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Resumo
Historicamente, o planeamento de redes de distribuição (PDP) consiste em determinar quais os
investimentos a executar garantindo a satisfação de consumos previstos, obedecendo a restrições
técnicas. Se até agora, o PDP se centra numa gestão passiva da rede, na qual existe um grau
mínimo de monitorização e controlo dos parâmetros da rede, atualmente o principal desafio do
planeamento da rede de distribuição é a integração contínua dos recursos energéticos distribuídos
(DER), especialmente das fontes de energia renováveis (RES).

Esta nova tendência nos sistemas de distribuição, devido à incerteza e produção variável de
energia por parte dos DER, exige mudanças 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 operação e gestão da rede de distribuição deve transitar para uma metodologia
de gestão activa da rede (ANM).

Dentro deste contexto, esta tese apresenta uma metodologia PDP que inclui as duas metodolo-
gias de tomada de decisão do operador da rede de distribuição (DSO): o planeamento do reforço
tradicional da rede de distribuição, onde os problemas técnicos são resolvidos através do reforço
dos activos existentes, e a gestão preditiva da rede (planeamento ANM) que permite ao DSO
contratar flexibilidade de consumo/geração (com antecedência) aos DER para ajudar na gestão e
operação da rede em caso de problemas de congestionamento/tensão.

Primeiramente, é criado um cenário de base para o PDP. Depois, é desenvolvida a metodologia
PDP com ambas as soluções de planeamento da rede (reforço e ANM) que é aplicada a um caso de
teste através de um horizonte de planeamento definido e com crescimento de consumo e geração
proveniente de fontes renováveis (RES) definido em cada ano.

De seguida, é desenvolvida uma metodologia de análise custo-benefício (CBA) para deter-
minar o custo total de cada solução de planeamento. Ainda na mesma metodologia, é realizada
uma análise de sensibilidade para estimar o custo máximo que o planeamento ANM pode assumir
como sendo rentável (ponto de equilíbrio), e estabelece-se uma avaliação dos indicadores-chave
de desempenho (KPIs) para determinar os benefícios técnicos e económicos da mudança de um
planeamento passivo (reforço da rede) para um planeamento moderno (ANM).

Finalmente, para o horizonte de planeamento, o paradigma chave desta tese pode ser revelado:
se activar os serviços de flexibilidade distribuídos (planeamento ANM) é a solução óptima em
termos de custos para a resolução de problemas técnicos e melhoria de aspetos da rede, sendo que
o planeamento de reforço tradicional da rede oferece uma solução alternativa.

Palavras-chave: Planeamento da Rede Distribuição, Planeamento do Reforço da Rede, Redes
Inteligentes, Gestão Preditiva da Rede, Recursos Energéticos Distribuídos, Flexibilidade, Análise
de Custo-Benefício, Ponto de Equilíbrio, 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.

1



2 Introduction

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:

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

• 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;

• 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:

• Optimal location of the feeders and optimal individual feeder design;

• Optimal allocation of load;

• Optimal allocation of substation capacity;

• 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.

5
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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 ADNs.

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:

• Electrical load can be taken as passive demand;

• DG units are treated as negative loads and operate under constant power factor;

• The load flow is unidirectional;

• 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.

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 mm2 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

• 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];

• 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].

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 ADNs 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.

.

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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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]:

• 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;

• 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]:

• Classification 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;

Figure 2.4: Clustering of demand and generation variability [2]

• 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.

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]:

• 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;

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

• 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.

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]:

• "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."

• "Any equipment or installation, both at transmission and medium voltage distribution level,
aiming at two way digital communication, real-time or close to real-time, interactive and
intelligent monitoring and management of electricity generation, transmission, distribution
and consumption within an electricity network."
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The proposed approach is cognizant that the impact of SG projects goes beyond the monetary
terms. Thus, the general approach aims to integrate an economic analysis (monetary appraisal of
costs and benefits on behalf of society) with a qualitative impact analysis (non-monetary appraisal
of non-quantifiable impacts and externalities) [5], as observed in Figure 2.6.

Figure 2.6: Framework of Smart Grid projects, including economic and qualitative evaluations [5]

According to [5, 47], the economic analysis takes into account all costs and benefits expressed
in monetary terms, considering a societal perspective. That is, the analysis tries to include all costs
and benefits from the Smart Grid project into the electric system (e.g, allowing future integration
of DER) and into a society at large (e.g., environmental costs).

The qualitative impact analysis consider externalities that are not quantifiable in monetary
terms. This includes the costs and benefits derived from broader social impacts like security of
supply, consumer participation and improvements to market functioning.

2.4.1 Establishing the Baseline

The purpose of establishing the project baseline is to define the "control state" that reflects the
system condition that would have occurred if the project had not taken place. Therefore, the CBA
is based on the difference between the costs and benefits associated with the "Business as Usual"
scenario and those associated with the implementation of a SG project [5, 48].

Therefore, all the assessment shall be carried out considering the two following scenarios [17,
48]:

• BaU scenario (without SG deployment) representing the traditional network planning, in
which solutions such as line and transformers reinforcements are used to solve many net-
work issues. This is the reference scenario to assess the impact of the Smart Grid project;

• SG scenario in which, for example, an ADN planning will represent an alternative way
to solve most common issues faced. With the employment of ADN, some control of net-
work participants (demand and generation) emerged, which allows to use DER flexibility
resources to solve many network problems.

2.4.2 Discount Rate

According to [49], costs and benefits from CBA methodology rarely occur within a short time
period. As the value of money changes over time due to some effects such as inflation, the value
of a cost or benefit in the future may not be representative of the actual worth of that cost or benefit
in present terms. For this reason, it is necessary to discount the future values of costs and benefits
occurring over time to a common metric - present values. This allow the researchers to calculate
the net present value of total costs and net present value of total benefits.
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A key concern is the value assigned to the discount rate. An incorrect value could easily result
in an inaccurate estimate of the present value of a future cost of benefit [48].

Often government agencies provide a suggested discount rate to use when performing dis-
counting [49]. Although, different values may be proposed as long as they are justified in the light
of a specific country’s macro-economic circumstances and its capital constraints [48].

2.4.3 Identification of Costs

One of the common methods of annually cost estimation is the Total Expenditure (TOTEX) logic,
that results from the following indicators: Capital Expenditure (CAPEX) costs related to network
investments (reinforcement costs) and Operational Expenditure (OPEX) costs related to operation
network costs, such as power losses costs and DER flexibility resources activation costs (costs
presented in ADN scenario) [48]. The TOTEX is calculated for each considered scenario.

2.4.4 Identification of Benefits

According to [48, 50], the benefits (technical and/or economical) are the difference between the
reference case (scenario) and the application case (SG scenario), over the defined planning hori-
zon.

Figure 2.7: Expected benefits comparison between BaU and SG scenarios, adapted from [6]

Each criterion, category or group of benefits will have its own form of quantification, whether
it is monetary or not. One reliable way to identify in a quantified manner the benefits that can
be obtained from the adoption of the SG scenario (ADN functionality) are the key performance
indicators (KPIs) [47, 50].

According to Figure 2.8, for the described reference case (BAU scenario) and the Smart Grid
scenario, the KPIs are computed based on a four-step approach [6]:

Figure 2.8: Process for calculating the KPIs, adapted from [6]
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1. Identification of the network problems (congestion/voltage) that need to be solved or the
situation that needs to be improved;

2. Selection of the scenario as an action to the previous step, i.e., use traditional network re-
inforcement planning to solve congestion/voltage problems or improve operation aspects of
the network. Then, estimate the results and the progress made after applying this approach;

3. Selection of the SG scenario as an action to the fist step, i.e., enable an ANM with active
participation of demand and generation (DER flexibility) to solve technical problems or
improve operation aspects of the network (e.g., power losses). Then, estimate the results
and the progress made after implementing this modern planning approach;

4. Calculation of KPIs in order to assess the technical and economical benefits of shifting from
a traditional planning (BaU scenario) to a modern planning (SG scenario), by applying the
proposed formula for each KPI.

Definition of relevant KPIs

Deferred Transmission and Distribution Capacity Investment (DTDCI)
In the scenario, it is necessary capital investments to solve technical problems and improve net-
work operational aspects. However, with the Smart Grid scenario, DSO contracts DER flexibility
services to solve the same problems and by that reduces the need of network reinforcements [51].
Therefore, after introducing an ANM, a decrease in investment costs are observed and it is impor-
tant to access the potential of investment deferral caused by ANM [52].

