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Resumo

Historicamente, o planeamento de redes de distribuicdo (PDP) consiste em determinar quais os
investimentos a executar garantindo a satisfacdo de consumos previstos, obedecendo a restri¢des
técnicas. Se até agora, o PDP se centra numa gestdo passiva da rede, na qual existe um grau
minimo de monitorizacdo e controlo dos pardmetros da rede, atualmente o principal desafio do
planeamento da rede de distribuicdo € a integracdo continua dos recursos energéticos distribuidos
(DER), especialmente das fontes de energia renovdveis (RES).

Esta nova tendéncia nos sistemas de distribui¢do, devido a incerteza e producgdo varidvel de
energia por parte dos DER, exige mudancas nos mercados de electricidade e o desenvolvimento
de novos modelos e metodologias para o PDP.

Por conseguinte, o PDP entra na era das Redes Inteligentes (SGs). O planeamento da metodolo-
gia tradicional para operacdo e gestdo da rede de distribui¢do deve transitar para uma metodologia
de gestdo activa da rede (ANM).

Dentro deste contexto, esta tese apresenta uma metodologia PDP que inclui as duas metodolo-
gias de tomada de decisdo do operador da rede de distribui¢do (DSO): o planeamento do refor¢o
tradicional da rede de distribui¢do, onde os problemas técnicos sdo resolvidos através do refor¢o
dos activos existentes, e a gestdo preditiva da rede (planeamento ANM) que permite ao DSO
contratar flexibilidade de consumo/geracdo (com antecedéncia) aos DER para ajudar na gestdo e
operacdo da rede em caso de problemas de congestionamento/tensao.

Primeiramente, € criado um cendrio de base para o PDP. Depois, € desenvolvida a metodologia
PDP com ambas as solugdes de planeamento da rede (reforco e ANM) que € aplicada a um caso de
teste através de um horizonte de planeamento definido e com crescimento de consumo e geracio
proveniente de fontes renovaveis (RES) definido em cada ano.

De seguida, é desenvolvida uma metodologia de andlise custo-beneficio (CBA) para deter-
minar o custo total de cada solugdo de planeamento. Ainda na mesma metodologia, é realizada
uma andlise de sensibilidade para estimar o custo maximo que o planeamento ANM pode assumir
como sendo rentdvel (ponto de equilibrio), e estabelece-se uma avaliacdo dos indicadores-chave
de desempenho (KPIs) para determinar os beneficios técnicos e econdmicos da mudanga de um
planeamento passivo (reforco da rede) para um planeamento moderno (ANM).

Finalmente, para o horizonte de planeamento, o paradigma chave desta tese pode ser revelado:
se activar os servicos de flexibilidade distribuidos (planeamento ANM) é a solu¢do 6ptima em
termos de custos para a resolucdo de problemas técnicos e melhoria de aspetos da rede, sendo que
o planeamento de reforco tradicional da rede oferece uma solucio alternativa.

Palavras-chave: Planecamento da Rede Distribui¢do, Planeamento do Refor¢o da Rede, Redes
Inteligentes, Gestdo Preditiva da Rede, Recursos Energéticos Distribuidos, Flexibilidade, Andlise
de Custo-Beneficio, Ponto de Equilibrio, Indicadores-Chave de Desempenho
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Abstract

Historically, power distribution planning (PDP) consists of determining which investments to be
made, supplying the expected demand and restricted to technical constraints. If up to now, the PDP
focuses on a passive network management, in which there is a minimum degree of monitoring and
control of network parameters, today the key challenge of distribution planning is the continuous
integration of distributed energy resources (DER), specially renewable energy sources (RES).

This new trend in the power distribution systems, due to the uncertainty nature and variable
power production of DER, requires changes in the electricity markets and development of new
models and methodologies for PDP.

Hence, the PDP enters in the Smart Grids (SGs) era. The traditional methodology planning for
operation and management of the distribution grid must transit to an active network management
(ANM) methodology.

Within this context, this thesis presents a PDP methodology which includes the two distribu-
tion system operator (DSO) decision-making methodologies: traditional power distribution rein-
forcement planning, where technical problems are solved by reinforcing existing assets, and the
predictive grid management (ANM planning) that allows the DSO to contract power consump-
tion/generation flexibility (ahead in time) from DER to assist in the management and operation of
the grid in case of congestion/voltage problems.

Firstly, a base case scenario for the PDP is created. Then, the PDP methodology with both
network planning solutions (reinforcement and ANM) is developed and each planning alternative
is applied to a test case through a defined planning horizon and with an established load and RES
capacity growth for each year.

Secondly, a cost-benefit analysis (CBA) methodology is developed to determine the total cost
of each planning solution. Still in the same methodology, a sensitivity analysis is performed to
estimate the maximum cost that the ANM planning can assume to be cost-effective (break-even
point), and a key performance indicators (KPIs) assessment is established to determine technical
and economical benefits of shifting form a passive (grid reinforcement) planning to a modern
(ANM) planning.

