.40275 | 22.60848 | 24.73155| 4.679540418 29.08228703
13:30 |1.018082| 0.030398268 0.018081818 11.2649 | 18.69358 | 0.0035 [ -0.03503 | 24.29408 | 22.60848 | 24.73155| 4.687935931 28.9820119
13:40 |1.014082| 0.034207792 0.014081818 10.92 18.88376 | 0.0035 | -0.03189 | 23.39582 | 22.60848 | 24.73155| 3.636542077 27.03235842
13:50 |1.014764 | 0.033558442 0.014763636 10.938 19.07587 | 0.0035 [ -0.03321 [ 23.77346 | 22.60848 | 24.73155| 3.815180802 27.58863693
14:00 1.0134 0.034857143 0.0134 10.4049 | 19.30122| 0.0035 | -0.0327 |23.62775|22.60848 | 24.73155| 3.458140121 27.08588833
14:10 |1.011805| 0.036376623 0.011804545 10.5142 | 19.73076 | 0.0035 | -0.03268 | 23.62315 | 22.60848 | 24.73155| 3.041604788 26.66475963
14:20 |1.012845| 0.035385281 0.012845455 10.9361 [19.62245( 0.0035 [ -0.03329 [ 23.79809 | 22.60848 | 24.73155| 3.313214461 27.11129952
14:30 |1.013495| 0.034766234 0.013495455 11.6965 | 19.43757| 0.0035 [ -0.03327 | 23.79008 | 22.60848 | 24.73155| 3.483102141 27.27318171
14:40 |1.012095| 0.036099567 0.012095455 11.9169 | 19.33187| 0.0035 [ -0.03156 | 23.30343 | 22.60848 | 24.73155| 3.117457606 26.42088273
14:50 1.0119 0.036285714 0.0119 11.9391 | 19.62102 | 0.0035 [ -0.03239 [ 23.53939 | 22.60848 | 24.73155| 3.066489243 26.60587875
15:00 |1.015059| 0.033277056 0.015059091 5.2679 19.59588 | 0.0035 |[-0.03531 [ 24.37386 | 22.60848 | 24.73155| 3.892664445 28.26652903
15:10 |1.015218| 0.033125541 0.015218182 2.8848 18.93026 | 0.0035 | -0.03313 | 23.75153 | 22.60848 | 24.73155| 3.934404823 27.68593783
15:20 |1.016227| 0.032164502 0.016227273 5.0922 18.56914 | 0.0035 [-0.03283 | 23.665 |22.60848|24.73155| 4.199458265 27.8644539
15:30 |1.014277| 0.034021645 0.014277273 5.5248 18.68407 | 0.0035 |[-0.03137 | 23.24931 | 22.60848 | 24.73155| 3.687727636 26.93704104
15:40 |1.013918 | 0.034363636 0.013918182 6.7126 18.90724 | 0.0035 | -0.03181 | 23.37477 | 22.60848 | 24.73155| 3.593704014 26.96847638
15:50 | 1.015218| 0.033125541 0.015218182 1.8948 19.02194 | 0.0035 | -0.03345 | 23.84321 | 22.60848 | 24.73155| 3.934404823 27.77761412
16:00 |1.014245| 0.034051948 0.014245455 6.246 18.97384 | 0.0035 [ -0.03236 | 23.53043 | 22.60848 | 24.73155| 3.679393777 27.20982149
16:10 |1.014959| 0.033372294 0.014959091 2.473 18.72686 | 0.0035 | -0.03217 | 23.47764 | 22.60848 | 24.73155| 3.866434235 27.34407196
16:20 |1.018409| 0.03008658 0.018409091 4.472 18.1606 | 0.0035 | -0.03348 | 23.85015 | 22.60848 | 24.73155( 4.774319711 28.62446985
16:30 |1.016491| 0.03191342 0.016490909 1.3995 17.95529 | 0.0035 |[-0.03093 [ 23.12288 | 22.60848 | 24.73155| 4.268791908 27.39167254
16:40 |1.018636( 0.02987013 0.018636364 1.0099 17.96024 | 0.0035 | -0.03299 | 23.71163 | 22.60848 | 24.73155| 4.834340542 28.54597035
16:50 1.0256 0.023238095 0.0256 0.6317 17.04315| 0.0035 [ -0.03641 | 24.68941 | 22.60848 | 24.73155| 6.686130758 31.37553944
17:00 |1.026836| 0.022060606 0.026836364 0.3786 16.04023 | 0.0035 [ -0.03408 | 24.02291 | 22.60848 | 24.73155 7.0174899 31.04040386
17:10 |1.021595( 0.027051948 0.021595455 0.5584 16.95257 | 0.0035 | -0.03228 | 23.50916 | 22.60848 | 24.73155| 5.618212863 29.12736843
17:20 |1.013691| 0.034580087 0.013690909 0.0281 18.44199 | 0.0035 [ -0.02997 | 22.84768 | 22.60848 | 24.73155| 3.534229329 26.38191361
17:30 |1.021045| 0.027575758 0.021045455 -0.0586 18.08622 | 0.0035 [ -0.03573 | 24.49315 | 22.60848 | 24.73155| 5.472178742 29.96532977
17:40 |1.018964 | 0.029558442 0.018963636 -0.1342 17.63638 | 0.0035 | -0.03217 | 23.47683 | 22.60848 | 24.73155| 4.920816755 28.39764229
17:50 |[1.013009| 0.035229437 0.013009091 -0.1596 18.82366 | 0.0035 [ -0.03065 | 23.04382 | 22.60848 | 24.73155|  3.35596312 26.39978138
18:00 |1.006077| 0.041831169 0.006077273 -0.1577 20.27453| 0.0035 | -0.02913 | 22.60848 | 22.60848 | 24.73155| 1.557029902 24.16551214

Table D.2 — DHC + EES values day 10" of April 2015.