Therefore, the DTDCI KPI for the functionality of network reinforcement planning consider-
ing management of distributed flexibility will be computed by the following formula [50]:

DT DCI =
NRCBaU −NRCSG

NRCBaU
∗100% (2.1)

where NRCBaU is the net present value of total cost of the baseline scenario ( BaU scenario) and
is computed by the traditional network reinforcement planning tool. The NRCSG is the net present
value of the total cost for the SG scenario (ADN planning) and is computed by the traditional
network reinforcement planning tool considering an ANM (DER flexibility).

Reduction of technical power losses
Smart Grid functionality using DER flexibility resources can locally balance energy production
and consumption (reduction in power flows, thereby lowering power losses. However, in some
cases, the reverse power flow related to increased energy production during low load periods in-
creases power losses [50, 51].

The KPI that is associated with the reduction of power losses is computed as follows [50]:

∆PL =
LBaU −LSG

LBaU
∗100% (2.2)

where LBaU is the amount of energy losses (MWh) in baseline scenario (BaU scenario) eval-
uated in a defined period and LSG is the amount of energy losses (MWh) in SG scenario (ADN
planning) evaluated in a defined period.
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Smart Grid including the use of system flexibility services have a major contribution to the
creation of a future energy system. The expected costs and benefits from the implementation of a
SG scenario with the use of DER flexibility resources are summarized in Table 2.3.

Table 2.3: Comparison of potential costs and benefits of developing smart grids and flexibility,
adapted from [7]



Chapter 3

Network Planning Methodologies

In this chapter, the modelling of a PDP problem will be addressed by comparing and explaining
two different DSO decision-making methodologies:

1. Power Distribution Reinforcement Planning as the traditional grid planning framework;

2. Active Distribution Grid Management as the predictive grid planning that considers the
management of distributed flexibility.

First, it will be exposed and explained some important features of the two possible DSO plan-
ning solutions. Then, the PDP methodology embedded with both planning solutions will be pre-
sented and some important methodology steps will be detailed.

In a second phase, a CBA methodology will be outlined to mark some important points:

1. The total cost of each DSO planning solution;

2. The break-even point, referring to the maximum total cost that the DSO is willing to pay for
the active distribution grid management to be profitable;

3. The KPIs to assess some technical and economical benefits of shifting from a traditional
reinforcement planning to an active network management planning.

3.1 Power Distribution Reinforcement Planning

Network reinforcement planning aims to guarantee a sufficient network capacity for accommodat-
ing the electricity supply, in conformity with the producers and consumers requirements.

This planning exercise has two strands, one technical and other economic, which objectively
implements and quantifies the generic obligation of network planning, to which the DSO is linked.
Both of these aspects are logically connected and are inseparable, since the judgement resulting
from the technical analysis will dictate the actions to perform in the network, represented by a
quantifiable financial investment and formulation of a corresponding budget.

Therefore, the power distribution reinforcement planning determines which investments should
be made to meet the load growth demand and host large shares of RES, within a given planning
horizon.

21
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3.1.1 Power Distribution Reinforcement Investments

There are four major types of network reinforcement investments: mandatory, urgent, programmable
and structural.

For the reinforcement planning methodology, the investments that will be executed in the grid
are related to technical problems such as overcurrent and voltage limits violation, due to load
and DG growth. Thus, the focus on the traditional planning to be carried out refers to the urgent
investments.

The urgent reinforcement requirements are the investments that will be necessary to maintain
a certain level of overall reliability, taking into account network component outages. All loads
must be supplied if an outage occurs at one of the feeders at HV level or HV/MV transformers.

These type of investments cannot be defined in advance, but are essentially aimed at resolving
incidents that jeopardize the security or supply of electrical energy. In most cases, they lead to
the replacement/reinforcement of network elements, when obsolete, thus reducing operating costs
and contributing to the improvement of operational efficiency.

These investments tend to be the most standard: up rating substation transformers capacity
and/or up rating distribution lines/cables capacity, in order to increase the overall network capacity.
Therefore, power capacity reinforcements aim to ensure that all transformers and lines/cables do
not exceed their nominal ratings, avoiding voltage and capacity problems, while supplying the
load.

Reinforcement action =


Increase line/cable cross-sectional area, if IL j ≥ Imax

L j

Increase transformer rated apparent power, if ITk ≥ Irat
Tk

Keep the original size, otherwise

(3.1)

where,
IL j is the current on distribution line/cable j [A]

Imax
L j

is the maximum allowed current of distribution line/cable j [A]

ITk is the current on substation transformer k [A]

Irat
Tk

is the rated current of substation transformer k [A]

As to the increase of line/cable cross-sectional area, if the cross-section of the overloaded
line/cable is already very high (240 mm2 or more), the load of the distribution grid may have to be
redistributed through the distinct feeders connected to the primary HV/MV substations.

It is important to notice that the reinforcement action regarding increasing transformers rated
power is a decision that is not as common to happen as increasing lines/cables cross-sectional
area, and only happen after long years of planning (e.g., 15 years). Therefore, in this thesis, the
replacement of substation HV/MV transformers will not be considered.

Furthermore, the planning process will take into account a logistical perspective, i.e, when a
building crew is sent to a specific location in the network it should solve all the technical problems
associated with that location, in order to avoid sending crews to the same site year after year.



3.1 Power Distribution Reinforcement Planning 23

When choosing the reinforcement investments, it is important to pay attention to safety stan-
dards:

• To guarantee the expected consumption for the network under study, regarding technical
and regulatory conditions, and ensuring that the equipment and materials installed in the
networks do not exceed their nominal values or their characteristics in normal operation;

• To ensure the existence of available capacity in the network for the reception and delivery
of electricity, compatible with the requests formulated by producers and consumers;

• To maintain the quality of electric power supplied, in accordance with the recommendations
of NP EN 50160 (Portuguese case).

3.1.2 Representative Scenarios

Traditional distribution network planning is commonly based in load flow calculations that takes
into account the peak load conditions to determine the grid dimensioning. Although, with the
strong penetration of RES and the phenomenon of reverse power flows, it is necessary to change
the design and network management as to accommodate the peak generation conditions.

For network capacity planning, the scenarios of most interest are situations with peak values
of demand or generation and with these two critical scenarios arises:

• maximum or typical peak demand and minimum or typical valley generation;

• minimum or typical valley demand and maximum or typical peak generation.

The scenarios will consider seven representative days during the year, with a hourly time
frame, corresponding to a variety of realistic and interesting conditions in terms of load demand
and distributed generation (DG) (PV and wind power) injection. If the most critical grid operation
modes are satisfied, the grid can respond well to the remaining operation cases.

These days will be selected according to the following criteria:

• Season: Winter, Spring/Autumn and Summer;

• Weekday: weekday, weekend and holiday;

• Scenarios: maximum peak load, maximum valley load, maximum peak generation, typical
valley load and typical peak generation, typical valley generation and typical peak load.

The first point tends to reflect that electricity demand is subject to fluctuations on a seasonal
basis. The second points out that consumption profiles vary between working days, weekends and
holidays. The last point follows the fluctuation of energy prices during day and night periods,
and highlights the significant scenarios in terms of load and generation conditions that are worth
examining.

It is important to notice that both wind and solar are considered intermittent power sources.
Both are intermittent by nature, as output fluctuates with weather patterns. On the other hand,
there are two power sources with different production diagrams over time, so their production
performances during a day, at peak and valley hours, will be different.

Hence, while performing the traditional planning exercise, it is relevant to observe the time
variability of consumption and generation profiles in the different scenarios mentioned previously,
as well as it is crucial to define future annual increases in load consumption and RES generation.



24 Network Planning Methodologies

3.2 Active Distribution Grid Management

The current passive distribution network management is rapidly changing into a future ANM,
where the operation is not limited only to network elements, but also allows the control of network
participants (demand and generation). The ANM is a core part of the concept "Smart Grid", in
which DSOs can contract/control power generation/consumption from DER to solve congestion
and voltage problems in the distribution grid.

The DER discussed in this thesis are related to RES generation units flexibility resources, i.e.,
active participation of producers from RES and load flexibility resources, i.e., the active participa-
tion of consumers (demand response).

In the past, technical problems such as overcurrent and voltage limits violation were mitigated
by planning network investments/reinforcements and changing the network reconfiguration. Now,
DSOs have additional flexibility in the network that allows them to solve the technical problems
in the operational domain, instead of solving them only in the planning phase.