Finally, for the defined planning horizon, the key paradigm of this thesis can be disclosed:
whether activate distributed flexibility services (ANM planning) is the cost-optimal solution for
solving network technical problems and improving network technical aspects, as the traditional
reinforcement planning offers an alternative solution.

Key words: Power Distribution Planning, Power Distribution Reinforcement Planning, Smart

Grids, Predictive Grid Management, Active Network Management, Distributed Energy Resources,
Flexibility, Cost-Benefit Analysis, Break-Even Point, Key Performance Indicators
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Chapter 1

Introduction

In this chapter, a brief synopsis about the addressed problem will be discussed. First, the context to
the development of this thesis will be presented, referring the change of power systems paradigm
and the importance of modern approaches to cope with new challenges. Then, the objectives of

this work will be detailed. Finally, the structure of the thesis will be exposed.

1.1 Context

The traditional power distribution planning (PDP) represents the reinforcement of distribution
network, by determining which investments (up rating transformers and lines/cables capacity) are
necessary to perform in the network in order to increase the overall network capacity, ensure that
all network assets do not exceed their nominal ratings, avoid voltage and congestion problems and
to supply the expected demand. With this type of management it was expected for the grid to work
with the minimum amount of control and without facing constraints in the long term horizon. This
would result in investments that would only make effect after a long period of time.

A core element of the current transformation of energy systems around the world is the
rapid and massive integration of distributed energy resources (DER), especially renewable en-
ergy sources (RES), into the network. The sharp increase of DER into the grid makes it extremely
expensive to continue with the traditional PDP policy, because of the fast deployment of DER
and due to the uncertainty nature and variable power production of DER. Therefore, it is required
changes in the electricity markets, development of new models and methodologies for the PDP
and additional efforts to balance the system.

In this context, the operation and management of the power system, namely in distribution
grids with high penetration of DER, will have to cope with congestion and voltage problems due
to the continue increase in the electricity consumption as well as high intermittent power output of
RES. Therefore, adequate support tools for preventive operation and management of distribution
grid must be taken into account. The traditional PDP of the network must transit to an active
network management (ANM) - Smart Grid paradigm.
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Part of this paradigm includes the opportunity to use distributed flexibility from DER instead
of reinforcement to solve distribution network constraints, balance the system demand and gen-
eration and to postpone investment actions that otherwise would be performed in the network.
Furthermore, distributed system operators (DSOs) will contract power flexibility from DER to
manage technical problems in real time, depending on various conditions such as location, up-
ward and downward flexibility, operating cost, among others. The modern PDP will be defined in
order to identify the best technical and economic balance between the innovative active network
management and the traditional network reinforcement.

In this thesis, the modern PDP problem will be addressed by comparing the two DSO decision-
making planning alternatives: power distribution reinforcement planning and active distribution
grid management. Both network planning solutions will be applied to a test case throughout
a defined planning horizon to seek the investments performed in the network and the amount
of activated flexibility services by DSO from DER. Also, the total cost of each solution will be
disclosed, likewise the technical and economical benefits of shifting from traditional reinforcement
planning to a predictive grid management planning. Finally, a sensitive analysis will be performed
to access the maximum total cost that DSO is willing to pay for the ANM strategy to be cost-
effective.

The development of the both PDP methodologies, reinforcement planning methodology and
ANM methodology, was carried out using the software Pandapower.

1.2 Objectives

The main objective of this work is to develop a cost-benefit analysis (CBA) between the predictive
grid management (ANM planning with activation of flexibility services) and the traditional grid
reinforcement. To achieve this goal, it is necessary to define the following sub-objectives:

e Define a base case scenario, which represents the year zero and is the planning baseline for
the defined planning horizon;

e Develop a PDP methodology embedded with the two DSO decision- making methodologies
and applied to a test case. DSO will use, separately, the traditional grid reinforcement and
predictive grid management (with flexibility activation) methodologies to solve technical
problems that may occur over the planning horizon. Furthermore, an alternating current
(AC) optimal power flow (OPF) is used to estimate the amount of energy not supplied
by loads and/or energy not injected by RES in the reinforcement planning and the acti-
vated/contracted flexibility from loads and distributed generation (DG) units (from RES) by
the DSO in the ANM planning;

e Develop a CBA methodology to determine the total cost of each network planning solution
and with a sensitivity analysis estimate the maximum cost that DSO is willing to pay for
ANM planning solution to be cost-effective (break-even point). Also, establish a key per-
formance indicators (KPIs) assessment to reveal some important points: network investment
deferral (monetary value and number of years) and reduction in network power losses, from
adopting a predictive grid management as the planning solution for technical problems.
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1.3 Structure

In addition to chapter 1, this thesis is organized in four more main chapters.