REFERENCES AND APPENDIXES 174
Time Vo deltaVmax deltaV [ Pliquido| MaxP a b HC min max storage | HC+Storage
7:10 1.014795| 0.033528139 |0.014795| 1.5033 | 16.57315| 0.0031 [-0.01785 | 21.88665 | 24.0943 | 20.64356 | 3.823523 | 25.71017658
7:20 1.021109 0.027515152 | 0.021109 | 2.0723 16.664 0.0031 | -0.02414 | 23.91717 | 24.0943 | 20.64356 | 5.489067 | 29.40624113
7:30 1.018309 0.030181818 | 0.018309 | 2.5417 | 16.64283| 0.0031 | -0.02141 | 23.0358 | 24.0943 | 20.64356 | 4.747919 | 27.78371504
7:40 1.018768 | 0.029744589 |0.018768 | 3.0241 | 17.18739| 0.0031 [-0.02354 |23.72139| 24.0943 | 20.64356 | 4.869165 | 28.5905571
7:50 1.0175 0.030952381 0.0175 3.1348 |17.13922 | 0.0031 |-0.02218 | 23.28361 | 24.0943 | 20.64356 | 4.534499 | 27.81811379
8:00 1.01535 0.033 0.01535 4.1594 |17.33105| 0.0031 | -0.02073 | 22.81492 | 24.0943 | 20.64356 | 3.968999 | 26.78392226
8:10 1.012714 | 0.035510823 | 0.012714| 4.8783 | 18.07653 | 0.0031 [-0.02053 | 22.75045 | 24.0943 | 20.64356 | 3.278788 | 26.02924294
8:20 1.014341| 0.033961039 |0.014341| 5.4685 | 18.22911| 0.0031 [-0.02255 | 23.40296 | 24.0943 | 20.64356 | 3.704397 | 27.10736102
8:30 1.017236 0.031203463 | 0.017236| 6.4074 | 17.75913| 0.0031 | -0.02385 | 23.82253 | 24.0943 | 20.64356 | 4.46503 | 28.28755914
8:40 1.017041 0.03138961 0.017041 7.42 17.5456 0.0031 -0.023 | 23.54895 | 24.0943 | 20.64356| 4.41355 | 27.96249821
8:50 1.015382 | 0.032969697 |0.015382| 7.8032 | 17.64411| 0.0031 [-0.02173|23.13775| 24.0943 | 20.64356 | 3.977351 | 27.11510539
9:00 1.018277 0.030212121 | 0.018277 8.53 17.71111| 0.0031 | -0.02469 | 24.0943 | 24.0943 | 20.64356| 4.73952 | 28.83382117
9:10 1.0202 0.028380952 0.0202 8.8956 16.9037 0.0031 | -0.02402 | 23.87759 | 24.0943 | 20.64356 | 5.247997 | 29.12558777
9:20 1.0147 0.033619048 0.0147 8.9201 | 16.87278| 0.0031 [-0.01869 | 22.15696 | 24.0943 | 20.64356 | 3.798498 | 25.95546016
9:30 1.015709 | 0.032658009 | 0.015709| 9.8935 | 18.14364| 0.0031 [-0.02359 | 23.73783| 24.0943 | 20.64356 | 4.063285 | 27.80111931
9:40 1.012845 0.035385281 |0.012845| 9.7483 | 18.17568 | 0.0031 | -0.02096 | 22.89011 | 24.0943 | 20.64356 | 3.313214 | 26.20332098
9:50 1.012941 0.035294372 | 0.012941 9.906 18.60427 | 0.0031 | -0.02238 [ 23.34802 | 24.0943 | 20.64356| 3.33815 | 26.68617104
10:00 |1.013464 | 0.034796537 |0.013464 | 9.9894 |18.69072 | 0.0031 | -0.02314 | 23.59506 | 24.0943 | 20.64356 | 3.474781 | 27.06984341
10:10 1.012 0.036190476 0.012 10.1748 | 18.76611 | 0.0031 | -0.02198 | 23.22079| 24.0943 | 20.64356 | 3.092564 | 26.31335753
10:20 1.012745 0.035480519 | 0.012745| 10.5806 | 18.77081| 0.0031 | -0.02271 | 23.45451 | 24.0943 | 20.64356 | 3.287097 | 26.74160601
10:30 | 1.014473 | 0.033835498 |0.014473 | 10.6249 | 18.1178 | 0.0031 | -0.02233 | 23.33215| 24.0943 | 20.64356 | 3.738933 [ 27.07108531
10:40 | 1.012455| 0.035757576 |0.012455( 10.8042 | 18.20141| 0.0031 | -0.02067 | 22.79574 | 24.0943 | 20.64356 | 3.211148 | 26.00689009
10:50 1.014832 0.033493506 | 0.014832| 10.7747 | 18.23533 | 0.0031 | -0.02304 23.56 24.0943 | 20.64356 | 3.833058 | 27.39306197
11:00 1.016586 0.031822511 | 0.016586 | 11.0583 | 17.77865| 0.0031 | -0.02329 | 23.64235| 24.0943 | 20.64356 | 4.293904 | 27.93625663
11:10 |1.017109| 0.031324675 |0.017109 | 11.2751 | 17.46309 | 0.0031 | -0.02281 | 23.48739 | 24.0943 | 20.64356 | 4.431506 | 27.91889359
11:20 1.016327 0.032069264 | 0.016327 | 10.9624 | 17.36246 | 0.0031 | -0.02175 | 23.14657 | 24.0943 | 20.64356 | 4.225753 | 27.37232537
11:30 1.018573 0.029930736 | 0.018573| 11.2903 | 17.01737 | 0.0031 | -0.02282 | 23.49132 | 24.0943 | 20.64356 | 4.817532 | 28.30885351
11:40 | 1.016032 | 0.032350649 |0.016032 | 11.2326 | 16.97393 | 0.0031 | -0.02027 | 22.66727 | 24.0943 | 20.64356 | 4.148079 | 26.81534913
11:50 |1.017432| 0.031017316 |[0.017432 | 11.2266 | 17.35944| 0.0031 | -0.0228 | 23.48289| 24.0943 | 20.64356 | 4.51653 | 27.99941793
12:00 1.021045 0.027575758 | 0.021045| 11.4194 | 16.51066 | 0.0031 | -0.02361 | 23.74428 | 24.0943 | 20.64356 | 5.472179 | 29.21646343
12:10 1.021827 0.026831169 | 0.021827 | 11.5393 | 16.22428 | 0.0031 | -0.02346 | 23.6981 | 24.0943 | 20.64356 | 5.679811 | 29.37790646
12:20 | 1.023027 | 0.025688312 |0.023027 | 12.8069 | 15.82963 | 0.0031 | -0.02338 | 23.67211 | 24.0943 | 20.64356 | 5.999107 | 29.67121932
12:30 1.021827 0.026831169 | 0.021827 | 11.4904 | 15.92048 | 0.0031 | -0.02252 | 23.39429 | 24.0943 | 20.64356 | 5.679811 | 29.07410455
12:40 1.020427 0.028164502 | 0.020427 | 11.5951 | 16.11861| 0.0031 -0.0218 | 23.16232 | 24.0943 | 20.64356 | 5.308225 | 28.47054029
12:50 |1.019873 | 0.028692641 |0.019873 | 11.3548 | 16.61059 | 0.0031 | -0.0228 |23.48393 | 24.0943 | 20.64356 | 5.161315 | 28.64524165
13:00 |1.018864 [ 0.02965368 |0.018864 | 11.4088 | 16.57164 | 0.0031 | -0.02172 | 23.13497 | 24.0943 | 20.64356 | 4.894388 | 28.02935786
13:10 1.012618 0.035601732 | 0.012618 | 11.4185 | 17.27218 | 0.0031 | -0.01794 | 21.91678 | 24.0943 | 20.64356 | 3.253864 | 25.1706417
13:20 1.013236 0.035012987 | 0.013236| 10.7176 | 18.6192 0.0031 | -0.02271 | 23.45372 | 24.0943 | 20.64356 | 3.415359 | 26.86907612
13:30 | 1.011932| 0.036255411 |0.011932 | 10.8125 | 18.75534 | 0.0031 | -0.02189 | 23.18908 | 24.0943 | 20.64356 | 3.074785 | 26.26386155
13:40 1.014341 0.033961039 | 0.014341 10.57 18.27012 | 0.0031 | -0.02268 | 23.44398 | 24.0943 | 20.64356 | 3.704397 | 27.14837343
13:50 1.0133 0.034952381 0.0133 10.3537 | 18.46697 | 0.0031 -0.0223 | 23.32104 | 24.0943 | 20.64356 | 3.431994 | 26.75303873
14:00 |1.012455| 0.035757576 |0.012455| 10.2126 | 18.50466 [ 0.0031 | -0.02161 | 23.09899 | 24.0943 | 20.64356 | 3.211148 | 26.31014206
14:10 |1.013364 [ 0.034891775 |0.013364 | 10.3302 | 18.64262 | 0.0031 | -0.0229 |23.51624 | 24.0943 | 20.64356 | 3.448632 | 26.96487694
14:20 1.010764 0.037367965 | 0.010764 | 10.3242 | 18.72938 | 0.0031 | -0.02069 | 22.80423 | 24.0943 | 20.64356 | 2.770547 | 25.57477446
14:30 1.009786 0.038298701 | 0.009786 | 10.7669 | 19.42996 | 0.0031 | -0.02193 | 23.20458 | 24.0943 | 20.64356 | 2.516563 | 25.72113997
14:40 | 1.009982 | 0.038112554 |0.009982 | 4.4121 |19.36069 | 0.0031 | -0.02191 | 23.19535| 24.0943 | 20.64356 | 2.567321 [ 25.7626748
14:50 1.011968 0.036220779 |0.011968 | 9.6879 | 18.97549| 0.0031 -0.0226 | 23.4204 | 24.0943 | 20.64356 | 3.084267 | 26.50466516
15:00 1.013009 0.035229437 | 0.013009 | 2.5413 | 18.54691| 0.0031 | -0.02227 | 23.31161| 24.0943 | 20.64356 | 3.355963 | 26.66757395
15:10 |1.012782| 0.035445887 |0.012782| 2.5528 |18.39019| 0.0031 | -0.02156 | 23.08507 | 24.0943 | 20.64356 | 3.296594 | 26.38166015
15:20 1.01405 | 0.034238095 0.01405 | 2.4859 |18.05196( 0.0031 | -0.02172 | 23.13645| 24.0943 | 20.64356 | 3.628211 | 26.76465714
15:30 1.013041 0.035199134 | 0.013041| 4.1806 | 18.05917| 0.0031 | -0.02078 | 22.83365| 24.0943 | 20.64356 | 3.364277 | 26.19792255
15:40 1.01665 0.031761905 0.01665 1.7574 |17.46692 | 0.0031 | -0.02239 | 23.35017 | 24.0943 | 20.64356 | 4.310648 | 27.6608221
15:50 | 1.014927 | 0.033402597 |0.014927| 1.5817 |17.51235| 0.0031 | -0.02089 | 22.86635 | 24.0943 | 20.64356 | 3.858089 | 26.72443539
16:00 1.0201 0.02847619 0.0201 1.2059 | 16.53542| 0.0031 | -0.02278 | 23.47859 | 24.0943 | 20.64356 | 5.221505 | 28.70009356
16:10 1.021436 0.027203463 | 0.021436| 0.8844 | 15.97249| 0.0031 | -0.02231 | 23.32621 | 24.0943 | 20.64356 | 5.575956 | 28.90216592
16:20 | 1.018927 | 0.029593074 |0.018927 | 0.9804 | 16.01506 | 0.0031 | -0.02005 | 22.59794 | 24.0943 | 20.64356 | 4.911206 | 27.50914498
16:30 | 1.020523 [ 0.028073593 |0.020523 | 0.7503 | 16.50422 | 0.0031 | -0.02309 | 23.57725| 24.0943 | 20.64356 | 5.333529 [ 28.91078051
16:40 1.025436 0.023393939 | 0.025436| 0.5773 | 15.24784| 0.0031 | -0.02387 | 23.83044 | 24.0943 | 20.64356 | 6.642333 | 30.47277574
16:50 1.026055 0.022805195 | 0.026055| 0.3624 | 15.19667| 0.0031 -0.0243 | 23.96919 | 24.0943 | 20.64356 | 6.807863 | 30.7770557
17:00 |1.026736| 0.022155844 |0.026736| 0.0816 |14.62964 | 0.0031 | -0.0232 |23.61163 | 24.0943 | 20.64356| 6.99066 | 30.60228921
17:10 1.021859 0.026800866 | 0.021859 | -0.0959 | 14.65736| 0.0031 | -0.01864 | 22.14095 | 24.0943 | 20.64356 | 5.688267 | 27.82921689
17:20 1.019973 0.028597403 | 0.019973| -0.137 | 16.03079| 0.0031 -0.0211 | 22.93485| 24.0943 | 20.64356 | 5.187795 | 28.12264413
17:30 1.02225 | 0.026428571 0.02225 | -0.1199 | 16.1155 [ 0.0031 | -0.02353 | 23.71918 | 24.0943 | 20.64356 | 5.792206 | 29.51138998
17:40 |1.019936| 0.028632035 |0.019936| -0.1688 | 16.12387 | 0.0031 | -0.02135 | 23.01676 | 24.0943 | 20.64356 | 5.178165 | 28.19492613
17:50 1.017336 0.031108225 |0.017336| -0.166 | 16.58049| 0.0031 | -0.02029 | 22.67462 | 24.0943 | 20.64356 | 4.491377 | 27.16599244
18:00 1.008777 0.03925974 0.008777 | -0.1619 |17.17896| 0.0031 -0.014 | 20.64356 | 24.0943 | 20.64356 | 2.254819 | 22.89838214

Table D.3 — DHC + EES values day 11'" of April 2015.