Therefore, ANM solutions are accounted as a valid planning alternative to the traditional ones
in order to solve possible constraint violations and to improve network performances (e.g. reduce
power losses). If some contingencies appear, the ANM procedure tries to solve them initially
through the use of flexibility services or in last resort with network upgrades/reinforcements.

It is important to emphasize that traditional investments will be needed at some point of the
planning horizon, but is indisputable that ANM planning alternative have the potential to handle
many grid issues in short/mid term planning. Thus, the main benefit from the Smart Grid (ANM)
planning is the investment deferral.

3.2.1 Operational Flexibility

With the introduction of variable supply sources, power system planners and operators are cog-
nizant that power systems need new ways of balancing supply and demand. The concept of "flex-
ibility" in power systems gained importance:

• "On an individual level, flexibility is the modification of generation injection and/or con-
sumption patterns in reaction to an external signal (price signal or activation) in order to
provide a service within the energy system." [53]

• "When planning the development of the distribution network, energy efficiency/demand-
side management measures and/or distributed generation that might supplant the need to
upgrade or replace electricity capacity shall be considered by the distribution system opera-
tor." [7]

The flexibility potential (flexible operation/bids from demand and RES) requires the imple-
mentation of a proactive and preventive grid management based on forecasts with the possibility
to reserve/control loads and DG connected to the distribution grid.

It is important to notice that information about forecasts and corresponding uncertainty is not
embedded in this decision-making methodology.

For thesis purposes, it is crucial to state that DER flexibility services are activated/contracted
by the DSO to solve/mitigate network problems and are related to load and RES active power
curtailment. Hence, load shedding and wind plus PV curtailment are used to balance the system ,
i.e. maintain the continuous equilibrium of demand and supply in the system to avoid congestion
and voltage problems.
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The DSO needs to operate in an operational planning domain to anticipate potential network
problems and contract day-ahead flexibility to be ready to solve these potential problems in real-
time. The goal of the DSO remains the same, i.e., ensure that voltage, congestion and delivery
problems are solved, while maintaining the proper operation of the system with adequate levels
of safety, reliability and power quality. Additionally, the use of flexibility for managing technical
problems can be of greater interest to the DSO, for a deferral of very expensive network invest-
ments and expansion as well.

3.2.2 Reserve Balancing Mechanism

Balancing services are necessary to ensure the continuous equilibrium between generation and
load in the power system. This leads to the need of a reserve capacity composed of loads and RES
generation units able to respond to possible network problems.

The reserve capacity used to balance the energy in the system is known as the regulation
reserve, which corresponds to the maximum variation of power of the system in both directions -
up or down. The power range, in each direction, is called the reserve or band to go up or down.
This reserve is contracted in a regulation market and the offers in the reserve balancing mechanism
can be of two different types:

• Upward regulation - requires an increase of generation or reduction of demand;

• Downward regulation - requires an reduction of generation or increase of demand.

Upward and downward flexibility services from DER are contracted in the regulation market
at day-ahead time horizon, and used in real-time to manage the grid and solve congestion/voltage
problems, accounting with the uncertainty of renewable sources.

First, upward and downward flexibility bids are provide to the DSO and then, DSO contracts
the flexibility from DER aggregators based on capacity payments to manage the grid in real-time.
The flexibility bids of changing the operating point of the resources (generation or demand) for
upward and downward power are defined based on the strategy of each DER aggregator to provide
flexibility to DSO.

In Figure 3.1 is illustrated the framework to help DSO solve technical problems through con-
tracting flexibility from DER.

Figure 3.1: Diagram of framework for a predictive distribution grid management

At least, it is important to say that DSO needs to reserve/contract flexibility in advance to use
it when needed in real-time operation. Therefore, the amount of contracted flexibility will depend
on the expected needs for solving potential congestion/voltage problems in the distribution grid.

In general, DER flexibility is increasingly being used to provide balancing services and to
avoid grid problems. Hence, a new market design can emerge to allow DSO to reserve/contract
flexibility ahead of delivery requirements.
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3.3 Power Distribution Planning

In this chapter it will be discussed the PDP methodology for the two decision-making method-
ologies described previously in sections 3.1 and 3.2. Among that, some important steps from the
PDP methodology will be explained and the differences between the traditional grid reinforcement
planning and predictive grid management will be pointed out.

3.3.1 Base Case Scenario

An important step before proceeding with distribution network planning is to establish an inter-
esting base case in order to observe the behavior of the distribution network, over the defined
planning horizon.

For thesis purposes, this preliminary scenario represents the year zero of the planning hori-
zon in which there are already DG units from RES connected to the network, and no invest-
ments/reinforcements are made in the distribution grid neither DER flexibility is activated/contracted
by DSO. Thus, at this point there are no technical problems in the distribution network, but must be
closer to engage congestion/voltage problems, so within the next following years of the planning
horizon it can be performed network investments or be contracted flexibility by DSO.

It should be noted that in reality, the base case is not mandatory to be close to overcoming
the technical constraints of the network. It is in this study case, because the goal is to prove the
concepts of traditional grid reinforcement and predictive grid management.

Once the base scenario is defined, an analysis on the grid is made for the planning horizon
(years ahead) checking which investments/reinforcements and flexibility services must take place
for both DG and load growth conditions.

3.3.2 PDP methodology

The proposed PDP model is applied to the reinforcement of existing MV distribution networks and
to the predictive management (ANM) of those networks, in order to accomodate future growth of
DG connection (PV and wind power penetration) and forthcoming load growth. Thus, strong
renewable penetration and load growth are dominant parameters affecting the power distribution
planning.

The schematic of the PDP methodology approach is shown in Figure 3.2.
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Figure 3.2: Flowchart of the power distribution planning methodologies

3.3.2.1 DG integration and Load Growth

A horizon of 10 years is assumed for the network planning exercise. The horizon is divided into
early stages with yearly duration and a given load growth and new DG connected capacity is
considered for each year, in order to reproduce a realistic case, i.e., always expect an increase in
network consumption and DG capacity connected to the grid.

Concerning the DG units capacity and connection to the distribution network, it is important
to adress some rules:

• DG is connected to buses with or without load;

• DG units have unitary power factor (cos(φ) = 1), as well as loads;

• The DG units connected to the network buses are only from RES, i.e., PV and wind power
injected to the grid;

• The choice of "candidate" buses to connect DG units is based on the sensitivity coefficients
of the Jacobian matrix;

• For simplification purposes, DG units are connected directly to MV nodes, i.e., MV/LV
secondary substation are neglected;

• DG installed capacity is considered to be a multiple of the annual peak load, in order to
avoid unreal concentrations of DG penetration;

• In all years of the planning horizon, including the base case scenario (year 0), the total
RES capacity is 80% PV power production and 20% wind power production, in order to
reproduce a real case in terms of production injected by each renewable source technology
into the network - PV power dominant over wind power;
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• The annual generation increase must take into account the fact that the theoretical maximum
of each installation is 10 kW, i.e., the growth rate must be rational so that there are no
excessive increases in RES production (e.g., capacity doubled from year to year).

3.3.2.2 Load and Generation Profiles

Profiles concerning load and RES generation are described by multiple time steps, which provide
the point of operation of the network in each time step in terms of demand and generation condi-
tions. The demand and generation profiles represent real data regarding demand, wind power and
PV production.

These time series have been standardized in order to extrapolate other powers and to apply to
different case studies. The data regarding PV and wind generation was standardized in reference
to the maximum hourly value of each generation (PV or wind) data. The consumption data was
standardized in reference to 80% of the maximum hourly value of all the consumption time steps,
because it is not common to reach the maximum contracted power.

Allegedly, one year data regarding consumption, PV and wind power production was provided.
However, in the PDP exercise, two possible directions can be followed to represent the hourly
variability of demand and generation:

• As mentioned in section 3.1.2, in the traditional network reinforcement planning, seven
distinctive daily profiles will be adopted for the whole year to represent the behaviour of
distribution network consumers and producers in a year. If the most critical grid operation
modes are satisfied, the grid can respond well to the remaining operation cases;

• In the predictive grid management, the PDP will be executed for the entire year (8760 hours).
For thesis purposes, the clustering of demand-generation states/periods in a year, similar to
the selected representative scenarios in the reinforcement planning, will not be considered.

3.3.2.3 Network Constraints

Grid constraints are of two categories: equality and inequality constraints.
The first ones are simply the verification of Kirchhoff laws, representing the non-linear active

and reactive power balance equations by bus, 3.2 and 3.3.