In chapter 2, is presented the relevant work that has already been made within the scope of
this work. First, the traditional distribution grid planning and reinforcement is analysed, with
special attention to grid reinforcement, current methods applied to address the PDP problem and
the drawbacks of traditional planning approaches. Then, the modern power distribution planning
is investigated, with particular consideration for the modern methods applied to PDP problem, the
concept of flexibility and the impact of ANM. Also, data modelling is analysed to seek the changes
when passing from traditional to current to modern planning. Finally, some relevant information is
given regarding the process of a CBA between the business as usual (BaU) scenario and smart grid
(SG) scenario, with some detailed topics about establishing the baseline, the concept of discount
rate, identification of costs and benefits (with definition of relevant KPIs).

In chapter 3 the modelling of a PDP problem is addressed by comparing and explaining two
DSO decision-making methodologies: power distribution reinforcement planning and active dis-
tribution grid management. First, it will be exposed and explained some important features of the
two possible DSO planning solutions. Then, the PDP methodology that includes both planning
solutions methodologies will be presented and some important methodology steps will be detailed.
Finally, a CBA methodology will be outlined to estimate the total cost of each DSO planning so-
lution, the break-even point and with an additional KPIs assesment to determine some technical
and economical benefits of shifting from a traditional reinforcement planning to an active network
management planning.

In chapter 4, the PDP methodology embedded with reinforcement and ANM planning method-
ologies depicted in chapter 3 is applied to a real medium voltage (MV) German power distribution
network. Therefore, the suitability of both DSO planning solutions will be evaluated by giving
important comments about each strategy and sustained by relevant results about technical and
economical appraisal over the defined period. First, the system test data along with a study about
system’s current stage and some notes will be given, before addressing the PDP over the next
years. Then, a technical analysis throughout the planning horizon will be verified, presenting
some relevant information regarding the critical years. Next, the data used to perform the CBA
will be pointed out. Finally, the results information regarding technical and monetary aspects from
both planning solutions will be exposed along with the sensitivity analysis and KPIs results.

In chapter 5 is mentioned the main conclusions of this work in relation to the PDP exercise and
the two possible planning solutions to solve network technical problems, taking into account an-
nual consumption increases and high penetration of DG. Also, future complementary perpectives
are given.

Finally, appendix A and appendix B are added to the work with complementary information
about the test system and results.
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Chapter 2

State of the Art

2.1 Traditional Distribution Grid Planning and Reinforcement

In the beginning, the main paradigm in PDP was the electrification. The goal was to encourage
consumption and the investments guided the power distribution costs.

With the succeeded connection of all consumers, the electrification rate decreased and the
power quality became the main purpose of PDP. The emergence of regulatory instruments to im-
prove DSOs’ power quality was caused by the need to increase the quality of energy supply in
terms of economic consequences for the consumers, regarding distribution network failures [8].

Traditionally, network distribution planning points out where will be necessary to invest in
network, as well as when will network investments be needed and the type of investment that is
required [9, 10].

In 1997, the authors in [4, 11] summarized the main topics considered in the traditional distri-
bution grid planning:

e Optimal location of the feeders and optimal individual feeder design;
e Optimal allocation of load;
e Optimal allocation of substation capacity;

e Optimal mix of transformers by substation.

Therefore, the classic PDP consists of finding the most economical solution with the optimal
location and size of new substations and/or feeders, as well as the reinforcement of existing ones
in order to supply the future demand [8, 12].

The main goal of the classic PDP refers to the minimization of an economic cost function (e.g.
the investment cost, reinforce/replace substations and/or feeder, as well as the energy loss cost),
restricted to a set of technical and operational factors (e.g. voltage fluctuation) [12].

Demo-graphic aspects of a region like the geographic barriers or the population growth have a
tremendous impact on distribution grid investment and operational costs [8].

Historically, distribution networks have been designed to distribute the electric energy gener-
ated in the conventional power plants to the loads connected to the distribution networks - unidi-
rectional power flow [13, 14]. For this reason, the network process used a network planning case
(NPC) that describes the critical load conditions to dimension the network.
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Therefore, distribution network planning is mainly based on load demand forecasting whereas
DG is often excluded, reflecting that these network analyses are conducted on passive distribution
networks [1, 15].

When it comes to connecting DG in traditional distribution grid planning, the "fit and forget"
approach is also applied [16]. The DG units operate under a constant power factor and are treated
like negative loads. If the integration of DG is less common and geographically dispersed, the
planning process is not influenced by the DG. On the contrary, if DG integration is high in a given
geographical area, many challenges crop up [2]. Hence, there is a need to consider important
aspects such as voltage arise, reverse power flows and congestion.

Although the passive way of planning and operating distribution grids has proven cost-effective
in the past several years, it turns out to be a barrier for increasing the penetration of DG [14, 16].

Traditional PDP is known as a "predict and provide" process and is accomplished by the DSOs.
Taken into account the predicted load growth, the performance criteria (e.g., voltage, reliability
and protection), the geographic information along with other constraints, network planners aim to
find engineering achievable and economic enlightened network solutions for meeting the electric
demands distributed over a distinct area [13].