REFERENCES AND APPENDIXES 175
Time Vo deltaVmax deltav Pliquido MaxP a b HC min max storage HC+Storage
7:10 1.020395455 | 0.028194805 | 0.020395455 1.2865 16.01704975 | 0.0033 [-0.024661459 | 22.62468454 | 23.78308517 | 22.243509 | 6.138423704 | 28.76310824
7:20 1.018668182 | 0.029839827 | 0.018668182 1.874 16.79174051 | 0.0033 [-0.025572917 | 22.90088389 | 23.78308517 | 22.243509 | 5.299791597 | 28.20067549
7:30 1.021077273 | 0.027545455 | 0.021077273 2.3412 16.97867745 | 0.0033 [-0.028484181 | 23.78308517 | 23.78308517 | 22.243509 | 4.842745557 | 28.62583072
7:40 1.019613636 | 0.028939394 | 0.019613636 2.6985 17.01190018 | 0.0033 [-0.027199877 | 23.39390201 | 23.78308517 | 22.243509 | 5.480622799 | 28.87452481
7:50 1.017040909 [ 0.03138961 | 0.017040909 | 2.9457 17.11850941 | 0.0033 |-0.025101471 22.75802141 | 23.78308517 | 22.243509 | 5.09272989 27.8507513
8:00 1.019581818 | 0.028969697 | 0.019581818 4.5822 17.16908711 | 0.0033 [-0.027688291 | 23.54190621 | 23.78308517 | 22.243509 | 4.413550193 | 27.95545641
8:10 1.02085 0.027761905 0.02085 5.231 16.58538962 | 0.0033 |-0.026969881| 23.32420636 | 23.78308517 | 22.243509 | 5.084309553 | 28.40851591
8:20 1.02085 0.027761905 0.02085 6.0044 16.58605315 | 0.0033 [-0.026972071 | 23.32486988 | 23.78308517 | 22.243509 | 5.420319424 | 28.74518931
8:30 1.020459091 [ 0.028134199 | 0.020459091 | 6.6043 16.85023175 | 0.0033 |-0.027471566 | 23.47623202 | 23.78308517 | 22.243509 | 5.420319424 | 28.89655144
8:40 1.022054545 | 0.026614719 | 0.022054545 7.1111 16.24585427 | 0.0033 | -0.0269966 | 23.33230317 |23.78308517 | 22.243509 | 5.316659158 | 28.64896233
8:50 1.019090909 | 0.029437229 | 0.019090909 7.5823 16.31853303 | 0.0033 | -0.02441393 | 22.54967563 | 23.78308517 | 22.243509 | 5.740227086 | 28.28990271
9:00 1018213636 [ 0.030272727 | 0.018213636| 7.9623 17.27791807 | 0.0033 |-0.026744402| 23.25587951 | 23.78308517 | 22.243509 | 4.954461126 | 28.21034063
9:10 1.017040909 0.03138961 0.017040909 8.4156 17.38981383 | 0.0033 [-0.025996775 | 23.02932583 | 23.78308517 | 22.243509 | 4.722722837 | 27.75204867
9:20 1018831818 [ 0.029683983 | 0.018831818 | 8.6858 17.10578011 | 0.0033 |-0.026765092| 23.262149 |23.78308517 | 22.243509 | 4.413550193 | 27.67569919
9:30 1.016131818 | 0.032255411 | 0.016131818 9.0492 17.07158883 | 0.0033 |[-0.024080832 ( 22.44873693 | 23.78308517 | 22.243509 | 4.885979497 | 27.33471643
9:40 1.014081818 | 0.034207792 | 0.014081818 9.3572 18.00323662 | 0.0033 [-0.025202889 ( 22.78875413 | 23.78308517 | 22.243509 | 4.174363433 | 26.96311757
9:50 1.015545455 | 0.032813853 | 0.015545455 9.4951 17.99970437 | 0.0033 [-0.026585172 ( 23.20762776 | 23.78308517 | 22.243509 | 3.636542077 | 26.84416983
10:00 1.019027273 | 0.029497835 | 0.019027273 9.9475 17.05426126 | 0.0033 [-0.026781227 | 23.26703839 | 23.78308517 | 22.243509 | 4.020311277 | 27.28734966
10:10 1019545455 [  0.029004329 | 0.019545455 | 10.3643 16.93819315 | 0.0033 |-0.026891708 | 23.30051769 | 23.78308517 | 22.243509 | 4.93763791 28.2381556
10:20 1.016195455 | 0.032194805 | 0.016195455| 10.3934 16.93178741 | 0.0033 [-0.023680093 [ 22.32730099 | 23.78308517 | 22.243509 | 5.074686942 | 27.40198793
10:30 1.017109091 [ 0.031324675 | 0.017109091 | 11.1252 17.73183169 | 0.0033 |-0.027190369 | 23.39102099 | 23.78308517 | 22.243509 | 4.191092805 | 27.58211379
10:40 1.017595455 | 0.030861472 | 0.017595455 | 12.0009 17.41764972 | 0.0033 [-0.026616772( 23.2172037 |23.78308517 | 22.243509 | 4.431506169 | 27.64870987
10:50 1.017009091 [ 0.031419913 | 0.017009091 | 11.5254 17.3769647 | 0.0033 | -0.02592407 | 23.00729396 | 23.78308517 | 22.243509 | 4.559660811 | 27.56695477
11:00 1.018309091 | 0.030181818 | 0.018309091 | 11.2792 17.23820022 | 0.0033 [-0.026704243 | 23.24370986 | 23.78308517 | 22.243509 | 4.405171548 | 27.64838141
11:10 1.016454545 | 0.031948052 | 0.016454545| 10.9878 17.27235658 | 0.0033 [-0.025050725 | 22.74264387 | 23.78308517 | 22.243509 | 4.747918879 | 27.49056275
11:20 1015318182 [ 0.033030303 | 0.015318182 11.62 17.69955211 | 0.0033 |-0.025378219| 22.84188452 | 23.78308517 | 22.243509 | 4.259226542 | 27.10111106
11:30 1.016263636 0.03212987 0.016263636 | 11.2492 17.85004802 | 0.0033 [-0.026775288 | 23.26523889 | 23.78308517 | 22.243509 | 3.960648229 | 27.22588712
11:40 1018895455 [ 0.029623377 | 0.018895455 | 11.9312 17.21610895 | 0.0033 |-0.027189783| 23.39084331 | 23.78308517 | 22.243509 | 4.209019421 | 27.59986273
11:50 1.01675 0.031666667 0.01675 12.159 17.18939266 | 0.0033 |[-0.025058329 ( 22.74494821 | 23.78308517 | 22.243509 | 4.902796379 | 27.64774459
12:00 1018118182 [ 0.030363636 | 0.018118182 | 11.9382 17.11703427 | 0.0033 |-0.026122577| 23.06744749 | 23.78308517 | 22.243509 | 4.336964634 | 27.40441213
12:10 1.019354545 | 0.029186147 | 0.019354545 | 11.5015 16.96718158 | 0.0033 [-0.026805552 | 23.27440971 | 23.78308517 | 22.243509 | 4.697531435| 27.97194114
12:20 1.017790909 | 0.030675325 | 0.017790909 | 11.6453 16.93903988 | 0.0033 [-0.025223507 | 22.7950021 |23.78308517 | 22.243509 | 5.024179282| 27.81918139
12:30 1.017531818 | 0.030922078 | 0.017531818 | 12.6806 17.44839799 | 0.0033 [-0.026657635| 23.2295865 |23.78308517 | 22.243509 | 4.611196146| 27.84078264
12:40 1.015122727 0.03321645 0.015122727 | 12.8646 17.53595296 | 0.0033 [-0.024652195 | 22.62187714 | 23.78308517 | 22.243509 | 4.542886063 27.1647632
12:50 1015645455 [  0.032718615 | 0.015645455 | 13.1786 17.89575885 | 0.0033 |-0.026337389| 23.13254227 | 23.78308517 | 22.243509 | 3.909359049 | 27.04190132
13:00 1.0174 0.031047619 0.0174 13.0753 17.41707518 | 0.0033 [-0.026428729( 23.16022092 | 23.78308517 | 22.243509 | 4.046571352 | 27.20679227
13:10 1018245455 [  0.030242424 | 0.018245455 | 11.816 1732559123 | 0.0033 |-0.026932027| 23.3127354 | 23.78308517 | 22.243509 | 4.508144933 | 27.82088033
13:20 1.016718182 0.03169697 0.016718182 | 11.7846 17.32431792 | 0.0033 [-0.025473279( 22.87069074 | 23.78308517 | 22.243509 | 4.731121002 | 27.60181174
13:30 1.01805 0.030428571 0.01805 11.2557 17.35592305 | 0.0033 [-0.026845975 | 23.28665898 | 23.78308517 | 22.243509 | 4.328590703 | 27.61524968
13:40 1.020327273 0.02825974 0.020327273 | 11.6592 16.90335271 | 0.0033 [-0.027521324( 23.49131021 | 23.78308517 | 22.243509 | 4.679540418 | 28.17085063
13:50 1.021209091 | 0.027419913 | 0.021209091 | 11.6315 16.59059472 | 0.0033 [-0.027329049( 23.4330452 |23.78308517 | 22.243509 | 5.281721499 28.7147667
14:00 1021563636 [ 0.027082251 | 0.021563636 | 11.7311 16.56477033 | 0.0033 |-0.027581491| 23.50954272 | 23.78308517 | 22.243509 | 5.51561081 | 29.02515353
14:10 1.022572727| 0.026121212 | 0.022572727 | 10.7475 16.31523545 | 0.0033 [-0.027719065 | 23.55123177 | 23.78308517 | 22.243509 | 5.609760409 | 29.16099218
14:20 1.021759091 [ 0.026896104 | 0.021759091 | 10.4247 16.19941022 | 0.0033 | -0.02656195 | 23.20059085 | 23.78308517 | 22.243509 | 5.87807507 | 29.07866592
14:30 1.021563636 | 0.027082251 | 0.021563636 9.1548 16.12204424 | 0.0033 [-0.026120495 | 23.06681664 | 23.78308517 | 22.243509 | 5.661690769 | 28.72850741
14:40 1.022445455 | 0.026242424 | 0.022445455 8.8048 15.93051222 | 0.0033 [-0.026328266( 23.1297776 |23.78308517 | 22.243509 | 5.609760409 | 28.73953801
14:50 1.020131818 | 0.028445887 | 0.020131818 8.5166 15.89640796 | 0.0033 |[-0.024012259 | 22.42795722 | 23.78308517 | 22.243509 | 5.844205 28.27216222
15:00 1.023127273 | 0.025593074 | 0.023127273 8.3118 15.71629489 | 0.0033 | -0.0262707 | 23.1123332 |23.78308517 | 22.243509 | 5.229933674 | 28.34226687
15:10 1.022281818 | 0.026398268 | 0.022281818 | 7.8433 15.71200485 | 0.0033 |-0.025451348 | 22.86404473 | 23.78308517 | 22.243509 | 6.025748086 | 28.88979282
15:20 1.021922727 0.02674026 0.021922727 7.6916 16.10909596 | 0.0033 [-0.026419757( 23.1575021 |23.78308517 | 22.243509 | 5.800669891 | 28.95817199
15:30 1.02085 0.027761905 0.02085 7.1586 16.15606491 | 0.0033 |-0.025553109| 22.89488165 | 23.78308517 | 22.243509 | 5.705182313 | 28.60006397
15:40 1.022281818 | 0.026398268 | 0.022281818 6.4443 16.03703863 | 0.0033 [-0.026523959 | 23.18907851 | 23.78308517 | 22.243509 | 5.420319424 | 28.60939793
15:50 1.021827273 [ 0.026831169 | 0.021827273 | 5.8554 16.09507005 | 0.0033 |-0.026282562 | 23.11592798 | 23.78308517 | 22.243509 | 5.800669891 | 28.91659787
16:00 1.024654545 | 0.024138528 | 0.024654545 5.3966 15.53079255 | 0.0033 [-0.027113087 | 23.36760221 | 23.78308517 | 22.243509 | 5.679810588 29.0474128
16:10 1.02635 0.02252381 0.02635 5.1591 15.02373351 | 0.0033 [-0.027054511 | 23.34985184 | 23.78308517 | 22.243509 | 6.433263784 | 29.78311562
16:20 1026640909 [ 0.022246753 | 0.026640909 |  4.2336 15.05341362 | 0.0033 |-0.027429512| 23.4634884 | 23.78308517 | 22.243509 | 6.887046169 | 30.35053457
16:30 1.0269 0.022 0.0269 3.5696 14.99417402 | 0.0033 [-0.027480774 | 23.47902251 | 23.78308517 | 22.243509 | 6.965054108 | 30.44407662
16:40 1.027095455 [ 0.021813853 | 0.027095455 | 2.9978 14.91035814 | 0.0033 |-0.027390329| 23.45161486 | 23.78308517 | 22.243509 | 7.034566217 | 30.48618108
16:50 1.023777273 | 0.024974026 | 0.023777273 2.4361 14.95958656 | 0.0033 | -0.02439261 | 22.54321505 | 23.78308517 | 22.243509 | 7.087027801 | 29.63024286
17:00 1.023222727 [ 0.025502165 | 0.023222727 | 1.8122 15.70957295 | 0.0033 |-0.026339426| 23.13315946 | 23.78308517 | 22.243509 | 6.199039614 | 29.33219908
17:10 1.023681818 | 0.025064935 | 0.023681818 1.3188 15.64990678 | 0.0033 [-0.026579757 | 23.20598706 | 23.78308517 | 22.243509 | 6.051183012 | 29.25717007
17:20 1.022509091 | 0.026181818 | 0.022509091 0.2153 15.59282989 | 0.0033 | -0.02527452 | 22.81046074 | 23.78308517 | 22.243509 | 6.173577728 | 28.98403847
17:30 1021336364 [ 0.027298701 | 0.021336364 | 0.1282 15.69851694 | 0.0033 |-0.024506405 | 22.57769837 | 23.78308517 | 22.243509 | 5.861139004 | 28.43883737
17:40 1.021109091 | 0.027515152 | 0.021109091 0.03 15.94640457 | 0.0033 [-0.025107984 | 22.75999502 | 23.78308517 | 22.243509 | 5.549400736| 28.30939576
17:50 1.021109091 [ 0.027515152 | 0.021109091 | -0.0641 16.1600587 | 0.0033 [-0.025813042 | 22.97364915 | 23.78308517 | 22.243509 | 5.48906737 | 28.46271652
18:00 1.017822727 | 0.030645022 | 0.017822727 | -0.1614 16.37836445 | 0.0033 [-0.023403581( 22.2435094 |23.78308517 | 22.243509 | 5.48906737 27.73257677

Table D.4 — DHC + EES values day 12" of April 2015.