Pi = PGi−PDi ,∀i ∈ {buses of the network} (3.2)

Qi = QGi−QDi ,∀i ∈ {buses of the network} (3.3)

where,
Pi is the active power flow on bus i [MW]

Qi is the reactive power flow on bus i [Mvar]

PGi is the active power generation on bus i [MW]

QGi is the reactive power generation on bus i [Mvar]

PDi is the active power demand on bus i [MW]

QDi is the reactive power demand on bus i [Mvar]
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The inequality constraints consist of branches (lines/cables and transformers) and bus voltages
technical limitations.

To prevent damages and maintain the security of the assets, the current of each branch in
the network should be kept bellow the capacity limit during the network operation. The voltage
magnitude at each bus should remain within the safe operating limits, to ensure a stable voltage
supply for customers and also to prevent damage of network assets.

These constraints are the network operational constraints, and in the presented PDP method-
ology it is verified whether these security constraints are violated or not. These constraints are
defined prior to the planning exercise and refer to all lines/cables and transformers capacities, and
bus voltage magnitudes respectively, 3.4, 3.5, 3.6.

IL j ≤ Imax
L j

,∀ j ∈ {lines/cables of the network} (3.4)

ITk ≤ Irat
Tk

,∀k ∈ {transformers of the network} (3.5)

V min
i ≤Vi ≤V max

i ,∀i ∈ {buses of the network} (3.6)

where,
Vi is the voltage on bus i [V]

V min
i is the minimum allowed voltage on bus i [V]

V max
i is the maximum allowed voltage on bus i [V]

IL j , ITk , I
max
L j

, Irat
Tk

previously defined in 3.1 [A]

At this point of the PDP methodology, no further constraints need to be considered. However,
when performing the OPF other inequality constraints are need to be mentioned - operational
power constraints.

3.3.2.4 Network Reconfiguration

MV distribution network is generally built to be meshed, but operated in a radial fashion. This
means that there is a potential to modify the topological configuration by utilising the redundant
lines/cables in the network.

Therefore, network reconfiguration takes advantage of the redundant power lines/cables in
the network and modifies the paths through which the power flows, in order to find a new radial
topology for the distribution network without disconnecting any consumer or producer.

In a certain year of the planning horizon, when congestion/voltage problems occur, the first ac-
tion for trying to solve the technical problems is to reconfigure the network topology, because it is
a network measure that does not involve expensive costs like capital investments/reinforcements or
demand/generation flexibility services. The network reconfiguration can relieve the grid problems
or, at the best, permanently solve them.

For thesis purposes, the network redundant lines/cables (lines/cables with open switches) were
adapted to better suit the study case of the network planning exercise. To determine the optimal
grid reconfiguration, different reconfiguration possibilities will be tested, and two possible solu-
tions for congestion/voltage problems might emerge:
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• If network reconfiguration applied to the grid solve all the congestion/voltage problems in
the planning year, no load or DG unit is disconnected to the grid and there are no need for
investments/reinforcements or activate/contract flexibility to solve the grid problems. For
this case, the relevant results are saved and DSO will move on to the next planning year.

If multiple reconfiguration options solve the congestion/voltage problems without suppress-
ing any load or RES, the network operator can choose the topology decision he finds best
for future years of distribution planning, because either solution solves the grid problems;

• If the network reconfiguration can relieve and does not solve the congestion/voltage prob-
lems, some customers and RES producers will be affected. To that end, the two DSO
decision-making methodologies are tested and an OPF must be performed for each case
- power distribution reinforcement planning and active distribution grid management.

3.3.2.5 Optimal Power Flow (OPF)

As stated in the 3.3.2.4, if necessary, an AC OPF must be performed for the power distribution
reinforcement planning and for the active distribution grid management. The OPF is used to
estimate the amount of energy not supplied (ENS) and/or renewable energy curtailment (REC)
for the reinforcement planning, and the activated/contracted flexibility from load and RES for the
predictive management, while ensuring that the operational constraints are not violated.

The optimal power flow executes the active and reactive power dispatch, respecting the net-
work constraints. In other words, it makes adjustments to loads and DG units according to cost
curves and safe operating limits.

The OPF is subject to the network constraints referenced in section 3.3.2.3, i.e. the active
and reactive power balance equations and the network operational constraints (branches and bus
voltage limitations). However, as said in the mentioned section, before performing the OPF other
inequality constraints must be added - operational power constraints.

For thesis purposes, these inequality constraints are related to the upper and lower limits of the
active power demand of loads and active power injection of DG units. The active power for loads
and DG units can be defined as a flexibility for the OPF:

Pmin
Dm
≤ PDm ≤ Pmax

Dm
,∀m ∈ {buses with load connection of the network} (3.7)

Pmin
Gn
≤ PGn ≤ Pmax

Gn
,∀n ∈ {buses with DG connection of the network} (3.8)

where,
PDm is the active power demand on bus m [MW]

Pmin
Dm

is the minimum allowed active power demand on bus m [MW]

Pmax
Dm

is the maximum allowed active power demand on bus m [MW]

PGn is the active power generation on bus n [MW]

Pmin
Gn

is the minimum allowed active power generation on bus n [MW]

Pmax
Gn

is the maximum allowed active power generation on bus n [MW]
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The operational power constraints are the same for the distribution reinforcement planning and
predictive grid management, however the linear costs for active power embedded in the OPF are
different.

Power Distribution Reinforcement Planning
This planning process quantifies the ENS and/or REC due to congestion/voltage problems, by
computing the suppressed load and/or renewable energy curtailment, i.e the amount of load/generation
that cannot be supplied/injected in the network, respectively.

If the grid reconfiguration does not completely solve the technical problems, an OPF with
linear costs must be performed for calculating the energy not supplied (ENS) by loads and/or
renewable energy curtailment (REC) by DG units.

The linear costs represent the penalties that DSO will have to pay for ENS and/or REC. To the
energy not supplied by loads is applied a penalty cost and the reference feed-in-tariff to the energy
not injected by RES.

In the traditional planning process, the actions of curtail load and/or generation are executed to
allow the distribution network to operate safely until the investment/reinforcement is performed in
the network. After the reinforcement plan is done and the congestion/voltage problems avoided,
DSO will move on to the next year of the planning horizon.

Active Distribution Grid Management
In the Smart Grid (SG) case, the planning process quantifies the activated/contracted flexibility to
prevent congestion/voltage problems and ensure the balance between demand and generation, by
requesting the active participation of consumers and producers:

• The active participation of consumers (demand response) or load flexibility is related to
load shedding/curtailment, in more general terms, modulation below its given time-variant
maximum active power output level;

• The active participation of producers or RES flexibility is related to renewable power feed-in
curtailment, i.e, PV and wind power curtailment.

The demand and generation flexibility bids of changing the operating point are defined through
an active power control (via curtailment), so it is required a reduction of demand (upward regula-
tion) and a reduction of generation (downward regulation). The upward and downward flexibility
services from DER are reserved/contracted by DSO and used in real-time to manage the grid and
solve the technical problems.

If the grid reconfiguration does not completely solve the technical problems, an OPF with
linear costs must be performed for calculating the activated/contracted flexibility from loads and
DG units.

The linear costs represent the capacity payments from DSO, i.e., the upward and downward
flexibility activation prices.

In the operational planning process, the actions of load and generation curtailment are con-
tracted by the DSO as flexibility services provided by consumers and producers, to manage the
network and avoid congestion/voltage problems in real-time. After the predictive grid manage-
ment is applied and the technical problems mitigated, DSO will move on to the next year of the
planning horizon.
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3.3.3 CBA Methodology

Although the CBA methodology is part of the PDP methodology described in section 3.3.2, as it
is a separate methodology, it will be described in this chapter.

Once the last year of the planning horizon has been reached, an economic assessment of each
DSO decision-making methodology planning must be performed. The cost-benefit analysis is for-
mulated to determine the total cost of each DSO planning solution and also to assess the technical
and economical benefits of shifting from a passive planning to a modern planning (SG case), in
which is allowed the control of network participants (demand and generation) for PDP. Along
with these important points, a sensitivity analysis is also part of the CBA methodology in order to
estimate the break-even point.

For thesis purposes, the total cost estimation for both grid planning solutions, power distribu-
tion reinforcement planning and active distribution grid management, is considered from the first
year to the last year of the planning horizon, i.e., the economic evaluation does not include the
base case scenario (year 0).

3.3.3.1 Total Cost Estimation - Power Distribution Reinforcement Planning

During the life cycle of the assets installed in the power grid, two types of incurred costs take
place: CAPEX representing the asset investment/reinforcement costs and OPEX representing the
operational costs. Asset investment costs are due to line/cable and transformer reinforcements.
Operational costs are related to network active power losses.