In general, distribution networks are sized to handle with the worst-case scenario (mostly in
terms of loads and voltage drops, along with certain security constraints) of a given load forecast
and in a way that minimum or no active operation is required, even though these generally occur
only a few hours a year. These approach is known as "fit and forget" and is carried out in a
deterministic way, which means no uncertainties are considered [17, 18].

The "fit and forget" strategies historically employed took most electricity utilities to execute
their grid analysis based on load demand forecasting, underlining the importance of this concept
for the NPC and neglecting the integration of DG.

Load Forecasting
In the traditional grid planning, forecasts tend to be for load demand while limited evidence is
available of forecasts for DG. Most eletricity utilities focus on power demand and DG is mostly
not visible to the network operators, nor it is considered in forecasts [1, 2]. The lack of forecasts
for DG appears to be a compromise for the accuracy of the demand forecasting and could be a
major drawback for the planning of ADNSs.

The load growth of a geographical area is an important factor that impacts the expansion and
reinforcement of the distribution grid. The inputs for load forecasting are the social economic
indicators, demographic and weather data, and land use plans. The output for the load forecasting
methods are the load densities [1] as they are used to properly design the distribution network.

Long-term forecasting (time horizon of 15-20 years) and short-term forecasting (time horizon
up to 5 years) are the two common time scales regarding the load forecasting.

Grid Reinforcement
Accordingly to [19, 20], the traditional grid investment/reinforcement practice method consists of
replacing the transformers with higher capacity ones and hanging cables with large cross-sectional
area conductors, avoiding voltage, capacity and load supply problems. A cable with larger cross-
sectional area presents low impedance (Z) and consequently produces smaller voltages variations.
Reinforcement of distribution grids has usually been planned through a set of worst-case sce-

narios and it corresponds to the BaU network solutions (e.g., line/transformer refurbishment),
appealing to the "fit and forget" approach [10, 18].
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With this type of management, it was expected for the grid to operate with the minimum
amount of control and without facing constraints in long-term horizon, resulting in investments
that only make effect after a long period of time [21].

2.1.1 Current Methods

During the process of PDP, some assumptions are made to simplify the work plan at each stage [13],
including:

e Electrical load can be taken as passive demand;
e DG units are treated as negative loads and operate under constant power factor;
e The load flow is unidirectional;

o Distribution grid operation has a small impact on distribution grid planning.

These assumptions lead to a sizeable consequence, that many utilities choose to have "peak
planning" method in the planning process. To that end, the best alternative is found when it meets
the expected peak load at a minimum cost [10, 13].

Traditional PDP is commonly based on a static load flow computation (snapshot) that takes
into account the maximum coincident load to determine the grid infrastructure dimensioning [22].

The conventional distribution network planning process, currently chased by many distribution
utilities, is illustrated in Figure 2.1.

A

Planning Alternative(s)

}

Total cost
acceptable?

Is system

) Deterministic
feasible?

e Ik Network Analysis

Network Reinforcement

Figure 2.1: Flowchart of the traditional PDP process, adaptaded from [1]

This process is repeated for each year of a long-term planning horizon (15-20 years). The load
forecasting rules the load conditions for the corresponding planning horizon. Once load demand
is known, steady state power flows and short circuit analysis are executed to calculate the power
flow in the distribution lines, the voltage fluctuations and the short circuit current flows.

If the system is not technically feasible (particularly for the design of the feeders), the dis-
tribution network does not comply with the power systems technical and operating constraints.
Thus, distribution network has to be reinforced with new components (e.g., new conductor sizes,
transformers, feeders, capacitor placement, etc.) or new HV/MV substations to meet the future
demand [1, 2, 16].

For example, if a given distribution cable or line becomes overloaded at specific year of the
planning horizon, it will be needed to replace immediately in next following year. In order to do
that, the physical characteristics of the cable/line to be replaced, in specific its nominal voltage
and cross-sectional area, must be taken into account. Despite of that, if the cross-section of the
overloaded cable or line is already very high (240 mm? or more), the load of the distribution
grid may have to be redistributed through the distinct feeders connected to the primary HV/MV
substations [1].
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In case that the corresponding cost of this solution is too high or the reinforcement practice
cannot accomplish satisfactory performance, then the initial solution is reexamined and an alterna-
tive solution will be prepared. The procedure ends when a satisfactory solution is reached to meet
the future distribution network requirements with the minimum cost, i.e., the most cost-effective
solution [1, 16].

PDP problem
The planning problem can be solved using static (single stage) or dynamic (multi-stage) planning
model. The static planning model is used to meet the network’s immediate needs, i.e., deter-
mines the planning requirements in only one single time over the planning horizon. The dynamic
planning determines the planning requirements in successive expansion plans over several periods
(smaller time frames of the overall period). That is, the necessary investments for the initial steps
are carried out while the investments for the subsequent stages are reassessed in the future, with
the adoption of updated forecasts [12, 23, 24].

The methods that are used to solve the PDP problem can be divided into two categories:
mathematical (numerical) optimization and heuristic planning methods.