REFERENCES AND APPENDIXES 176
Time Vo deltaVmax deltaV | Pliquido MaxP a b HC min max storage HC+Storage
7:10 1.019445| 0.029099567 [0.019445| 1.6282 15.0823 0.003 | -0.01615 | 22.04911 | 23.53779 | 20.18463| 6.75550551 28.80461405
7:20 1.017473| 0.029099567 [0.019445| 1.8888 |15.77814| 0.003 | -0.01823 | 22.74495 | 23.53779 | 20.18463| 6.182064507 28.92701177
7:30 1.018832| 0.030978355 [0.017473| 2.4006 |16.28303| 0.003 | -0.01787 | 22.62358 | 23.53779 | 20.18463| 5.09272989 27.71630613
7:40 1.018864 | 0.029683983 [0.018832| 2.5081 |16.24602| 0.003 | -0.01905 | 23.01803 [ 23.53779 | 20.18463| 5.705182313 28.7232103
7:50 1.015991 0.02965368 | 0.018864 | 3.4419 16.3585 0.003 | -0.01942 | 23.14061 | 23.53779 | 20.18463| 5.774071816 28.91467958
8:00 1.014182 0.03238961 [0.015991 | 4.6569 |16.90323| 0.003 |-0.01832 |22.77336 | 23.53779|20.18463| 5.281721499 28.05507748
8:10 1.01405 0.034112554 | 0.014182| 5.4671 |[17.08945| 0.003 [-0.01716 | 22.38527 | 23.53779 | 20.18463 | 4.929227075 27.31449624
8:20 1.014505 0.034238095 0.01405 6.0555 17.27045 0.003 -0.01757 | 22.52442 | 23.53779 | 20.18463| 4.336964634 26.86138089
8:30 1.013791| 0.033805195 [0.014505| 6.7984 |17.28893| 0.003 | -0.01806 | 22.6872 | 23.53779|20.18463| 4.405171548 27.09236755
8:40 1.015377| 0.034484848 [0.013791| 7.3412 |16.38923| 0.003 | -0.01468 | 21.56095 | 23.53779 | 20.18463 | 4.320217288 25.88116302
8:50 1.020186 | 0.032974026 |[0.015377| 7.5699 |15.78925| 0.003 | -0.01439 | 21.46457 | 23.53779 | 20.18463| 5.618212863 27.08278548
9:00 1.019641| 0.028393939 [0.020186 8.079 15.66756 | 0.003 [ -0.01861 | 22.86958 | 23.53779 | 20.18463| 6.451484151 29.32106819
9:10 1.021773 0.02891342 0.019641| 7.2038 [15.35881( 0.003 |-0.01716 | 22.38767 | 23.53779 | 20.18463| 6.121455964 28.50912598
9:20 1.019382| 0.026883117 [0.021773| 9.3817 |15.35801| 0.003 | -0.01919 | 23.06363 | 23.53779 | 20.18463| 6.451484151 29.51511689
9:30 1.017959 0.029160173 | 0.019382 9.8165 15.85936 0.003 -0.01842 | 22.80597 | 23.53779 | 20.18463 5.921634424 28.72760049
9:40 1.021482 | 0.030515152 [0.017959 8.102 14.79438 | 0.003 [ -0.01387 | 21.28933 | 23.53779 | 20.18463| 5.792206314 27.08153578
9:50 1.024514| 0.027160173 [0.021482| 8.1348 |13.93228 | 0.003 | -0.01464 | 21.54555 | 23.53779 | 20.18463 | 7.026027801 28.57158278
10:00 | 1.024227 | 0.024272727 |0.024514| 10.1614 [13.87237| 0.003 |[-0.01734 | 22.44813 | 23.53779 | 20.18463| 7.910647956 30.3587767
10:10 1.0239 0.024545455 | 0.024227 | 10.3486 |[14.53531| 0.003 [-0.01906 | 23.02016 | 23.53779 | 20.18463| 7.069945149 30.09010372
10:20 | 1.022514 | 0.024857143 0.0239 10.7752 |14.57215| 0.003 | -0.01886 | 22.9531 | 23.53779 | 20.18463| 7.507420931 30.46052412
10:30 | 1.022964 | 0.026177489 |0.022514| 10.7461 |14.93344| 0.003 |[-0.01862 | 22.87427 | 23.53779 | 20.18463| 7.130964091 30.00523604
10:40 1.02455 0.025748918 | 0.022964 | 10.6101 | 14.43003 0.003 -0.01754 | 22.51372 | 23.53779 | 20.18463 6.677613409 29.19133254
10:50 1.02245 0.024238095 0.02455 | 10.7531 |14.47472| 0.003 [-0.01919 | 23.06202 | 23.53779 | 20.18463| 7.341070158 30.40308752
11:00 |1.021673 | 0.026238095 0.02245 | 10.8061 [14.94489| 0.003 -0.0186 | 22.86553 | 23.53779 | 20.18463 | 6.947986188 29.81351513
11:10 |1.022641| 0.026978355 |0.021673| 11.193 [15.37175| 0.003 [-0.01914 | 23.04563 | 23.53779 | 20.18463| 6.512235808 29.55786927
11:20 |1.022286| 0.026056277 |0.022641| 11.2174 |[15.41752| 0.003 -0.0202 | 23.39876 | 23.53779 | 20.18463 | 6.729942413 30.12870073
11:30 | 1.020768 | 0.026393939 |[0.022286| 11.0422 | 15.44099| 0.003 |-0.01993 | 23.30968 | 23.53779 | 20.18463| 6.433263784 29.74294196
11:40 |1.021736| 0.027839827 |0.020768 | 11.7228 | 15.12873| 0.003 [ -0.01755 | 22.51546 | 23.53779 | 20.18463| 6.364047983 28.87950339
11:50 | 1.019964 | 0.026917749 |0.021736| 11.6412 | 15.1598 0.003 | -0.01856 | 22.85389 | 23.53779 | 20.18463| 6.564503273 29.41839055
12:00 |1.020705| 0.028606061 |0.019964 | 11.6098 [ 15.87405| 0.003 [ -0.01902 | 23.00536 | 23.53779 | 20.18463| 5.774071816 28.77943011
12:10 1.02035 0.027900433 | 0.020705 11.6237 | 15.76997 0.003 -0.01941 | 23.13649 | 23.53779 | 20.18463 6.20752794 29.34401764
12:20 | 1.019027 | 0.028238095 0.02035 | 11.5402 [15.76923| 0.003 [-0.01907 | 23.02319 | 23.53779 | 20.18463| 6.051183012 29.07437767
12:30 |1.018445( 0.029497835 |0.019027 | 11.6721 [16.19281| 0.003 [ -0.01908 | 23.02687 | 23.53779 | 20.18463| 5.834529353 28.86139713
12:40 | 1.017732| 0.030051948 |0.018445| 11.2331 | 16.41384| 0.003 |-0.01919 | 23.06319 | 23.53779 | 20.18463| 5.524057518 28.58724781
12:50 |1.018345| 0.030731602 |0.017732| 10.991 [16.29663| 0.003 [-0.01816 | 22.71943 | 23.53779 | 20.18463| 5.368479562 28.08791018
13:00 | 1.016764 | 0.030147186 |0.018345| 10.9343 | 16.31241| 0.003 | -0.01879 | 22.93001 | 23.53779 | 20.18463| 5.51561081 28.44562343
13:10 | 1.016668 0.03165368 | 0.016764 | 10.9984 |16.65794| 0.003 | -0.01832 |22.77338 | 23.53779| 20.18463| 5.144466131 27.91784603
13:20 1.013759 0.031744589 |0.016668 [ 11.1252 | 16.59544 0.003 -0.01804 | 22.68057 | 23.53779 | 20.18463 5.264858211 27.94543211
13:30 |1.022027 | 0.034515152 |0.013759| 11.4549 [15.02301| 0.003 [ -0.01055 | 20.18463 | 23.53779 | 20.18463| 5.126416395 25.31104507
13:40 |1.023386| 0.026640693 |0.022027 | 11.6776 |14.45832| 0.003 [-0.01673 | 22.24476 | 23.53779 | 20.18463| 7.095569901 29.3403277
13:50 |1.024418 | 0.02534632 |0.023386| 10.2656 [ 14.50614| 0.003 [ -0.01817 | 22.72404 | 23.53779 | 20.18463| 7.446239934 30.1702757
14:00 |1.024773| 0.024363636 |0.024418 | 10.2601 [ 14.41928| 0.003 [-0.01889 | 22.96473 | 23.53779 | 20.18463| 7.244529297 30.20926124
14:10 | 1.022932| 0.024025974 |0.024773| 10.0129 | 14.45568| 0.003 |-0.01934 | 23.11368 | 23.53779|20.18463| 7.436453416 30.55013716
14:20 |1.025195| 0.025779221 |0.022932| 9.3448 |14.74368| 0.003 [-0.01845 | 22.81727|23.53779|20.18463| 7.087027801 29.90429664
14:30 1.024 0.023623377 | 0.025195 9.1087 14.74558 0.003 -0.02061 | 23.53779 | 23.53779 | 20.18463 7.244529297 30.78231876
14:40 1.0229 0.024761905 0.024 8.7047 14.7782 0.003 | -0.01957 | 23.1909 | 23.53779 | 20.18463 7.0174899 30.20838851
14:50 |1.022836 | 0.025809524 0.0229 8.2699 [14.79042| 0.003 | -0.01856 [ 22.85391 | 23.53779 | 20.18463 | 6.938234017 29.79214366
15:00 | 1.022805 0.02587013 0.022836| 7.8023 [14.82727| 0.003 | -0.01861 | 22.87056 | 23.53779 | 20.18463 | 6.816388705 29.68694994
15:10 |1.022609 | 0.025900433 |0.022805| 7.6082 |14.98714| 0.003 [-0.01906 | 23.02033 | 23.53779 | 20.18463| 6.807863474 29.82819508
15:20 | 1.021773 0.02608658 [ 0.022609 | 7.0972 14.9448 0.003 | -0.01875 | 22.91594 | 23.53779 | 20.18463| 6.503728992 29.41967347
15:30 |1.022932| 0.026883117 |0.021773| 6.7749 |[14.73404| 0.003 [-0.01732|22.43967 | 23.53779 | 20.18463| 6.616790196 29.05646168
15:40 1.022318 0.025779221 | 0.022932 6.3816 14.71058 0.003 -0.01835 | 22.78417 | 23.53779 | 20.18463 6.877298207 29.66146854
15:50 |1.023286| 0.026363636 |0.022318 | 5.9306 [14.76389| 0.003 [-0.01793 | 22.64267 | 23.53779 | 20.18463| 6.372546327 29.01522115
16:00 | 1.024064 [ 0.025441558 | 0.023286 5.398 14.62695| 0.003 [-0.01844 | 22.8131 | 23.53779 20.18463| 6.887046169 29.70014515
16:10 | 1.024773| 0.024701299 |0.024064 | 4.8077 14.6338 0.003 -0.0192 | 23.06671 | 23.53779 | 20.18463| 7.078486218 30.14519164
16:20 | 1.024386 | 0.024025974 |0.024773| 4.2226 |[14.60389| 0.003 [-0.01979| 23.2619 | 23.53779 20.18463| 6.95651989 30.21841922
16:30 |1.023191| 0.024393939 |0.024386| 3.5917 [14.54845| 0.003 |[-0.01925 | 23.0838 | 23.53779 | 20.18463| 7.113876136 30.19767685
16:40 |1.022482| 0.025532468 |0.023191| 3.0421 [14.94892| 0.003 |[-0.01931 | 23.10477 | 23.53779 | 20.18463| 6.782290875 29.88705753
16:50 | 1.022059| 0.026207792 |[0.022482| 2.4947 |15.17969| 0.003 |-0.01933 |23.11043 | 23.53779 | 20.18463 6.7116859 29.82211534
17:00 1.023 0.02661039 | 0.022059 1.939 14.62245| 0.003 [ -0.01726 | 22.41898 | 23.53779 | 20.18463| 6.503728992 28.92271165
17:10 1.023677 0.025714286 0.023 1.4064 14.48159 0.003 -0.01773 | 22.57683 | 23.53779 | 20.18463 7.069945149 29.64677186
17:20 |1.023936| 0.025069264 |0.023677| 0.2135 [14.46806| 0.003 [-0.01833 |22.77831|23.53779(20.18463| 7.095569901 29.87387684
17:30 | 1.022255( 0.024822511 |0.023936| 0.1259 [14.69618| 0.003 [ -0.01927 | 23.08868 | 23.53779 | 20.18463| 6.938234017 30.02691305
17:40 1.0208 0.026424242 | 0.022255| 0.0475 |[14.80629| 0.003 [-0.01799 | 22.66488 | 23.53779 | 20.18463 | 6.807863474 29.47273906
17:50 |1.017055| 0.027809524 0.0208 -0.0355 |15.39552| 0.003 |-0.01838 | 22.79234 | 23.53779| 20.18463| 6.182064507 28.97440893
18:00 | 1.008527| 0.031376623 |0.017055| -0.1471 |15.98277| 0.003 | -0.01657 | 22.19057 | 23.53779 | 20.18463| 5.618212863 27.80877846

Table D.5 — DHC + EES values day 13" of April 2015.