Also, it is important to consider the outage costs in the economic evaluation, i.e., consumers
and producers interruption costs paid by DSO, due to ENS and REC.

Therefore, the cash flows of the three cost vectors (investment, operation and outage) for the
network reinforcement program are created. The net present value (NPV) of the total cost for the
power distribution reinforcement planning during the planning period T with an interest rate d is
calculated by

NPVRP =
T

∑
t=1

(InvCt +OpCt +OutCt).(P|F,d, t) (3.9)

where,
NPVRP is the net present value of total cost for the reinforcement program [e ]

InvCt are the annual investment/reinforcement costs in year t [e ]

OpCt are the annual operational costs in year t [e ]

OutCt are the annual outage costs in year t [e ]

(P|F,d, t) is the present value factor for a single future value

T is the length of cash flows (number of years of the planning horizon)

The (P|F,d, t) is defined by

(P|F,d, t) = (P|A,d, t)∗ (A|F,d, t) = (1+d)t −1
d(1+d)t ∗

d
(1+d)t −1

=
1

(1+d)t (3.10)
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where,
(P|A,d, t) is the present value factor for an annuity cash flow

(A|F,d, t) is the sinking fund factor for an annuity cash flow

d is the pre-defined discount rate [%]

t is a certain year of the planning horizon

It is important do address the following points:

• The NPV calculation is the process of finding the equivalent value at some earlier time.
NPV calculation is the reverse of future value calculation;

• The discount rate (d) is the rate of interest that converts all costs into their value in the
present. It is based on the premise that money received today is worth more than the same
amount of money received in the future, because it could be earning interest. Thus, the
future value is discounted;

• The economic analysis is made at constant prices, therefore inflation is not considered.

Investment Costs
For thesis purposes, as mentioned in section 3.1.1 and section 3.3.2.1, the replacement of substa-
tion HV/MV transformers and the MV/LV transformers are neglected, respectively. Therefore,
the investment costs are only related to reinforcement of network MV lines/cables and must be
applied in order to efficiently meet the load growth demand and to host large shares of RES.

The network reinforcement planning defines investments/reinforcements in order to avoid con-
gestion/voltage problems and quality service deterioration. Hence, the reinforcement of distribu-
tion lines/cables takes place in the preceding year in which technical problems are verified, because
the network lines/cables may take months to build.

The annual incurred investment costs for the adopted investment/reinforcement measures re-
garding the reinforcement program are given by the following equation

InvCt =
Nl

∑
j=1

cr j ∗ l j ∗ γ
j (3.11)

where,
Nl is the total number of network distribution lines/cables

cr j is the investment cost of reinforcing line/cable j [e /km]

l j is the length of the distribution line/cable j [km]

γ
j is the reinforcement decision on line/cable j, which can be 0 or 1

Operational Costs
The exploration costs are related to network active power losses. In terms of power losses in
network infrastructure, they are only accounted for the network lines/cables, while losses in sub-
station transformers are ignored.

These costs are directly connected to the usage of grid equipment and are system embedded
costs, meaning that these are cost estimates for the whole system as opposed to the investment
costs, that are only applied to the reinforcement equipment.
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Traditional power flow can be used to calculate the active power losses in the network. Then,
multiplying the power losses by the cost coefficient, the operational costs are calculated.

In terms of electrical quantities, the power losses of a network line/cable are directly propor-
tional to the current flow in the line/cable, where the proportional coefficient is defined by the
cable resistance.

Therefore, the annual operational costs related to active power losses for the reinforcement
program can be calculated by

OpCt =
Nl

∑
j=1

cp ∗ pl j ∗8760⇔ OpCt =
Nl

∑
j=1

cp ∗ r j ∗ I2
j ∗8760 (3.12)

where,
cp is the cost coefficient of power losses [e /MWh]

pl j are the active power losses on line/cable j [MW]

r j is the resistance of line/cable j [Ω]

I j is the current on line/cable j [A]

It is important to underline that, for the calculation of operational costs in equation 3.12, the
network active power losses correspond to the values of the hour with the highest active power
losses, among the seven days (scenarios) that were selectively chosen.

Outage Costs
The annual outage costs are calculated based on the total amount of load/generation that cannot
be supplied/injected in the network after an outage - ENS and/or REC. These annual costs depend
on the network topology and location of the protection devices, and just like the operational costs,
these are system embedded costs that are applied to the network loads and DG units.

Being ENS and/or REC the amount of energy (demand and/or generation) that needs to be
curtailed to prevent voltage/congestion problems, and taking into account the economic value
attributed to ENS and the reference feed-in-tariff to REC (DSO penalty costs), the annual outage
costs for the reinforcement program can be calculated by the expression 3.13.

OutCt =
8760

∑
h=1

Nlb

∑
m=1

cENS ∗ENSm +
8760

∑
h=1

NDGb

∑
n=1

FiT RES ∗RECn (3.13)

where,
Nlb is the total number of network load buses

NDGb is the total number of network DG buses

cENS is the cost of energy not supplied [e /MWh]

FiT RES is the reference feed-in-tariff applied to RES installations [e /MWh]

ENSm is the amount of energy not supplied on load bus m [MW]

RECn is the amount of renewable energy curtailed on DG bus n [MW]
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3.3.3.2 Total Cost Estimation - Active Distribution Grid Management

For the predictive grid management, only one type of incurred costs take place: OPEX represent-
ing the operational costs. The operational costs are related to network active power losses, but also
to the activated/contracted flexibility provided by demand and generation.

Although, as stated in section 3.2, when the flexibility services contracted by DSO can no
longer handle the technical problems, it is necessary to perform reinforcements in the grid and
therefore CAPEX costs mentioned in section 3.3.3.1 are included in total cost estimation for the
ANM planning, if investments are applied to the network.

Hence, depreciating the investment costs due to the fact that in the ANM planning they result
from a last resort action, the net present value of the total cost for the active distribution grid
management during the planning period T with an interest rate d is calculated by

NPVANM =
T

∑
t=1

OpCt .(P|F,d, t) (3.14)

where,
NPVANM is the net present value of total cost for the active network management [e ]

OpCt are the annual operational costs in year t [e ]

(P|F,d, t) is the present value factor for a single future value

T is the length of cash flows (number of years of the planning horizon)

The (P|F,d, t) was previously defined in equation 3.10.

Operational Costs
The operational planning process quantifies the exploration costs as the network active power
losses and the activated/contracted flexibility services provided by DER.

In terms of power losses in network infrastructure, they are only accounted for network lines/cables,
while losses in substation transformers are ignored. The way to calculate the operational costs vec-
tor from the network active power losses is already explained in section 3.3.3.1.

It is important to underline that, for the calculation of active power losses in equation 3.15,
the network active power losses correspond to the values of the hour with the highest active power
losses of the entire year.

The flexibility provided by DER to prevent congestion/voltage problems and ensure the bal-
ance between consumption and generation is related to the active participation of consumers (load
flexibility) and producers (RES flexibility). In more general terms, the actions of load shedding
(demand response) and PV and wind power curtailment are defined through upward and down-
ward flexibility services, respectively, so the DSO can activate the amount of flexibility from load
and RES needed in real-time to avoid technical problems.

Optimal power flow is executed to calculate the activated/contracted flexibility from loads
and DG units. Then, multiplying by upward and downward flexibility activation prices (DSO
penalty costs) respectively, the operational costs related to the total flexibility provided by the
active participants can be calculated.

Therefore, the annual operational costs related to active power losses and activated flexibility
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from loads and DG units for the predictive grid management program can be calculated by

OpCt =
Nl

∑
j=1

cp ∗ pl j ∗8760+OpCshed,up
load +OpCcurt,dw

DG

=
Nl

∑
j=1

cp ∗ r j ∗ I2
j ∗8760+OpCshed,up

load +OpCcurt,dw
DG

(3.15)

where,
OpCshed,up

load are the operational costs from loads upward flexibility (load shedding action) [e ]

OpCcurt,dw
DG are the operational costs from DG units downward flexibility (DG curtailment action) [e ]

cp, pl j,r j, I j previously defined in equation 3.12

The OpCshed,up
load and OpCcurt,dw

DG are defined in equation 3.16 and 3.17.