Numerical Methods

Some of the methods of mathematical optimization to solve the PDP problem include linear
programming (LP), the class of mixed integer programming (MIP) and dynamic programming
(DP) [25, 26, 27, 28]. In this approach, it is possible to represent the major constraints explicitly
(power flow equations, voltage drops, equipment capacities and budget) and to minimize fixed
(investment) and variable (operating and maintenance) costs arising form installation and replace-
ment of equipment. These methods guarantee to find optimum solution [23, 27].

MIP is the most used method with continuous and binary/integer variables. The continuous
variables of the problem are the power flows in all branches of the distribution grid, and the bi-
nary/discrete variables contain the decision variables associated with the installation of new substa-
tions/feeders branches and with the replacement/capacity of existing substations/feeders branches.

The goal of the optimization process is to find a set of binary decision variables linked to a
set of continuous variables that minimize the objective function (total installation and operational
cost) and meet the constraints demanded on the problem [29, 30]. There are different types of
MIP methods to be adopted: mixed-integer linear programming (MILP) [30, 31], quadratic mixed
integer programming (QMIP) [32], Branch and Bond [33] and Benders Decomposition [25, 31,
34].

Heuristic Methods

Since 1980, much effort has been pointed toward solving the PDP problem using heuristic
algorithms, which have become an alternative to mathematical programming. Heuristic methods
gained attention because they can operate in a straightforward fashion with nonlinear constraints
and objective function. These methods are based on intelligent searches that have no guarantee
of finding an optimal solution, but cope with local optimal solutions [8, 23]. This approach also
introduce aspects, such as losses, reliability and uncertainties.

The heuristic approaches used so far are based on expert systems, network flow programming
and evolutionary algorithms, i.e., ant-colony search (ACS), genetic algorithm (GA) [31, 35, 36],
particle swarm optimization (PSO) , tabu Search (TS) [8, 26, 37, 38] and artificial immune systems
(AIS), etc. [12, 30, 31, 39].
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Qualitative Evaluation

e Numerical methods find the optimal solution accurately and the time to compute the optimal
solution is low. On the other hand, these methods have difficult to manage power system
equations into an optimization model [12] and require non acceptable computational effort
for large scale realistic networks [14];

o Heuristic methods are usually robust and provide near-optimal solutions for complex large-
scale PDP problems, however there is no guarantee that they will find a global optimum
solution. Generally, these methods require high computational effort [28, 31].

2.1.2 Drawbacks of Traditional Planning Approaches

The fast technological developments, deregulation of energy markets and the policies motivated
by economic, environmental and societal drivers lead to a tremendous increase in DG [8]. The
integration of DG gain major interest among electric power systems planners and operators, energy
policy makers and regulators, as well as developers, therefore this concept will play a significant
role in reaching environmental and development targets [38, 40].

The strong DG penetration rises challenges in the distribution systems, because these systems
were designed assuming that electric energy would be carried unidirectional from HV/MV sub-
stations downstream to consumers [8]. The high penetration of DG units from RES may lead to
various problems and operational limit violations if exceeds a particular limit known as the sys-
tems’s hosting capacity (HC) [41]. When the total capacity of RES increases, RES investments
start to interact with demand driven investments and distribution network should not be reinforced
only due to load demand growth, but also to host connected renewable generation [1].

Historically, network expansion planning has been based on maximum load scenarios, but in
the case of a high DG penetration, the grid is dimensioned to deal with maximum generation [31].
The high penetration rate of DG leads to two worst case conditions: the heavy load flow (maximum
load and no generation) and the reverse power flow (minimum load and maximum generation).
These extreme parameters do not consider the time variability of demand and generation, and
these conditions may only apply for a few hours per year [31, 40].

In addition, the intermittent characteristics of many RES may accentuate any dynamic issues
of the new generators present in the network [9, 10]. Thus, the "fit and forget" approach will result
in massive network investments only motivated to deal with worst-case scenarios that may have
an extremely low probability of occurrence [17]. The uncertainties in planning concepts and fi-
nancial support surrounding DG investments pose DSOs with major challenges as to what, where
and when to reinforce the system, in order to facilitate the transition towards a low-carbon econ-
omy, without the risk of stranded assets [16]. Furthermore, DSOs are committed to integrate, at
reasonable costs, all this new DG into their distribution networks without jeopardizing the existing
quality of service [4, 38].

The high penetration of DG, driven by the increasing investment in low carbon generation,
often triggers network reinforcement (investment in network components such as lines, cables,
transformers , etc.). The "fit and forget" approach to network investment, arising from DG con-
nection, leads to sub optimal solutions causing over investment in networks with high connection
costs but low utilization. In addiction, these high costs and the uncertainty of future connection
costs can make the financial risk of generation investment unattractive to developers. Instead of
reinforcing the network using only traditional network solutions, alternative lower-cost solutions
have been explored [42, 43].
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Therefore, there is a general consensus that the "fit and forget" approach is no longer suitable
to modern distribution planning because of the high and not necessary expenditures caused by
its application [4]. Consequently, DSOs need to move form the planning of the passive distribu-
tion grid towards a distribution network in which the active management of the DG is taken into
account, as well as the application of novel concepts [1, 40].