REFERENCES AND APPENDIXES 177
Time Vo deltaVmax | deltaV |Pliquido| MaxP a b HC min max storage | HC+Storage

7:10| 1.01457| 0.033744589| 0.01457| 1.7085| 16.7853| 0.0033| -0.0216| 21.7111| 23.8269| 20.9467 5.248| 26.95913445

7:20| 1.01669| 0.031727273| 0.01669| 1.7661| 17.6553| 0.0033| -0.0265| 23.1925| 23.8269| 20.9467| 3.76395| 26.9564145

7:30| 1.01799| 0.030489177| 0.01799| 2.4218| 17.6967| 0.0033| -0.0279| 23.609| 23.8269| 20.9467| 4.32022| 27.92926183

7:40| 1.0175| 0.030952381| 0.0175| 3.1283| 17.7141| 0.0033| -0.0275| 23.4861| 23.8269| 20.9467| 4.66275| 28.14890006

7:50| 1.01382| 0.034454545| 0.01382| 3.5507| 17.7515| 0.0033| -0.0241| 22.4623| 23.8269| 20.9467| 4.5345| 26.99678418

8:00| 1.01418| 0.034116883| 0.01418 5.042| 18.5207| 0.0033| -0.027| 23.3337| 23.8269| 20.9467| 3.56872| 26.90247116

8:10| 1.01506| 0.033277056| 0.01506| 5.0484| 18.4887| 0.0033| -0.0277| 23.5563| 23.8269| 20.9467| 3.66154| 27.21781251

8:20| 1.02332| 0.025406926| 0.02332| 5.8868| 15.8211| 0.0033| -0.0268| 23.2735| 23.8269| 20.9467| 3.89266| 27.16618395

8:30| 1.02195| 0.026709957| 0.02195| 6.3299| 15.9157( 0.0033| -0.0258| 22.9733| 23.8269| 20.9467| 6.07783| 29.05111284

8:40| 1.02221| 0.026463203| 0.02221 7.088| 16.1423| 0.0033| -0.0268| 23.2747| 23.8269| 20.9467| 5.71364| 28.98832869

8:50| 1.02218| 0.026493506| 0.02218| 8.7407| 16.397[ 0.0033| -0.0276| 23.5202| 23.8269| 20.9467| 5.78253| 29.30272536

9:00| 1.02349| 0.025251082| 0.02349| 8.1039| 16.1268| 0.0033| -0.028| 23.6265| 23.8269| 20.9467| 5.77407| 29.40053075

9:10| 1.02378| 0.024974026| 0.02378| 8.2842| 16.0796| 0.0033| -0.0281| 23.6633| 23.8269| 20.9467| 6.12146| 29.78471052

9:20| 1.02482| 0.023982684| 0.02482| 8.5562| 15.9429| 0.0033| -0.0286| 23.8269| 23.8269| 20.9467| 6.19904| 30.02596713

9:30| 1.02358| 0.025160173| 0.02358 8.826| 15.935[ 0.0033| -0.0274| 23.4622| 23.8269| 20.9467 6.477| 29.93919128

9:40| 1.02153| 0.027112554| 0.02153| 9.0663| 16.0283| 0.0033| -0.0258| 22.9639| 23.8269| 20.9467| 6.14691| 29.11080203

9:50| 1.02114| 0.027484848| 0.02114| 9.3383| 16.5072( 0.0033| -0.027 23.33| 23.8269| 20.9467| 5.60131| 28.93130462
10:00( 1.01909| 0.029437229( 0.01909| 9.5421| 16.5879| 0.0033| -0.0253| 22.819| 23.8269| 20.9467| 5.49751| 29.32443997
10:10( 1.01987| 0.028692641| 0.01987| 9.8516| 16.9678| 0.0033| -0.0273| 23.4246| 23.8269| 20.9467| 4.95446( 28.37904934
10:20( 1.01925| 0.029281385( 0.01925| 10.1808| 16.8577| 0.0033| -0.0263| 23.1361| 23.8269| 20.9467| 5.16131| 28.29740926
10:30( 1.01418| 0.034116883| 0.01418| 10.3297| 17.3013| 0.0033| -0.023| 22.1144| 23.8269| 20.9467( 4.99773| 27.11211231
10:40( 1.01353| 0.034735931| 0.01353| 10.7383| 18.4314 0.0033| -0.0261| 23.0569| 23.8269| 20.9467( 3.66154| 26.7184382
10:50( 1.01148| 0.036688312( 0.01148| 10.9859| 17.1286| 0.0033| -0.0198| 21.1624| 23.8269| 20.9467| 3.49142( 24.65384017
11:00( 1.01821| 0.030272727( 0.01821| 11.4498| 17.126] 0.0033| -0.0262| 23.1039| 23.8269| 20.9467| 2.95632( 26.06023532
11:10( 1.01519| 0.033155844( 0.01519| 12.2328| 18.1394| 0.0033| -0.0267| 23.2437| 23.8269| 20.9467| 4.72272| 27.96646244
11:20( 1.01522| 0.033125541| 0.01522| 12.6022| 16.726| 0.0033| -0.0221| 21.8395| 23.8269| 20.9467| 3.92606( 25.76556535
11:30( 1.01932| 0.029220779| 0.01932| 12.1618| 16.7193| 0.0033| -0.026] 23.016| 23.8269| 20.9467| 3.9344( 26.95045462
11:40( 1.01883| 0.029683983( 0.01883| 12.5381| 16.5155| 0.0033| -0.0248| 22.6718| 23.8269| 20.9467| 5.01456( 27.68638999
11:50( 1.02085| 0.027761905( 0.02085| 13.6711| 15.7273| 0.0033| -0.0241| 22.4661| 23.8269| 20.9467| 4.88598| 27.35205785
12:00( 1.02508| 0.023735931( 0.02508| 13.3783| 15.722| 0.0033| -0.0281| 23.6808| 23.8269| 20.9467| 5.42032( 29.1010978
12:10( 1.02482| 0.023982684( 0.02482| 12.6548| 14.9875| 0.0033| -0.0255| 22.8715| 23.8269| 20.9467| 6.54627| 29.41780576
12:20( 1.02658| 0.022307359| 0.02658| 12.5754| 14.6043| 0.0033| -0.0259| 22.996| 23.8269| 20.9467 6.477| 29.47299965
12:30( 1.02778| 0.021164502| 0.02778| 12.0046| 14.6341| 0.0033| -0.0271| 23.3721| 23.8269| 20.9467| 6.94799| 30.32012188
12:40( 1.02599| 0.022865801| 0.02599( 11.7551| 14.9224| 0.0033| -0.0264| 23.1449| 23.8269| 20.9467| 7.27019| 30.41505269
12:50( 1.02664| 0.022246753| 0.02664| 11.9525| 14.9861| 0.0033| -0.0272| 23.3962| 23.8269| 20.9467 6.79081| 30.18699102
13:00f 1.0267| 0.022186147| 0.0267| 11.9935| 15.026( 0.0033| -0.0274| 23.4545| 23.8269| 20.9467 6.96505| 30.41953685
13:10( 1.02124| 0.02738961| 0.02124| 12.4399| 16.4647 0.0033| -0.0269| 23.3163| 23.8269| 20.9467 6.98212| 30.29840819
13:20( 1.0175| 0.030952381| 0.0175 11.798| 17.4951| 0.0033| -0.0268| 23.2671| 23.8269| 20.9467| 5.52406( 28.79119433
13:30( 1.01541| 0.032939394( 0.01541| 11.6126| 18.324| 0.0033| -0.0275| 23.4939| 23.8269| 20.9467| 4.5345( 28.02837337
13:40( 1.01577| 0.032597403( 0.01577( 11.2004| 18.2522| 0.0033| -0.0276| 23.5257| 23.8269| 20.9467| 3.9857( 27.5113742
13:50( 1.01483| 0.033493506( 0.01483( 11.3322| 17.8053| 0.0033| -0.0253| 22.8072| 23.8269| 20.9467 4.08| 26.88722013
14:00( 1.0163| 0.032099567( 0.0163| 10.7309| 17.8177| 0.0033| -0.0267| 23.2421| 23.8269| 20.9467| 3.83306( 27.07511471
14:10( 1.01089| 0.037246753| 0.01089| 10.2587| 19.6146| 0.0033| -0.0275| 23.4792| 23.8269| 20.9467| 4.21739| 27.69659869
14:20( 1.00959| 0.038484848| 0.00959( 10.3012| 18.8137| 0.0033| -0.0236| 22.3032| 23.8269| 20.9467| 2.80366( 25.10684075
14:30( 1.01314| 0.035108225( 0.01314| 9.4863| 18.2403| 0.0033| -0.0251| 22.753| 23.8269| 20.9467| 2.46582( 25.21881581
14:40( 1.0146| 0.033714286( 0.0146 9.0999| 17.6395| 0.0033| -0.0245| 22.5746| 23.8269| 20.9467| 3.38922( 25.96382469
14:50( 1.0174| 0.031047619| 0.0174 9.2678| 17.4776| 0.0033| -0.0266| 23.2208| 23.8269| 20.9467| 3.77229| 26.99304149
15:00( 1.01782| 0.030645022( 0.01782| 8.5562| 17.3547| 0.0033| -0.0266| 23.2198| 23.8269| 20.9467| 4.50814| 27.72798375
15:10( 1.01841| 0.03008658( 0.01841| 7.8134| 17.3177| 0.0033| -0.0271| 23.3521| 23.8269| 20.9467| 4.61959| 27.97168175
15:20 1.016| 0.032380952 0.016| 7.1364| 17.9561| 0.0033| -0.0269| 23.2952| 23.8269| 20.9467| 4.77432| 28.06955618
15:30( 1.01242| 0.035787879| 0.01242| 6.7648| 17.6355[ 0.0033| -0.0224| 21.9422| 23.8269| 20.9467( 4.13972| 26.08193869
15:40| 1.01669| 0.031727273| 0.01669| 6.2003| 17.6375 0.0033| -0.0265| 23.1747| 23.8269| 20.9467( 3.20284| 26.37753459
15:50( 1.01499| 0.033341991| 0.01499| 5.6451| 17.4024 0.0033| -0.0241| 22.4503| 23.8269| 20.9467( 4.32022| 26.77049417
16:00( 1.01919| 0.029341991| 0.01919| 5.1527| 17.3566| 0.0033| -0.0279| 23.6166| 23.8269| 20.9467| 3.87478| 27.49138478
16:10( 1.01857| 0.029930736( 0.01857| 4.6519| 17.5127| 0.0033| -0.0279| 23.5942| 23.8269| 20.9467| 4.9809( 28.57514997
16:20( 1.01808| 0.030398268( 0.01808| 4.0971| 17.423| 0.0033| -0.0271| 23.3629| 23.8269| 20.9467| 4.81753| 28.1804577
16:30( 1.01802| 0.030458874( 0.01802 3.47| 16.1939( 0.0033| -0.023| 22.1155| 23.8269| 20.9467| 4.68794| 26.80343797
16:40( 1.02225| 0.026428571| 0.02225| 2.8461| 14.978| 0.0033| -0.023| 22.1208| 23.8269| 20.9467| 4.67115| 26.79196581
16:50( 1.02674| 0.022155844( 0.02674| 2.3633| 14.8648| 0.0033| -0.0269| 23.3024| 23.8269| 20.9467| 5.79221| 29.09461714
17:00( 1.02703| 0.021874459( 0.02703| 1.7878| 14.8728| 0.0033| -0.0272| 23.3957| 23.8269| 20.9467| 6.99066( 30.38639791
17:10( 1.02518| 0.023640693| 0.02518 1.234( 15.2224| 0.0033| -0.0266 23.21| 23.8269| 20.9467| 7.06995| 30.27999326
17:20( 1.02456| 0.024229437| 0.02456| 0.2149| 15.0709| 0.0033| -0.0255| 22.8801| 23.8269| 20.9467| 6.57301 29.453158
17:30( 1.02605| 0.022805195( 0.02605 0.136| 15.1378| 0.0033| -0.0271| 23.3786| 23.8269| 20.9467| 6.40776| 29.78639807
17:40( 1.02332| 0.025406926( 0.02332 0.0184| 15.7496| 0.0033| -0.0266| 23.2021| 23.8269| 20.9467| 6.80786( 30.00991423
17:50( 1.01854| 0.029961039| 0.01854| -0.0978| 16.6895 0.0033| -0.0251| 22.7619| 23.8269| 20.9467 6.07783| 28.83978212
18:00f 1.0147| 0.033619048| 0.0147| -0.1614| 15.9828( 0.0033| -0.0191| 20.9467| 23.8269| 20.9467 4.80913| 25.75582694

Table D.6 — DHC + EES values day 14" of April 2015.