OpCshed,up
load =

8760

∑
h=1

Nlb

∑
m=1

f up
m ∗Cup

act ⇔ OpCshed,up
load =

8760

∑
h=1

Nlb

∑
m=1

f up
m ∗ (π

up
RM−πDA) (3.16)

OpCcurt,dw
DG =

8760

∑
h=1

NDGb

∑
n=1

f dw
n ∗Cdw

act ⇔ OpCcurt,dw
DG =

8760

∑
h=1

NDGb

∑
n=1

f dw
n ∗ (πDA−π

dw
RM) (3.17)

where,
f up
m is the active power flexibility provided by load bus m [MW]

f dw
n is the active power flexibility provided by DG bus n [MW]

Cup
act is the upward flexibility activation price [e /MWh]

Cdw
act is the downward flexibility activation price [e /MWh]

π
up
RM is the annual average upward regulation market price [e /MWh]

π
dw
RM is the annual average downward regulation market price [e /MWh]

πDA is the annual average day-ahead market price [e /MWh]

For thesis purposes, the upward flexibility activation price (Cup
act) is defined as the difference be-

tween the annual average upward regulation market price (πup
RM) and the annual average day-ahead

market price (πDA). The downward flexibility activation price (Cdw
act ) is defined as the difference

between the annual day-ahead market price (πDA) and the annual average downward regulation
market price (πdw

RM).

Break-Even Point
A sensitivity analysis is performed to calculate the break-even point. The break-even point refers to
the maximum total cost that DSO is willing to pay for the active distribution network management
to be profitable.

The maximum price that DSO can pay for the preditive grid management to be cost-effective
is the total cost calculated for the power distribution reinforcement planning, because if the total
cost of ANM exceeds the total cost of the traditional reinforcement program, this planning solution
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will be unprofitable.
Therefore, to reach the break-even point it is important to underline some points:

• The total cost of the power distribution reinforcement planning will be used as the maximum
reference price that the active distribution grid management can achieve;

• The amount of flexibility ( f up
m and f dw

n ) that has been activated/contracted by the DSO over
the planning horizon remains the same, and only the upward and downward regulation mar-
ket prices (πup

RM and π
dw
RM) will change;

• The π
up
RM and π

dw
RM will be increased and decreased respectively, in equal ratio, until the total

cost of the predictive grid management matches the total cost of the traditional reinforce-
ment planning.

From this last point, two inequality constraints related to the regulation market prices arise:

π
up
RM ≤ π

up,max
RM (3.18)

π
dw
RM ≥ π

dw,min
RM (3.19)

where,
π

up,max
RM is the maximum annual average upward regulation market price [e /MWh]

π
dw,min
RM is the minimum annual average downward regulation market price [e /MWh]

π
up
RM,πdw

RM previously defined in equations 3.16 and 3.17 [e /MWh]

As a consequence from constraints 3.18 and 3.19, two more inequality constraints related to
flexibility activation prices crop up:

Cup
act ≤Cup,max

act (3.20)

Cdw
act ≤Cdw,max

act (3.21)

where,
Cup,max

act is the maximum upward flexibility activation price [e /MWh]

Cdw,max
act is the maximum downward flexibility activation price [e /MWh]

Cup
act ,C

dw
act previously defined in equations 3.16 and 3.17 [e /MWh]

Therefore, π
up,max
RM , π

dw,max
RM , Cup,max

act and Cdw,max
act are the allowed prices for the active distribu-

tion grid management to be cost-effective.

3.3.3.3 KPIs Assessment

The calculation of key performance indicators (KPIs) is used to assess some technical and eco-
nomical benefits of shifting from a traditional reinforcement planning to an active network (ANM)
planning.
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Therefore, some KPIs are computed in order to evaluate the impact of the Smart Grid (ANM)
functionality on the power distribution reinforcement planning. These KPIs were adapted from
[50] and described as follows:

1. The Deferred Distribution Capacity Investment (DDCI) KPI for the functionality of network
reinforcement planning considering the management of distributed flexibility is computed
by the following formula:

DDCI =
NPVRP−NPVANM

NPVRP
∗100% (3.22)

where,
DDCI is expressed in [%] or [e ] if multiplied by NPVRP

NPVRP,NPVANM previously defined in equations 3.9 and 3.14 [e ]

In the absence of distribution flexibility, congestion/voltage problems can only be solved
by reinforcing the grid. However, the distributed flexibility services provided by DER have
a direct impact on the CAPEX, as they may enable delaying such reinforcement needs by
eliminating the operational problems that would otherwise require new investments to be
made. This leads to a necessity of quantifying the potential for deferring such network
reinforcement investments.

Therefore, this KPI is of particular interest to notice the monetary savings/benefits of in-
cluding active network management (flexibility services) in the PDP. Yet, another important
KPI related to the investment deferral to be obtained is the number of years in which the
investment was deferred, when distributed flexibility is considered.

Deferring reinforcement may not be a long-term solution and, at some point, the network
will have to be reinforced if the need for new capacity increases.

2. The KPI that is associated with the reduction of active power losses when distributed flexi-
bility is considered in PDP, is computed as follows:

∆PL =
PLRP−PLANM

PLRP
∗100% (3.23)

where,
∆PL is expressed in [%] or [MW] if multiplied by PLRP

PLRP is the total amount of active power losses in the reinforcement planning situation [MW]

PLANM is the total amount of active power losses in the active network management situation [MW]

Flexibility provided by DER and contracted by DSO can balance locally the consumption
and generation, leading to a reduction in power flows and so lower the active power losses.
In some cases, the inversion of power flows due to high penetration of RES can lead to an
increase in the power losses.

The total amount of active power losses for the reinforcement planning situation (PLRP)
and for the active network management situation (PLANM) are calculated by means of equa-
tions 3.12 and 3.15, respectively.



Chapter 4

Case Study and Results

4.1 Introduction

In order to evaluate the suitability of the two DSO decision-making methodologies developed
in chapter 3, this chapter presents a case study of PDP over a defined planning horizon. Such
planning exercise is aimed to be used in MV networks which is expected to be, in the near future,
under stressed operating conditions that may arise as result of the strong DG penetration in the
network.

In this regard, a case study is illustrated, presenting some future congestion/voltage problems
that DSO could prevent by relying in two possible network planning solutions: power distribution
reinforcement planning and active distribution grid management. The case study will be formu-
lated similar to chapter 3.

First of all, the system test data and the chosen software for PDP analysis will be presented,
along with a study and important information about system’s current stage (year 0 of the planning
horizon) and some topics 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 (years with technical problems). Next, the data/parameters 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 all sections of this chapter under consideration, relevant images and tables will be presented to
sustain some information and the presented results.

4.2 MV Grid: Case Study

The MV network employed in this work is based on a real German MV distribution grid: MV
Oberrhein network. This grid is a generic 20 kV network powered by two 25 MVA HV/MV
transformers substations. The network supplies 141 MV/LV substations and 6 MV loads through
4 MV feeders. The network layout is meshed, but the network is operated as a radial network
with 6 open sectioning points, i.e., 6 redundant lines/cables. The grid also includes geographical
information of cables/lines and buses and is assembled from openly available data.

It is important to mention that this network is normally used for studies regarding voltage
problems and some adaptations to the original system had to be made, in order to demonstrate the
potential of both DSO planning methodologies in situations where there is a risk of voltage but
mainly congestion problems across distinct feeders of the network. Therefore, some adjustments
in the MV Oberrhein network were needed:

39
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• The two HV/MV transformers rated apparent power were increased (25 MVA to 63 MVA);

• Some network cables cross-sectional area were increased (185 mm2 to 240 mm2) and others
decreased (240 mm2 and 185 mm2 to 95 mm2);

• As said previously in section 3.3.2.1, the MV/LV secondary substations are neglected and
therefore loads and DG units are directly connected to MV nodes;

• According to section 3.3.2.4, the network open sectioning points were amended and dis-
posed in other locations of the network. The MV Oberrhein will operate with only 3 redun-
dant lines;

• Also as said in section 3.3.2.1, the scaling for loads and DG units is unitary, i.e., the power
factor for all the loads and static generators assumes a unitary value (cos(φ) = 1).

The geographical representation of the adapted network is presented in Figure 4.1, where the
yellow blocks correspond to the HV/MV substations and the blue dots to all the network buses. In
appendix A, an alternative one-line diagram of the test system is presented for easier identification
of the network feeders.

Figure 4.1: MV Oberrhein network

The adapted test system is characterized by operating at 20 kV level. With a total of 179 nodes,
178 lines/cables and load allocated by 147 buses, this network is operated radially when in normal
network operating mode.