In Figure 2.2 is depicted the potential changes paving the transition towards a so called low-
carbon economy. This transition will change the way electric power systems are planned and
operated. Other changes in generation, load and the electricity infrastructure itself (such as the use
of electricity storage) are part of the vision behind the need of a more intelligent power system [2].
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Figure 2.2: Agents of change [2]

2.2 Modern Power Distribution Planning

In order to overcome the limitations previously stated and to facilitate the integration of the low-
carbon technologies, the use of an active approach for managing distribution networks (including
both network elements and participants) has been proposed by academia and industry [17, 44].
Due to the increasing penetration of DG connected to MV, particularly in Europe, significant
interest was first given to coordinated control approaches that could mitigate voltage or congestion
issues.

When DG penetration has reached certain levels and cannot be neglected any more, the dis-
tribution planning and operation practices should be more oriented to active power flow man-
agement [15]. Therefore, in order to avoid potentially prohibitive network reinforcements costs,
several ANM strategies have been recently proposed as alternatives to the "fit and forget" ap-
proach [42]. A plenty of smart grids (SGs) demonstrations and deployment projects is worldwide
ongoing to show that a convenient operation of the grid with DER do not entail capital expendi-
tures as much as the "fit and forget" does [17]. DSOs need to take into account the integration of
DER, not simply the connection, thus enhancing the capacity of DER that can be connected into
an existing distribution system, in direct contrast to the current "fit and forget" approach [40].
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2.2.1 Modern Methods

The key feature of a modern planning tool for ADNSs is the integration of future network operation
practices in the set of feasible planning alternatives, in order to identify the best technical and
economic balance between an innovative solution (that tends to maximize asset utilization) and
traditional network expansion [16]. The operation influences the planning stage of the modern
distribution system and more attention has already been paid to operating strategies that bridge the
transition from passive to active/smart networks.

The integration of DGs of intermittent power generation (eg., PV and wind) have significant
uncertainties in spatial and temporal distribution. These uncertainties bring many challenges to
the system operation and planning and put forward the exploration of different active management
strategies that have standard requirements for operational flexibility of DER (e.g., demand and
generation) [21].

To allow for different active network management strategies, DSO needs to rely on flexible
resources. The flexibility of DER to provide different ancillary services in the system will become
crucial to help in the network management and offer an alternative solution for the traditional
network expansion [45]. Therefore, the SG paradigm considers the integration of several DER
and also cater for the active participation of consumers and producers in system operation, offering
their loads and DG units as flexibility services [16].

Flexibility - A New Service
The introduction of DER (mainly RES) into the power system makes system planners and opera-
tors recognize the need for new ways of balancing supply and demand. In fact, the developments
in DER technology enable them to contribute to this new era of services to maintain the system
security and reliability. Thus, the concept of DER flexibility in the literature gains importance for
the future management of power system, especially in distribution systems [45].

The operational flexibility is an important property of electric power systems and plays a cru-
cial role for the transition of today’s power systems towards power systems that can efficiently
accommodate high shares of DER, especially RES. The availability of sufficient operational flexi-
bility in a given power system is a necessary prerequisite for the effective grid integration of large
shares of fluctuating power in-feed from variable RES, especially wind power and PV [3, 46].

In the remainder of this thesis, the concept of flexibility refers as the amount of power provided
by DER that can help the system operator managing the system, by modifying generation injec-
tion and/or consumption in reaction to an activation by the DSO. This concept includes upward
flexibility from RES/demand resources to reduce/increase the power availability in the system and
downward flexibility from RES/demand resources for increase/reduce the power in the system.
Upward and downward flexibility services from DER are activated/contracted by DSO to use in
real-time to manage the grid and solve congestion/voltage problems, accounting for the uncertainty
of renewable sources [45, 46]. Furthermore, with this new preventive management of distribution
grids it is possible to differ network reinforcement.

Sources of Operational Flexibility

Operational flexibility can be obtained on the generation-side and on the demand-side. In
addiction, stationary storage capacities (e.g., hydro storage, Compressed Air Energy Storage
(CAES), stationary battery or fly-wheel systems) as well as time-variant storage capacities (e.g.,
electric vehicle fleets) are well- suited for providing operational flexibility [3].
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The different sources of power system flexibility in distribution networks are illustrated in
Figure 2.3.
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Figure 2.3: Sources of operational flexibility in power systems [3]

For instance, the generation curtailment of RES and/or the load shedding of responsive loads
can help to relief network congestions and solve voltage problems, and therefore they are valuable
planning alternatives to the classical network reinforcement/expansion [4, 46].

All these ways of controlling and integrating DER impact the system operation, playing a sig-
nificant role in the optimal development of the system, in other terms, the active network operation
significantly contaminates the planning [4].