REFERENCES AND APPENDIXES 178
Time Vo deltaVmax deltav Pliquido MaxP a b HC min max storage HC+Storage
7:10 1.01447273| 0.033835498 | 0.01447273 0.7397 17.4047727| 0.003 |[-0.018379| 22.7929 | 24.025171 20.51395 | 5.16973974 | 27.96267986
7:20 1.01326818| 0.034982684 |0.01326818 0.7397 17.9463563| 0.003 |[-0.018856| 22.9521|24.025171| 20.51395 | 3.73893265| 26.69106098
7:30 1.01251818| 0.03569697 0.01251818 1.3013 18.3414206| 0.003 |[-0.019327| 23.1091 |24.025171| 20.51395 | 3.42367639| 26.53277371
7:40 1.016 0.032380952 0.016 2.7442 17.9145504| 0.003 |[-0.021363| 23.7876 | 24.025171| 20.51395 | 3.22775806 | 27.01532428
7:50 1.01456818| 0.033744589 |0.01456818 2.996 17.6950968| 0.003 |[-0.019341| 23.1136 |24.025171| 20.51395 | 4.13971629( 27.25328347
8:00 1.01476364| 0.033558442 |0.01476364 4.4213 17.5787122| 0.003 |[-0.019178| 23.0592 | 24.025171| 20.51395 | 3.76394683 | 26.82317851
8:10 1.01587273| 0.032502165 | 0.01587273 5.0964 17.4504974| 0.003 |[-0.019849( 23.2831 |24.025171| 20.51395 | 3.8151808 27.09829005
8:20 1.01421364| 0.034082251 |0.01421364 5.4893 17.4993042| 0.003 |[-0.018416| 22.8052 |24.025171| 20.51395 | 4.10627228 | 26.91149279
8:30 1.01421364| 0.034082251 |0.01421364 6.6038 17.9475509| 0.003 | -0.01976 | 23.2535|24.025171| 20.51395 | 3.67106043  26.92452766
8:40 1.01417727| 0.034116883 |0.01417727 7.7174 17.892543 0.003 |-0.019561( 23.1869 | 24.025171| 20.51395 | 3.67106043| 26.85797576
8:50 1.01440455| 0.033900433 | 0.01440455 8.4737 17.9449739| 0.003 |[-0.019934| 23.3115|24.025171| 20.51395 | 3.66153724| 26.97303353
9:00 1.01606818| 0.032316017 | 0.01606818 8.8804 17.6268702| 0.003 [-0.020565| 23.5215|24.025171| 20.51395 | 3.72106823 | 27.24259934
9:10 1.01570909| 0.032658009 | 0.01570909 8.8283 17.6192134| 0.003 -0.0202 | 23.3999 | 24.025171( 20.51395 | 4.15763612( 27.55751331
9:20 1.00861364| 0.039415584 | 0.00861364 8.2662 17.8338367| 0.003 |[-0.014086| 21.362 |24.025171| 20.51395 | 4.06328496( 25.42526017
9:30 1.01466818| 0.033649351 | 0.01466818 8.6074 18.096992 0.003 |-0.020642| 23.5472 | 24.025171| 20.51395 | 2.21242347| 25.75963195
9:40 1.01417727| 0.034116883 |0.01417727 9.0238 18.0630741( 0.003 |-0.020072( 23.3574124.025171| 20.51395 | 3.79015713 27.14760352
9:50 1.01333182| 0.034922078 | 0.01333182 9.455 18.0971082| 0.003 |[-0.019369| 23.1231|24.025171| 20.51395 | 3.66153724 | 26.78461946
10:00 1.01489545 0.0334329 0.01489545 9.9 17.4767418| 0.003 |[-0.018997| 22.9991 | 24.025171| 20.51395 | 3.44031295| 26.43942128
10:10 1.01251818| 0.03569697 0.01251818 11.471 17.5639727| 0.003 |[-0.016995| 22.3316 | 24.025171| 20.51395 | 3.84974493 | 26.18139441
10:20 1.01239091| 0.035818182 |0.01239091 11.721 18.2893919| 0.003 | -0.01905 | 23.0167 | 24.025171| 20.51395 | 3.22775806 | 26.24442266
10:30 1.01294091| 0.035294372 |0.01294091 12.337 18.174769 0.003 | -0.01923 | 23.0766 | 24.025171| 20.51395 | 3.19453974| 26.27118467
10:40 1.01209545| 0.036099567 |0.01209545| 12.2407 |18.1879792| 0.003 [-0.018464( 22.8215 [24.025171| 20.51395 | 3.33814952| 26.15960631
10:50 1.01157727| 0.036593074 |0.01157727| 12.3587 |18.8804906| 0.003 [-0.020048( 23.3495 [24.025171| 20.51395 | 3.11745761| 26.46692365
11:00 1.01385455| 0.034424242 |0.01385455| 11.9644 |18.2988822( 0.003 |-0.020472( 23.4908 [24.025171| 20.51395 | 2.98237476 26.4731762
11:10 1.01287727| 0.035354978 |0.01287727| 12.4611 |18.2991253| 0.003 [-0.019542( 23.1808 |24.025171| 20.51395 | 3.57704845| 26.75784762
11:20 1.01118636| 0.036965368 |0.01118636| 13.0656 | 18.4983915| 0.003 | -0.01853 | 22.8433 [24.025171| 20.51395 | 3.32152563| 26.16479452
11:30 1.01421364| 0.034082251 |0.01421364| 10.2804 |18.0359885| 0.003 [-0.020026( 23.3419 [24.025171| 20.51395 | 2.88056066| 26.22246546
11:40 1.01815 0.030333333 0.01815 13.5761 |16.9020455| 0.003 |-0.020373| 23.4576 |24.025171| 20.51395 | 3.67106043| 27.12866152
11:50 1.01997273| 0.028597403 |0.01997273| 13.0038 | 16.7852261| 0.003 [-0.021758( 23.9194 [24.025171| 20.51395 | 4.70592805| 28.62535334
12:00 1.02368182| 0.025064935 |0.02368182 8.3035 15.538297 0.003 | -0.02155 | 23.85 [24.025171| 20.51395 | 5.18779516| 29.03778047
12:10 1.0242 0.024571429 0.0242 13.6245 | 15.4441937| 0.003 |-0.021761| 23.9204 | 24.025171| 20.51395 | 6.17357773 30.09396186
12:20 1.0242 0.024571429 0.0242 13.4673 | 15.5114692| 0.003 |-0.021963| 23.9877 | 24.025171| 20.51395 | 6.31185518| 30.29951485
12:30 1.02488182| 0.023922078 |0.02488182| 12.8507 | 15.3202057| 0.003 [-0.022039( 24.0128 [24.025171| 20.51395 | 6.31185518| 30.32470158
12:40 1.02455909| 0.024229437 |0.02455909| 13.3026 15.111343 0.003 |-0.021105( 23.7015 | 24.025171| 20.51395 | 6.49400755| 30.19553815
12:50 1.02211818| 0.026554113 | 0.02211818 13.613 15.1664338| 0.003 |[-0.018945| 22.9817 | 24.025171| 20.51395 | 6.40775925| 29.38948891
13:00 1.02264091| 0.026056277 |0.02264091| 12.9545 |15.8463708| 0.003 [-0.021483( 23.8276 |24.025171| 20.51395 | 5.75714842| 29.58476022
13:10 1.01538182| 0.032969697 |0.01538182| 11.5794 |[15.9723716( 0.003 [-0.014947( 21.6491 [24.025171| 20.51395 | 5.89622314| 27.54536239
13:20 1.01115455| 0.036995671 |0.01115455| 11.0869 18.029903 0.003 |-0.017094| 22.3647 | 24.025171| 20.51395 | 3.97735123 26.3420306
13:30 1.01352727| 0.034735931 |0.01352727| 11.3438 |18.6373619| 0.003 [-0.021176( 23.7254 |24.025171| 20.51395 | 2.87227689| 26.59766185
13:40 1.01349545| 0.034766234 | 0.01349545 10.896 18.5068564| 0.003 |[-0.020754| 23.5848 | 24.025171| 20.51395 | 3.49142385( 27.07620236
13:50 1.01405 0.034238095 0.01405 10.9693 | 18.4574928| 0.003 |-0.021134| 23.7115|24.025171| 20.51395 | 3.48310214| 27.19456318
14:00 1.01521818| 0.033125541 |0.01521818 10.593 18.2581489| 0.003 |[-0.021649| 23.883 |24.025171 20.51395 | 3.62821139( 27.51117992
14:10 1.01427727| 0.034021645 |0.01427727 9.9489 18.3254399| 0.003 |[-0.020955| 23.6516 | 24.025171| 20.51395 | 3.93440482( 27.58596309
14:20 1.01316818| 0.035077922 |0.01316818 9.5301 18.346629 0.003 |-0.019962( 23.3207 | 24.025171| 20.51395 | 3.68772764| 27.00838261
14:30 1.01170455| 0.036471861 | 0.01170455 8.9906 18.3833545| 0.003 |[-0.018678| 22.8927 | 24.025171 20.51395 | 3.39753739 | 26.29027144
14:40 1.01499091| 0.033341991 |0.01499091 9.2853 18.1626717| 0.003 |[-0.021146| 23.7153|24.025171| 20.51395 | 3.01554034 | 26.73088154
14:50 1.01580455 0.0325671 0.01580455 9.1331 17.8567429| 0.003 |[-0.021003| 23.6677 | 24.025171| 20.51395 | 3.87477966 | 27.54248933
15:00 1.02088182| 0.027731602 | 0.02088182 8.6356 16.4971758| 0.003 | -0.02176 | 23.92 |24.025171| 20.51395 | 4.08835924 | 28.00833449
15:10 1.02068636| 0.027917749 | 0.02068636 7.9877 16.422271 0.003 |-0.021349( 23.783 [24.025171| 20.51395 | 5.42876031| 29.21178172
15:20 1.01675 0.031666667 0.01675 7.58 16.6080174| 0.003 |[-0.018157| 22.7191|24.025171| 20.51395 | 5.37691728 | 28.09604577
15:30 1.01873636| 0.029774892 |0.01873636 7.0737 17.2162755| 0.003 |[-0.021874| 23.958 |24.025171| 20.51395 | 4.33696463 | 28.29494283
15:40 1.01805 0.030428571 0.01805 6.7113 16.9926658| 0.003 |[-0.020549| 23.5165 | 24.025171 20.51395 | 4.86075804 28.3772334
15:50 1.01925455| 0.029281385 | 0.01925455 6.2635 16.7982965| 0.003 |[-0.021114| 23.7045|24.025171| 20.51395 | 4.67954042  28.38404183
16:00 1.01860455| 0.029900433 | 0.01860455 5.5169 16.6244726| 0.003 |[-0.019973| 23.3243|24.025171| 20.51395 | 4.9977303 28.32205863
16:10 1.01902727| 0.029497835 |0.01902727 4.3369 16.4723703| 0.003 |[-0.019919| 23.3064 | 24.025171| 20.51395 | 4.82593604 | 28.13236113
16:20 1.0202 0.028380952 0.0202 3.8495 16.4892796| 0.003 |[-0.021087| 23.6956 | 24.025171| 20.51395 | 4.93763791| 28.63326671
16:30 1.02146818| 0.02717316 0.02146818 3.5267 16.3023919| 0.003 |[-0.021734| 23.9113 |24.025171| 20.51395 | 5.24799698 | 29.15933546
16:40 1.02524091| 0.023580087 | 0.02524091 2.853 15.0106815| 0.003 |[-0.021452| 23.8173 | 24.025171| 20.51395 | 5.58440614  29.40172547
16:50 1.02195455| 0.026709957 | 0.02195455 2.3047 15.056566 0.003 | -0.01846 | 22.8199 [ 24.025171| 20.51395 | 6.59003632| 29.40995012
17:00 1.02804091| 0.02091342 0.02804091 1.1039 14.3296446| 0.003 |[-0.022076| 24.0252 |24.025171| 20.51395 | 5.71364059 | 29.73881184
17:10 1.01632727| 0.032069264 |0.01632727 0.3463 14.537042 0.003 |-0.011542| 20.514 [24.025171| 20.51395 | 7.34107016| 27.85502415
17:20 1.01866818| 0.029839827 |0.01866818 0.1923 17.0349718| 0.003 |[-0.021265| 23.755 |24.025171| 20.51395 | 4.22575307 27.9807826
17:30 1.02293182| 0.025779221 |0.02293182 0.041 15.6565347| 0.003 | -0.02119 | 23.7301 | 24.025171| 20.51395 | 4.84274556 | 28.57287328
17:40 1.02257273| 0.026121212 |0.02257273| -0.0775 |15.5875733| 0.003 [-0.020642( 23.5472 |24.025171| 20.51395 | 5.97368153| 29.52085074
17:50 1.01479545| 0.033528139 |0.01479545| -0.1374 15.887574 0.003 |-0.014135( 21.3782 [ 24.025171| 20.51395 | 5.87807507| 27.25626959
18:00 1.01050455| 0.037614719 |0.01050455| -0.1619 |17.9161402| 0.003 [-0.016134( 22.0446 |24.025171| 20.51395 | 3.82352306| 25.86809038