The load profiles were collected from [54], in which is presented the hourly energy consump-
tion (kWh) values for a real 240-Node Iowa Distribution Test System with one year smart meter
data. Then, 147 profiles (number of loads in the network) were selected and as previously said
in section 3.3.2.2, these consumption time series were standardized in reference to 80% of the
maximum hourly value of all the consumption time steps in a year. Next, the standardized load
profiles were multiplied by each respective load installed capacity (already defined in the study
network) giving the maximum active power output of each load at each hour. For thesis purposes,
the focus in system data is regarding active power, while reactive power data is not relevant for the
case study.
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The generation (PV and wind) profiles were provided by INESC TEC and collected also with
one hour time step over one year of data. The wind power profiles were used in reference to GEF-
Com2012 and can be verified in [55]. Then, as said also in section 3.3.2.2, the selected number
of PV and wind profiles (according to how many DG units will be connected in the grid in the
base case scenario and in the future years of the planning horizon), were standardized in reference
to the maximum hourly value of each generation (PV or wind) data. Next, the standardized gen-
eration profiles were multiplied by each respective static generator (DG unit) installed capacity
giving the maximum active power output of each DG unit at each hour. The installed capacity of
each static generator is given respecting the last point defined in section 3.3.2.1 and according to
load installed capacity if connected to a load bus. For thesis purposes, the DG units only produce
active power while reactive power is assigned to zero.

A detailed description of the data concerning the network, including lines/cables and load data,
and still the generation data for all the years of the planning horizon (including base case scenario)
is also given appendix A. As HV/MV substation transformers reinforcement will not be taken in
consideration, data about them will be discarded.

Finally, it is important to mention that all network data were treated and DSO network plan-
ning methodologies for the PDP problem were developed using the software Pandapower. This
software is an open source python tool for modeling, analysis and optimization of electric power
systems. More information about this software tool can be reached at [56], and more specifically
information about the MV network used in this work at [57].

4.2.1 Base Case Scenario

As previously said in section 3.3.1 and underlined in section 4.1, the baseline scenario represents
the year zero of the planning horizon, in which there are no technical problems in the network.
However, in the near future, the system will be under stressed operating conditions and some
congestion/voltage problems may crop up. So, within the following years of the planning horizon
it will be needed network reinforcements or be contracted flexibility by DSO from DER to prevent
the technical problems. In the year zero of the planning horizon (base case scenario) there are
already DG units from PV and wind power connected to the network.

This preliminary scenario was created by considering the load to be allocated by the 147 load
buses already presented in the test system, and no more loads were created neither connected to
the distribution network. To reproduce a realistic case study, it was needed to connect some DG
units in the network and for that purpose some rules were required and already explained briefly
in section 3.3.2.1 :

• DG units from RES are connected to buses with or without load. If is connected to a load
bus, then the installed DG capacity must take into account the value of load installed capac-
ity, i.e., the greater the installed capacity of the load bus, the greater the installed capacity of
the DG unit/static generator and vice-versa. Also, considering the theoretical maximum of
each installation to be 10 kW and assuming a security margin (1 kW) and also considering
that each DG unit correspond to an aggregate of 150 installations (PV or wind), the maxi-
mum admited installed capacity for a DG unit is 1350 kW. The annual generation increase
capacity also must take in consideration the theoretical maximum of each installation, so
there are no irrational growth rates;

• The choice of "candidate" buses to connect DG units is based on the branch current sensi-
tivity coefficients with respect to active power of the Jacobian matrix. This matrix contains
sensitivity coefficients for power flow analysis, i.e., it is possible to perceive how sensitive
a line/cable is to the consumption or injection of power. The increase in consumed power
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from the network will affect the branches with highest negative sensitivity indices and the
increase in injected power in the network will affect the branches with highest positive sen-
sitivity indices. Therefore, through this information provided by the Jacobian matrix, it is
possible to identify the interesting buses to connect DG in order to observe future congestion
problems on certain network lines/cables. This process is applied to every year of the plan-
ning horizon when connecting DG units in the network and also allows to obtain objectivity
in the work in question;

• DG installed capacity is 80% from PV power production and 20% from wind power produc-
tion and also is considered to be a multiple of the annual peak load. This two guidelines are
used to demonstrate that in a distribution network PV power is dominant over wind power
and to avoid unreal concentrations of DG penetration, respectively.

It is important to notice that DG units are addressed in software Pandapower as static genera-
tors (sgens) and not as generators, because it is not desired to model voltage controlled generators.
These static generators are modelled as positive and constant PQ power and can be from two
different renewable technologies - PV or wind power.

In the base case scenario, the system presents a peak consumption of 33,47 MW allocated by
147 buses and a peak generation of 16,67 MW allocated by 15 buses. The DG installed capacity is
considered to be 55% of the peak consumption and therefore 18,41 MW, in which 80% is from PV
power generation (14,728 MW) and 20% from wind power generation (3,682 MW). These values
are also sustained by the description of load and generation data provided in sections A.3 and A.4
from appendix A. Furthermore, in Figure 4.2 is illustrated the test system with the inclusion of
loads and DG units in the respective buses for the year 0 of the planning horizon.

Figure 4.2: MV Oberrhein network with connected loads and DG units - Year 0
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Network Operational Constraints
Before verifying the power flow (PF) results of the base case scenario, it is important to establish
the network operational constraints. As said in section 3.3.2.3, these inequality constraints are
related to lines/cables and transformers capacity limits and bus voltage magnitude limits. Despite
these restrictions do not interfere with the PF results, they need to be defined prior to the planning
exercise in order to be identified as reference values and to perform the AC OPF.

By using the software Pandapower, the maximum lines/cables and transformers capacity limits
(Imax

L j
and Imax

Tk
) are represented by the maximum current loading for all the lines/cables and max-

imum load utilization relative to rated power for all the transformers, both in percentage values.
For all the buses it is necessary to define the admissible range of bus voltage magnitude values, i.e.
the maximum and minimum bus voltage limits (V max

i and V min
i ), both in per unit values. Further in-

formation about these network elements can be consulted in [58, 59, 60]. It is important to notice
that these capacity and bus voltage constraint values were assigned according to the information
presented in EDP’s PDIRD.

Lines/Cables Transformers HV/MV Buses
Summer WinterImax

L j
[%]

Imax
Tk

[%]
V min

i [p.u.] V max
i [p.u.]

110 105 120 0.9 1.1

Table 4.1: Network loading capacity and bus voltage restriction values

EDP addresses the PDP by planning the network mainly for congestion problems rather then
voltage problems. Therefore and because the branch lengths are generally short, this case study
will focus more on the congestion problems, where the major network operational issues are re-
lated with the violation of branch loading capacity limits instead of voltage constraints. As pre-
viously said in section 3.1, the reinforcement of substation HV/MV will be neglected and so the
violation of transformers maximum loading limit will not be a problem in this case study.

In order to identify possible fragile elements, base case PFs were performed for the entire year
(8760h). Since the most interest situations for PDP are scenarios with peak values of demand and
generation, the relevant base case PF results for the hourly peak demand and peak generation of
the entire year are presented in Tables 4.2, 4.3, 4.4, 4.5 and 4.6, and in Figure 4.3.

Base Case Scenario
Peak Load Peak Generation
P [MW] P [MW]

HV/MV substations PF 27.09 -2.67
Load 33.47 13.51

Generation 7.03 16.67
Losses 0.56 0.42

Table 4.2: Results of base case PF - Peak load and generation
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Peak Load Peak Load Peak Load Peak LoadBranch Index From Bus To Bus Loading [%] Branch Name From Bus To Bus Loading [%] Branch Name From Bus To Bus Loading [%] Branch Name From Bus To Bus Loading [%]
0 238 109 19.21995286206508 140 116 111 4.488897991037418 186 81 43 3.242545593306355 57 110 31 0.2278334473485332
1 238 40 13.68421658953164 141 110 108 13.57368103357574 187 37 41 14.25393826741361 58 34 76 1.350697667156695