2.2.1.1 Stochastic Algorithms

The intermittent characteristic of RES led to the investigation of stochastic methods for the anal-
ysis of power systems [21]. Modern planning should consider probabilistic methods in order to
adequately consider DER and other sources of uncertainty, which implies the creation of stochastic
models and the introduction of risk concepts for the assessment of constraint violations. Decision-
making under uncertain scenarios causes risks that should be explicitly dealt with by planning
tools in order to allow objectivity and transparency [16].

One of the main sources of uncertainty in MV distribution network calculations is the renew-
able generation because of the unpredictability of the primary energy sources (e.g., wind speed,
solar radiation, and water flow). Also, the load exhibits natural random variations that can increase
in presence of residential PV installations and uncontrolled recharge of electric vehicles. These
uncertainties can be modelled by suitable probabilistic density functions (pdfs) if the probabilistic
data for the input are available. Depending on the adopted stochastic distributions (i.e., Gaus-
sian, Beta, Rayleigh, etc.), network calculations can be performed by tailored probabilistic load
flow (PLF) algorithms or the more general Monte Carlo simulation approach. The results of these
calculations are the stochastic representation of the nodal voltage and branch current variables,
through which the technical constraints can be verified with a relative confidence (acceptable risk
of violation) [4, 16].

The application of stochastic programming optimization techniques to the traditional distri-
bution network expansion planning problem is difficult, as the nature of the planning problem
does not consist of many effective recourse decisions. Rather, it is based on investment planning
where the traditional "passive" nature of networks means that there is little control over operational
variables.
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Following the introduction of dynamic flexible network control technologies, a new recourse
characteristic is added to the network planning model. Such "active" control measures are regarded
as relatively (in comparison to network reinforcement) inexpensive solutions for overcoming net-
work issues and when the problem is modelled as a multi-stage program, at each stage an optimal
decision will be made whether to accept the solution, or to invest in long-term reinforcements. One
of the benefits of multi-stage stochastic programming is that technologies can become available
for use at different stages of the model, as they become available for deployment in the future.
Ultimately, the accuracy of stochastic programming as a decision support tool for network plan-
ners will be reliant on the accuracy (or suitability) of the probability distributions for stochastic
parameters [9].

2.2.2 The Impact of Active Network Management

An active distribution network is defined by a shared global definition: “Active distribution net-
works (ADNs) have systems in place to control a combination of distributed energy resources
(DER), defined as generators, loads and storage. Distribution system operators (DSOs) have the
possibility of managing the electricity flows using a flexible network topology. DER take some de-
gree of responsibility for system support, which will depend on a suitable regulatory environment
and connection agreement.” [2]

The distribution grid operation planning was traditional limited to network elements, but with
the employment of ADN, emerged some control of network participants (demand and generation).
Ergo, the full implementation of ADN will lead to a future where DNOs will manage the networks
in a very similar way to the TSOs for the transmission systems, so becoming DSOs [4, 16, 17].

The future distribution network planning will be defined with less network investment, since
technical operation issues can be fixed with the so called no-network solutions [16]. The novel
planning approach is capable to benefit the integration of RES, by incorporating no-network so-
lutions as valid planning alternatives [4]. For these reasons, it is imperative that modern planning
tools for the ADN integrate network operation practices in the set of feasible planning alternatives,
in order to identify the best technical and economic balance between the innovative ANM and the
traditional network expansion [16].

The possibility of ADN will represent an alternative way (no-network solutions) to solve the
most typical issues faced with BaU network solutions, such as line/transformer refurbishment. It
is important to highlight that traditional investments will be always needed at some point in the
planning horizon, but it is indisputable that no-network planning alternatives have the potential to
handle many grid issues in short/mid term [17] and therefore deferral the reinforcement actions in
the network.

Table 2.1 presents some approaches (network and no-network solutions) to deal with the net-
work technical concerns.
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Voltage rise Reinforcement Volt/VAR control
Operational p.f. 0.95 lagging Storage
Generation tripping Generation curtailment
Online reconfiguration
Voltage drop Reinforcement Volt/VAR control
Fixed capacitor banks Storage

Demand side response

Online reconfiguration
Network capacity Reinforcement Storage

Generation curtailment

Demand side response

Online reconfiguration

Network power factor Limits/bands for demand and generation Storage
Unity power factor generation
Sources of reactive power Transmission network Storage
Fixed capacitor banks NYe
Volt/VAR control
Network asset loss of life Strict network designs specifications Dynamic protection settings
based on technical and economic Asset condition monitoring

analyses

Table 2.1: BaU (network) and ADN (no-network) solution in modern distribution planning with
high shares of RES to cope with technical issues [4]

2.3 Data Modelling

Traditionally, techniques of load analysis were applied to generate characteristic load profiles used
to categorize customers into different classes. The results of the load analysis were used to produce
suitable approximations of peak demand, based on annual energy consumption [4].