Table D.7 — DHC + EES values day 15" of April 2015.
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Time Vo deltaVmax deltaV | Pliquido | MaxP a b HC min max storage | HC+Storage
7:10 1.014018 | 0.034268398 | 0.014018| 0.6424 |16.94446| 0.0037 |-0.02843 [ 21.19624 | 24.62046 | 21.19624 | 4.894388 | 26.09063205
7:20 1.015677 | 0.032688312 | 0.015677| 1.6725 |[17.99935| 0.0037 | -0.03391 | 22.67819 | 24.62046 | 21.19624 | 3.619881 | 26.29807031
7:30 1.013595| 0.034670996 |0.013595| 1.4272 |[17.84903 | 0.0037 |-0.03137 [ 21.992 |24.62046 | 21.19624 | 4.054928 | 26.04692785
7:40 1.013205 0.03504329 0.013205 2.8 18.60447 | 0.0037 | -0.03379 | 22.64683 | 24.62046 | 21.19624 | 3.509258 | 26.15608383
7:50 1.013009 0.035229437 [ 0.013009 | 3.4732 |18.56408 | 0.0037 | -0.03346 | 22.55612 | 24.62046 | 21.19624 | 3.407042 | 25.96316514
8:00 1.016782 | 0.031636364 |[0.016782| 4.7492 |17.74346| 0.0037 |-0.03401 | 22.7066 | 24.62046 | 21.19624 | 3.355963 | 26.06256598
8:10 1.015805 0.0325671 0.015805| 4.7095 |17.72111( 0.0037 -0.033 | 22.43271 | 24.62046 | 21.19624 | 4.345339 | 26.77804875
8:20 1.014668 | 0.033649351 | 0.014668| 5.6202 |17.73368 | 0.0037 | -0.03197 |22.15277 | 24.62046 | 21.19624 | 4.088359 | 26.24112871
8:30 1.019386 | 0.029155844 |[0.019386| 7.0271 |[17.03952 | 0.0037 | -0.03389 [ 22.67308 | 24.62046 | 21.19624 | 3.790157 | 26.46323688
8:40 1.017368 0.031077922 | 0.017368 | 7.4108 |17.01231| 0.0037 | -0.03187 | 22.12638 | 24.62046 | 21.19624 | 5.032596 | 27.15898038
8:50 1.013236| 0.035012987 |[0.013236| 7.0788 | 17.48244 | 0.0037 |-0.02967 | 21.53299 | 24.62046 | 21.19624  4.49976 | 26.0327485
9:00 1.011932| 0.036255411 |[0.011932| 5.5603 | 18.43889 | 0.0037 | -0.03197 | 22.15365 | 24.62046 | 21.19624 | 3.415359 | 25.56900665
9:10 1.009886 | 0.038203463 |[0.009886| 4.3577 |18.82602 | 0.0037 | -0.03145 [ 22.01427 | 24.62046 | 21.19624 | 3.074785 | 25.08905876
9:20 1.01395 0.034333333 0.01395 | 10.908 18.5057 | 0.0037 | -0.03414 | 22.73994 | 24.62046 | 21.19624 | 2.542529 | 25.28246788
9:30 1.014373 | 0.033930736 |0.014373| 9.7727 |18.26983 | 0.0037 | -0.03367 | 22.61287 | 24.62046 | 21.19624 | 3.602033 | 26.21490718
9:40 1.015936 | 0.032441558 |[0.015936| 10.7697 | 18.11834 | 0.0037 -0.0346 | 22.86386 | 24.62046 | 21.19624 | 3.712732 | 26.57659607
9:50 1.0133 0.034952381 0.0133 10.1384 | 18.24333 | 0.0037 | -0.03255 | 22.31025 | 24.62046 | 21.19624 | 4.122993 | 26.43324256
10:00 | 1.015155( 0.033186147 |0.015155| 10.8836 | 18.14077| 0.0037 | -0.03393 | 22.68506 | 24.62046 | 21.19624 | 3.431994 | 26.11705297
10:10 | 1.013823 | 0.034454545 |0.013823| 10.3173 | 18.18394| 0.0037 | -0.03283 | 22.38541 | 24.62046 | 21.19624| 3.917707 | 26.30312017
10:20 1.011609 0.036562771 |0.011609 | 10.2965 | 18.47382| 0.0037 [ -0.03179 | 22.10551 | 24.62046 | 21.19624 | 3.568721 | 25.67422797
10:30 | 1.011836 0.03634632 0.011836 | 10.6373 | 18.71097 [ 0.0037 | -0.03288 | 22.40116 | 24.62046 | 21.19624 | 2.990665 | 25.3918226
10:40 | 1.012518 0.03569697 0.012518 | 11.4088 | 18.59032 | 0.0037 | -0.03309 | 22.456 |24.62046|21.19624 | 3.049899 | 25.50589846
10:50 | 1.008191 | 0.039818182 |0.008191| 12.2102 | 18.56471| 0.0037 | -0.02887 | 21.31655 | 24.62046 | 21.19624 | 3.227758 | 24.54430734
11:00 | 1.008223 | 0.039787879 |0.008223| 12.4569 | 19.69061| 0.0037 [ -0.03307 | 22.45065 | 24.62046 | 21.19624 | 2.102964 | 24.55361118
11:10 | 1.009268 | 0.038792208 | 0.009268| 11.8704 | 19.38996 | 0.0037 [ -0.03295 | 22.41909 | 24.62046 | 21.19624| 2.111199 | 24.53029311
11:20 1.011382 0.036779221 | 0.011382 | 12.4883 | 19.10658 | 0.0037 | -0.03392 | 22.67976 | 24.62046 | 21.19624 | 2.382089 | 25.06184826
11:50 | 1.020295 | 0.028290043 |0.020295| 11.6744 | 18.30424| 0.0037 | -0.03944 | 24.17179 | 24.62046 | 21.19624 | 2.931458 | 27.10325123
12:00 | 1.025373 0.023454545 |0.025373| 12.2946 | 17.04057 | 0.0037 -0.0396 |24.21501 | 24.62046 | 21.19624 | 3.355963 | 27.57097725
12:10 | 1.025959 | 0.022896104 |0.025959| 11.851 | 15.85917| 0.0037 | -0.03578 | 23.18455 | 24.62046 | 21.19624 | 4.250857 | 27.43540826
12:20 | 1.025664 | 0.023177489 |0.025664 | 13.2076 | 15.70766| 0.0037 | -0.03494 | 22.95699 | 24.62046 | 21.19624 | 5.27329 | 28.23027856
12:30 | 1.026477| 0.022402597 |0.026477 | 12.6783 | 15.70433 | 0.0037 -0.0357 | 23.16309 | 24.62046 | 21.19624 | 6.625304 | 29.78838944
12:40 | 1.025859 | 0.022991342 |0.025859| 12.6123 | 15.81572| 0.0037 | -0.03553 | 23.11536 | 24.62046 | 21.19624 | 6.782291 | 29.89764739
12:50 1.0242 0.024571429 0.0242 11.892 |16.17442| 0.0037 | -0.03527 | 23.04701 | 24.62046 | 21.19624 | 6.703167 | 29.75017215
13:00 | 1.022314 | 0.026367965 |0.022314| 12.5459 | 16.68506| 0.0037 | -0.03537 | 23.0721 | 24.62046 | 21.19624| 6.921169 | 29.99326505
13:10 | 1.018345( 0.030147186 |0.018345| 11.9926 | 17.64528 | 0.0037 | -0.03514 | 23.01091 | 24.62046 | 21.19624 | 6.755506 | 29.76641382
13:20 | 1.015514| 0.032844156 |0.015514 | 11.1289 | 18.47335| 0.0037 | -0.03551 | 23.11007 | 24.62046 | 21.19624 | 6.311855 | 29.42192133
13:30 | 1.018018 | 0.030458874 |0.018018| 11.0625 | 18.46217| 0.0037 | -0.03785 | 23.74356 | 24.62046 | 21.19624 | 5.809134 | 29.55269341
13:40 | 1.014668 | 0.033649351 |0.014668| 12.1378 | 18.9241 | 0.0037 | -0.03637 | 23.3432 | 24.62046 | 21.19624 | 4.757519 | 28.10071485
13:50 | 1.016032 | 0.032350649 |0.016032| 13.1717 | 19.53055| 0.0037 | -0.03991 | 24.30065 | 24.62046 | 21.19624 | 4.011957 | 28.31260573
14:00 | 1.014636( 0.033679654 |0.014636| 12.7843 | 19.21041| 0.0037 -0.0374 | 23.62131 | 24.62046 | 21.19624 | 4.671145 | 28.29245775
14:10 | 1.014732 | 0.033588745 |0.014732| 11.7247 | 18.95071| 0.0037 | -0.03653 | 23.38618 | 24.62046 | 21.19624 | 3.790157 | 27.1763401
14:20 1.014832 0.033493506 |0.014832| 4.2322 18.8345 0.0037 [ -0.03619 | 23.29572 | 24.62046 | 21.19624 | 4.148079 | 27.44379538
14:30 | 1.015318 | 0.033030303 |0.015318 3.6 18.81155| 0.0037 | -0.03657 | 23.39795 | 24.62046 | 21.19624 | 3.781817 | 27.17976959
14:40 | 1.013009 | 0.035229437 |0.013009| 3.5539 |19.31012| 0.0037 | -0.03622 | 23.30216 | 24.62046 | 21.19624 | 3.806839 | 27.10900341
14:50 | 1.012455( 0.035757576 |0.012455| 2.2047 | 19.53519| 0.0037 [ -0.03652 | 23.3845 | 24.62046 | 21.19624 | 3.833058 | 27.21755386
15:00 1.01535 0.033 0.01535 | 5.7521 |[19.18638 | 0.0037 | -0.03799 [ 23.78097 | 24.62046 | 21.19624 | 3.960648 | 27.74162292
15:10 | 1.016814| 0.031606061 |0.016814 | 9.484 |18.74722| 0.0037 |-0.03776 | 23.71855 | 24.62046 | 21.19624 | 3.355963 | 27.07451345
15:20 | 1.017564 | 0.030891775 |0.017564| 4.1423 | 18.44385| 0.0037 | -0.03735 | 23.60824 | 24.62046 | 21.19624 | 3.211148 | 26.81938502
15:30 | 1.015577 0.03278355 0.015577| 9.2535 | 18.57613 | 0.0037 | -0.03595 | 23.22923 | 24.62046 | 21.19624 | 3.968999 | 27.19822531
15:40 | 1.016391| 0.032008658 |0.016391| 8.7379 | 18.58225| 0.0037 | -0.03675 | 23.44478 | 24.62046 | 21.19624 | 4.353714 | 27.79849244
15:50 | 1.015218 | 0.033125541 |0.015218| 7.4076 | 18.62812| 0.0037 -0.0358 | 23.18879 | 24.62046 | 21.19624 | 4.551273 | 27.7400624
16:00 | 1.016523| 0.031883117 |0.016523| 7.0885 | 18.73999| 0.0037 | -0.03745 | 23.63644 | 24.62046 | 21.19624 | 4.028666 | 27.66510735
16:10 1.01665 0.031761905 0.01665 6.3945 | 18.62512| 0.0037 | -0.03715 | 23.55433 | 24.62046 | 21.19624 | 4.242489 | 27.79682038
16:20 1.0187 0.029809524 0.0187 4.5675 |18.40285| 0.0037 | -0.03828 | 23.85974 | 24.62046 | 21.19624 | 3.934405 | 27.79414384
16:30 | 1.020427 | 0.028164502 |0.020427 | 4.2488 | 17.87278| 0.0037 | -0.03796 | 23.77426 | 24.62046 | 21.19624 | 4.277162 | 28.05142342
16:40 | 1.018377| 0.030116883 |0.018377| 3.5239 |17.77319| 0.0037 | -0.03564 | 23.14701 | 24.62046 | 21.19624 | 4.310648 | 27.4576573
16:50 1.027 0.021904762 0.027 2.8489 |17.02715| 0.0037 -0.0411 | 24.62046 | 24.62046 | 21.19624 | 4.851151 | 29.47160631
17:00 1.029341 0.019675325 |[0.029341( 2.2397 |[15.92852| 0.0037 | -0.03926 | 24.12438 | 24.62046 | 21.19624 | 5.308225 | 29.43260166
17:10 | 1.024427  0.024354978 |0.024427| 1.5416 | 16.78288| 0.0037 | -0.03774|23.71396 | 24.62046 | 21.19624 | 4.765919 | 28.47988208
17:20 | 1.022509 | 0.026181818 |0.022509| 0.8582 | 17.39412| 0.0037 | -0.03818 | 23.83147 | 24.62046 | 21.19624 | 7.061405 | 30.89287167
17:30 1.02345 0.025285714 0.02345 | 0.1563 | 16.87473 | 0.0037 | -0.03715 [ 23.55426 | 24.62046 | 21.19624 | 7.691122 | 31.24538379
17:40 | 1.018768 | 0.029744589 |0.018768| 0.0756 | 17.30959| 0.0037 -0.0343 | 22.78403 | 24.62046 | 21.19624 | 6.372546 | 29.15657288
17:50 | 1.016555| 0.031852814 |0.016555| -0.0267 | 18.25533 | 0.0037 | -0.03569 | 23.15997 | 24.62046 | 21.19624 | 5.861139 | 29.02111064
18:00 | 1.016814 | 0.031606061 |0.016814| -0.1609 | 18.64939| 0.0037 -0.0374 | 23.62072 | 24.62046 | 21.19624 | 6.111761 | 29.7324858
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APPENDIX. E - FLUKE 430 SERIES 11
DATASHEET

FLUKE.