This traditional representation was used in PDP by assuming unique yearly values of demand
and generation. Peak values were estimated to identify worst-case conditions and used, with a
constant annual growth rate, in the "fit and forget" approach to plan network expansion for a given
planning horizon. Average values (if necessary) were considered for estimating technical losses
and for reliability analyses [2, 16].

Currently, PDP takes into account the penetration of large shares of RES and is greatly influ-
enced by factors such as the uncertainty of load demand and the output power of RES. Therefore,
adequate knowledge about demand, wind and PV generation profiles is crucial in two planning
features [1, 2]:

e The identification of the maximum stress conditions: maximum load and no generation and
minimum load and maximum generation. Any distribution system should be planned in
order to ensure that the resulting system configuration will be adequate and on the basis that
further reinforcement will not be required during the given long-term planning period;

e The determination of power losses. The annual power losses constitute the main compo-
nent of the DSO’s operating cost, i.e. annual power losses increase the DSO’s Operational
Expenditure (OPEX) costs.

However, the deterministic "fit and forget" approach is still used by DSO, now identifying the
previous defined worst-case conditions. The main drawback of this deterministic approach is that
the distribution grid is designed and planned assuming the worst conditions as certain, even if they
have a very low probability of occurrence [16].

These simplified representations are unsuitable for the planning studies of the future ADNs.
In order to capture the operational aspects that can affect the PDP, the time variability of demand,
PV and wind generation has to be explicitly represented in the planning calculations [4].
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Therefore, two possible options can be followed to represent the hour variability of demand
and generation [2, 16]:

o C(lassification of all the demand-generation states in a year, by grouping them in some typi-
cal conditions - clustering periods. With this approach, considering annual time-series pro-
files of power consumption and generation, different operating conditions can be recognised
and clustered in order to decrease the computational burden of the planning calculations.

For better estimation of the probability of occurrence of each state, this analysis has to
be extended to several years of historic data. However, due to the recent introduction of
RES generation, the amount of historic data available may not be enough to extend this
methodology, so new techniques of forecasting need to be explored to compensate the lack
of data.

In Figure 2.4, it is possible to observe some clustering examples of demand and generation
conditions;

Period m: Scenario with 70%
peak demand and 90% of
generation capacity. T,=956hrs
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Figure 2.4: Clustering of demand and generation variability [2]

e Adopt distinctive daily profiles for the whole year to represent the behaviour of distribu-
tions network consumers and producers in a year (representative scenarios). These days are
divided into hourly intervals and the network calculations are repeated for each of them.

In this case, to capture the uncertainties of demand and generation, loads and DG units are
modelled with suitable probabilistic density functions (e.g. normal, beta, etc.), as shown in

Figure 2.5.
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Figure 2.5: Representation examples of daily load and generation profiles [4]
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In addition, load demand, wind and solar generation are considered independent variables,
having different probabilistic density functions [1]:

e Each load of the system is represented by an appropriate daily profile, divided into 24
hourly-time intervals, with specific mean values and standard deviations. Each load interval
follows a Gaussian/normal distribution;

e The output power of a wind generation unit depends on the wind speed. The variability of
the wind speed follows the Weibull distribution;

e The output power of a PV generation unit relies on the solar irradiance. To describe the
random behaviour of the solar irradiance, the Beta distribution is used.

According to [2, 16], the uncertainties that are inherent to current and future distribution net-
works suggest both the use of probabilistic models to better represent planning data and the intro-
duction of the risk concept in the selection of planning alternatives. Thus, in Table 2.2 is underlined
the evolution undergone in data modelling for PDP since the traditional to the modern planning.

Traditional Current Modern
Daily load curves were collected to Due to a higher penetration of DG, all Daily load curves and daily
classify several categories of loads generation technologies are generation curves have to be
and used to identify the worst considered. However, uncertainties of explicitly modelled.
condition: maximum demand RES are not represented.

Some typical operating conditions

coincidence factors).
( ) Two worst-case conditions are defined: need to be recognized together

Constant/predictable generation 1) Max Load - No generation, with their relative probability of
considered as negative load. 2) Min Load - Max generation. occurrence.

Unpredictable generation (RES) was  These conditions are considered as Importance of chronological
considered only for the estimation of  certain even if they will appear rarely representation.

technical losses. (particularly for renewables).

Table 2.2: Data modelling for power distribution planning studies [2]

2.4 Cost-benefit Analysis (CBA)

SGs are a key component of the European strategy towards a low-carbon energy future. Given the
economic potential of SG, there is a need for a methodological approach to estimate the costs and
benefits of such network [5].

Before assessing the CBA for SG, it is important to underline the meaning of the concept
Smart Grid by presenting some valid definitions [47]:

e "A network efficiently integrating the behaviour and actions of all users connected to it —
generators, consumers and those that do both — in order to ensure an economically efficient,
sustainable electricity system with low losses and high quality and security of supply and
safety."

e "Any equipment or installation, both at tra