Fluke 430 Series |l

Three-Phase Power Quality
and Energy Analyzers

Technical Data

More detalled power quality analysis

capabliity, and a new Fluke-patented
energy monetization function

The new 430 Series Il Power Quality and Energy
Analyzers offer the best in power quality analysis
and introduce, for the first time ever, the ability
to monetarily quantify energy losses.

The new Fluke 434, 435 and 437 Series Il
models help locate, predict, prevent, and trouble-
shoot power quality problems in three-phase
Additionally, the Fluke-patented energy loss
algorithm, Unified Power Measurement, measures
and quantifies energy losses due to harmonics
and unbalance issues, allowing the user to pinpoint
the origin of energy waste within a system.

* Energy loss calculator: Classic active and * 400 Hz measurement: 437 Series Il analyzer
reactive power measurements, unbalance and captures power quality measurements for
harmonic power, are quantified to pinpoint true avionic and military power systems,
system energy losses in dollars (other local * Troubleshoot real-time: Analyze the trends
currencies available). using the cursors and zoom tools.

* Power inverter efficiency: Simultaneously * Highest safety rating in the industry:
measure AC output power and DC input power 600 V CAT IV/1000 V CAT III rated for use

for power electronics systems using optional at the service entrance,
DC clamp. * Measure all three phases and neutral:
« PowerWave data capture: 435 and 437 Series With included four flexible current probes
I analyzers capture fast RMS data, show with enhanced thin flex designed to fit into
half-cycle and waveforms to characterize the tightest places.
electrical system dynamics (generator start-ups, « Automatic Trending: Every measurement
UPS switching etc.). is always automatically recorded, without
* Waveform capture: 435 and 437 Series Il any set-up.
models capture 100/120 cycles (50/60Hz) * System-Monitor: Ten power quality
of each event that is detected in all modes, parameters on one screen according to
without set-up. ENS0160 power quality standard,
+ Automatic Transient Mode: 435 and 437 * Logger function: Configure for any test
Series II analyzers capture 200 kHz waveform condition with memory for up to 600 437 Series Il
data on all phases simultaneously up to 6 kV. parameters at user defined intervals, Three-Phaso
* Fully Class-A compliant: 435 and 437 Series * View graphs and generate reports: Power Quality
Il analyzers conduct tests according to the With included analysis software. and Energy
stringent international IEC 61000-4-30 Class-A * Battery life: Seven hours operating time Analyzer will
standard. per charge on Li-ion battery pack. E\‘m

* Mains signaling: 435 and 437 Serles Il
analyzers measure interference from ripple

Shop for Fluke products online at: ' WWW, MyFI u keStO F€.com 1.877.766.5412
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Unified Power Measurement

Fluke's patented Unified Power Measurement sys-

tem (UPM) provides the most comprehansive view

of power available, measuring:

+ Parameters of Classical Power (Steinmetz 1897)
and IEEE 1459-2000 Power

* Detailed Loss Analysis
* Unbalance Analysis

These UPM calculations are used to quantify
the fiscal cost of energy loss caused by powear
quality issues. The calculations are computed,
along with other facility-specific information,
by an Energy Loss Calculator that ultimately
determines how much money a facility loses
due to wasted energy.

Energy savings

Traditionally energy savings are achieved by
monitoring and targeting, or in other words, by
finding the major loads in a facility and optimiz-
ing their operation. The cost of power quality
could only be quantified in terms of downtime
caused by lost production and damage to electri-
cal equipment. The Unified Power Measurement
(UPM) method now goes beyond this to achieve
energy savings by discovering the energy waste
caused by power quality issues. Using the
Unified Power Measurement, Flukes Energy Loss
Calculator (see screen shot below) will determine
how much money a facility is losing due to waste
BNETgY.

Unbalance

UPM gives a more comprehensive breakdown of
the energy consumed in the plant, In addition to
measuring reactive power |caused by poor power
factor), UPM also measures the energy waste
caused by unbalance; the affect of unevenly
Ioading each phase in three-phase systems.
Unbalance can often be corrected by reconnect-
ing loads on different phases 1o ensure the
current drawn on each phase is as equal as
possible. Unbalance can also be comected by
installing an unbalance reactance device (or
filter), that will minimize the effects. Correcting
unbalance should be basic good housekeeping
in the facility as unbalance problems can cause
motor failure or shorten equipment life expec-
tancy. Unbalance also wastes energy. Using
UPM can minimize or eliminate that energy
waste, thus saving money.

Harmonics

UPM also provides details of the energy wasted
in your facility due 1o the presence of harmonics,
Harmonics may be present in your facility due to
the loads you operate or may be caused by loads
in adjacent facilities, The presence of harmonics
in your facility can lead to;

* gyverheating transformers and conductors

* nuisance tripping of circuit breakers

* parly failures of electrical equipment
Quantifying the cost of wasted energy due to the
presence of harmonics simplifies the return-on-
investment calculation needed to justify purchas-
ing harmonie filters. By installing a harmonic
filter the ill effects of harmonics can be reduced
and energy waste eliminated, resulting in lower
operational costs and more reliable operation,

Energy Loss Calculator

Usedul kilowalls (power avalkablo
Roactive junusabio) power

Kilowatls mado unusablo by unbalanco 1suos
Kilowalls made unisable by harmonics
Meutral current

Total cost of wasted Kilowatt hours

Energyloss Calculator
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FLUKE .

430 Series Il Power Quality and Energy Analyzer selection table

Model | Fluke 434-11 | Fluke 435-11 | Fluke 437-11
Standard compliance IEC 61000-4-30 Class 5 | IEC 61000-4-30 Class A | IEC 61000-4-30 Class A
Volt Amp Hz

Dips and swells
Harmonics

Power and energy
Energy loss caleulator
Unbalance

Monitor

Inrush

Event waveform capture
Micker

Transients

Mains signaling

Power wave

Power inverter efficiency .
A00Hz
C1740 Soft Case . .
C437-11 Hard Case with rollers .
S0 card (Max 32 GB) 8 GB 8GB 8 GB

Al models mdude the lollowing aooessoeies TLA0 st lnad set, 4 20430 than fen cumest pobes, BPZE0 Batiery, BCAND power adsptes with internaticenl power adapies set, U580 oable
A1 min and PerniLog (10

Technical specifications

Specifications are valid for models Fluke 434-I1, Fluke 435-11, Fluke 437-11 unless otherwise specified.
Specificatons for Amp and Watt readings are based upon i430-Flexi-TF unless otherwise specified.

L O

Input characteristics

Voltage nputs

Mumber of nputs 4 [ phase + neutral] do-coupled

Maximum inpul vallage 1000 Vims

Nominal vollage ranga Sedectabie 1V o 1000 V

Man. peak measurement voltage 6 KV |tranzient mode only)

Inpurt impedance A MY/ pi

Bandwidih = |0 KR, up o 100 ki for ransent moss

Scalling 10, 0D, 10000, L0000 1000000 and vanable

Current inputs

Mumber of nputs 4 [3 phase + neutral) de- or ac-cowpkd

Type Aamp or currend transemmer with my outpal or 14300617

Ranga 08 Arms o 600 Ams with included 4230001 TF [wilh sensitivity 10
4 Anms (o G000 Arms with inciuded 14300ex-TF [wilh sensitivity 1x)
01 mvyA o 1 WA and custom Bor use with optional ac or de clamps

Tl i padamnce 1 ML

Dandwidih = 100 KitE

Heallng 100, 101, 10001, 1.000:0 10,000:1 and varable

Shop for Fluke products online at: WWW., MYFI u kEStO F€.com 1.877.766.5412
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Input characteristics cont.

FLUKE -

ﬂ'“
Resotion 16 bl analog o digital converter on B channals
Maximum sampling speed 200 kS8 on each channe] simultanooashy
HMS sampling HO00 samples on 10412 oycies Joconding o [ECE 1000-4-30
PLL synehronkzation 4006 samples on 1012 oyies acconding to 206 1000-4-7
Nominal frequancy A34-11 and 435-11: S0 He and 60 He
A3T-11; BO He, 60 Hz and 400 He
Display modes
Wavetorm display Avadlable in all modes via SCOPE
43511 and 43711 Datault display mode for Transants unction
Updale rale 51 per second
Dispkays 4 aycies of wWaveion data o screen, Up to 4 wWinkeioms smuianecusiy
Phasor diagram RAvailalde in all modes via Scops wavalon display
Dataull viow for Unbalanos mods
Mutar roadings Awadlable in all modes cpoept Moaitor and Transients, provides baaied view of all svailable readings
Fully customizable up o 150 readings for Logger moda
Trond graph Avalable in all modes epcopl Trangienis
Singhe wertical cursar with min max and avg reading af cursor position
Bar graph Avadlabie in Monttor and Harmonics moda
Ewent lisf Avalabie in all modes
Provides 50/60° cycles of waveorm information and associafed 1/2 cycle ms vahees for Volts and Amps
Measurement modes
Heopa 4 voltage wovelonms, 4 cument waveiorms, Vims, Viend, A, A fund, V@ carsar, A @ cumsor, phicse anges
Volts/amps/hertz Vrms= phase to phass, Vnms phase o noutral, Vpeak, ¥ Crest Pactor, Arms Apaak, A Crest Factor, Hx
Dipa and swells VrimsVe, Armsba, Pinsl wilh programmabie threshold levels for evenl defection

Harmonies de, 1 1o B0, ap to b harmonic
for 300 Hz

Harmaonies Valks, THD, Harmonic Amps, K iactor Amps, Hammone Watts, Tid Watts, K tactor Walts, Interharmonic
Violts, Interharmonic Amps, Yims, Arms (relative o lundamental or o total ms)

Power and energy Vs, A, Wiall, Wiand,, VARIl, VAund., VAkarmonis, Vaunbalance, var, Y, DPF, CosQ, Bclency lactor,
Wiorward, Wreversas

Energy losa calculator Wiund, VAhameonics, WAunbhalance, var, A, Loss Active, Loss Reactive, Loss Hammonics, Loss Unbalance, Loss
Waiilral, Loss Cost [based upon user delined cosl | KW

Imverier efficlency WTul, Wiund, Wac, Eicency, Ve, Adc, Yrms, Aoms, i

{requires optional dc current clampy

Unbalance Vi, VEoro, Afeghs, Azorot, Viind, Afund, V phase angles, A phise aighes

Immaly Inrugh currend, Innesh duration, AmaYs, VimsYs

Monitor Vrms, Anns, harmondc Volts, THD Volts, PLT, Vims'e, Armsth, He, dips, swells, interneptions, rapid waltage changes,

unbalancs and im&ing !
Al parameters are measured simultaneously in scmordance with ENG0160
Flagging 1= applied sccarding to IECS 1000-4-30 0 indicate unneliable readings due o dips or swalls

Flichar (43511 and 437-11 only)

Pt|1min), Psl, PIL Pinst, Vs %, Arms Y, He

Translents [435-11 and 43711 onkyj

Mmmumummh@m:mu.mw.m

Mains Signaling (435-11 and 437-11 only)

Halative signaling voitage and absalite signating voltage averaged over thiee seconds (or up io bwo selectabis
signialing frequenos

Powor Wave [435-11 and 437-11 only]

Vrmslé, Armals W, Hz and scope wavelorms lor voltage amps and watis

Logger

Custom sedection of up to 150 PO parmmetens measured simulianeously on 4 phases

Shop for Fluke products online at:  WWW. MYF' u ke StO F€.com 1.877.766.5412