10 197 167 22.0023707555723 142 131 140 2.205931561348663 189 45 47 40.13503198204531 59 45 34 39.697254530797
100 229 224 2.106439407260145 143 131 133 40.70122015633421 190 47 49 41.49663768093775 6 169 275 1.728821208972969
101 223 227 2.066677098226956 144 141 138 4.088877467796392 191 49 52 42.45241908703581 60 32 34 36.81264035795995
102 227 231 1.958728551273741 145 149 141 2.769415433802757 192 55 120 45.83861620973014 61 46 32 36.85655354181553
103 231 229 1.789382479748997 146 147 149 2.436528657607185 193 6 319 54.4138433464007 62 319 126 14.27010440645184
104 285 288 25.33197587177087 147 64 65 7.058004780521271 2 238 221 2.360271072066512 63 50 48 3.092692610207268
105 288 286 25.92081590913543 148 65 36 0.6770364441677597 20 170 136 2.200474720443149 64 42 50 16.04339010562299
106 176 285 24.21059984330924 149 79 64 7.040472442704774 21 170 116 2.532463136622293 65 84 50 20.35284088473116
107 178 176 38.17487989449623 15 172 131 45.1533431332462 22 216 195 12.73106274772498 67 54 144 41.69481923125765
108 178 197 23.94803819324282 150 79 82 8.506388715097636 24 195 317 9.259710088382818 68 224 38 3.930159454052522
109 287 286 27.52253805948279 151 74 75 18.73727972481143 25 213 194 8.000451568650085 69 38 161 4.631315028384253
11 199 167 18.05118118979053 152 74 101 1.621406809181567 26 207 194 9.233256218008776 7 169 287 29.14762043483197
110 200 184 7.296019115516319 153 110 103 10.90807596297191 27 269 196 15.36763054107656 70 134 142 13.08308578324157
111 198 199 11.81498187333539 154 104 103 10.05158515127115 28 196 74 17.43608356165273 71 142 235 0.869165084113837
112 199 181 3.968308642421801 156 104 106 4.197422373362153 29 189 82 9.522475464826133 72 142 83 13.31652490008781
113 198 184 9.807729176429843 157 86 71 19.15885405039926 3 221 239 2.07550712281616 73 132 137 17.16040684762316
114 181 186 1.483006721490371 158 71 73 17.88624586785345 30 51 189 12.98511133040767 74 137 95 15.79161781401269
116 314 301 25.99161684234902 16 144 172 42.4616375372097 32 65 190 3.957939848917241 75 132 134 13.41041039241539
117 301 303 23.53461322556605 161 73 78 24.36439859813712 34 192 44 27.96168368482904 76 129 188 2.067075941266475
118 303 304 27.97380036771891 162 80 39 37.9030526014678 35 57 192 31.57944427535744 77 85 129 4.608725559280511
119 273 315 1.849797515419497 163 57 53 33.85023204901343 36 289 72 20.79880096456622 78 98 100 2.166552663791252
12 168 273 20.16464482333505 164 46 53 35.04320243163128 37 289 75 19.37356799536757 79 100 102 18.76705783410733
120 314 246 24.43198849793834 165 39 86 19.155518323298 38 290 7 52.34191007104866 80 94 102 17.31368487608093
121 271 305 1.422874069906784 167 42 51 14.88411043609539 39 290 242 48.98497508506375 81 100 107 13.56908740263773
122 312 273 14.07106895966532 168 44 56 24.03788894023403 4 239 236 2.800006081728541 82 94 95 20.17718451895744
123 271 281 9.223572344630684 169 56 84 20.2582741098107 40 290 240 35.86399090311998 85 210 215 0.8293449412600804
124 281 312 10.22556161102975 17 253 171 25.29238700088771 41 269 108 15.27216586475824 86 216 215 3.025295273603575
125 271 85 4.444673352847319 170 52 150 43.17741233506293 42 153 316 6.549591985990679 87 219 236 4.783810602464134
126 312 313 1.572977235158077 171 146 150 43.9816815104995 43 316 159 2.016066982526871 90 109 201 11.31185187331394
127 7 6 53.00211539716926 172 117 148 50.69461012522324 44 316 157 3.302216969132382 91 173 107 13.12607750874693
128 7 5 1.216198361829538 173 148 120 46.98885043354793 45 317 33 9.066372546151456 92 205 207 8.498344846961766
129 244 1 0.7201512395305633 174 118 148 2.84400173790979 46 245 298 41.3034138238467 93 216 205 8.427289123800806
130 0 4 27.54310216226729 175 80 117 52.02609266729917 47 298 248 41.40092376601157 94 201 213 10.80868133403049
131 241 4 33.15568157973938 177 146 143 2.005422773501978 48 237 247 8.648407037071138 95 173 174 11.36540156346262
132 8 0 25.95228504140266 178 145 146 42.52016187721721 49 247 40 13.70743175468475 96 174 162 8.949323194631562
133 243 2 1.080048671637983 179 55 145 44.57840881754687 5 169 54 56.39238664682605 97 161 162 6.678275143236188
134 245 3 0.7654282160419348 18 171 8 25.20394482793358 50 133 248 41.45336562487813 98 157 155 1.167151007256021
135 240 241 34.06781055071051 180 83 41 13.02079724611449 51 237 136 5.409569499845531 99 153 200 7.913029447146975
136 242 243 46.88550426146161 181 81 77 21.20482906092792 52 29 30 14.2756850622576 194 147 118 0.1859908962582034
137 245 244 44.55900221290603 182 77 35 37.95302358416549 53 126 29 14.27265280662014 195 223 275 0.0847466404339988
138 244 243 46.0036255909993 183 78 35 24.41244670234713 54 30 72 21.97019615584037 196 190 129 0.1164735997027782
139 116 138 5.202351612848259 184 80 119 3.683382892975604 55 253 304 29.49850807904884
14 168 246 23.3083286890915 185 81 37 16.18917271345257 56 33 104 8.340525961221644

Table 4.3: MV network branch loadings in base case scenario - Peak load

Peak Generation Peak Generation Peak Generation Peak GenerationBranch Index From Bus To Bus Loading [%] Branch Name From Bus To Bus Loading [%] Branch Name From Bus To Bus Loading [%] Branch Name From Bus To Bus Loading [%]
0 238 109 74.36620332803975 140 116 111 6.202079796532875 186 81 43 1.49347799367065 57 110 31 0.2311921135283677
1 238 40 39.23578439597629 141 110 108 40.43450303294912 187 37 41 41.45440941408343 58 34 76 0.4747239102319146
10 197 167 7.782424861070676 142 131 140 0.9048078273940231 189 45 47 17.27708901606678 59 45 34 16.89153701491126
100 229 224 14.44181776481755 143 131 133 14.79100991480682 190 47 49 18.54343157472988 6 169 275 0.636246576331337
101 223 227 1.07089574244455 144 141 138 1.84817225388001 191 49 52 18.98090443442578 60 32 34 16.15036369930907
102 227 231 7.540443070628855 145 149 141 1.364206520634619 192 55 120 23.73054199021335 61 46 32 16.24793909737786
103 231 229 7.301042457676439 146 147 149 0.6989399174216742 193 6 319 22.6939923075835 62 319 126 21.36965377003166
104 285 288 8.686874405347341 147 64 65 2.668354346598778 2 238 221 5.376769858094001 63 50 48 0.9797650359079307
105 288 286 8.975733235245235 148 65 36 0.5150341863452863 20 170 136 13.42988415729353 64 42 50 8.480818313659611
106 176 285 7.992842219968843 149 79 64 2.621899923784461 21 170 116 13.66041041177407 65 84 50 9.676575164745696
107 178 176 12.81659236976184 15 172 131 16.35793088257545 22 216 195 63.63517068903504 67 54 144 14.19387626157461
108 178 197 8.244684387806492 150 79 82 4.025905013877719 24 195 317 43.70267884154757 68 224 38 12.58930960614978
109 287 286 9.868065010264734 151 74 75 33.81391148068771 25 213 194 41.41757644676471 69 38 161 12.23071602048308
11 199 167 6.309810409831873 152 74 101 0.6547317874817478 26 207 194 47.87130494824854 7 169 287 10.50414095382975
110 200 184 2.868837737940575 153 110 103 41.33115859762175 27 269 196 34.04588096184611 70 134 142 35.4213232850592
111 198 199 4.355756965302096 154 104 103 42.29616571585021 28 196 74 33.84707951986085 71 142 235 8.108900146120511
112 199 181 1.116930040639183 156 104 106 1.627728337225066 29 189 82 4.391688541688846 72 142 83 42.27436901142877
113 198 184 3.817020598102064 157 86 71 27.33563041152457 3 221 239 5.617892121463356 73 132 137 25.11790919972627
114 181 186 0.4714566606629524 158 71 73 27.42656441042068 30 51 189 5.568416067086593 74 137 95 25.76818951904172
116 314 301 11.87296998265147 16 144 172 14.77646306591321 32 65 190 0.9690699112776202 75 132 134 28.23824438338476
117 301 303 10.84807066220589 161 73 78 43.32970039162092 34 192 44 12.27590622391499 76 129 188 0.7435619787298677
118 303 304 13.25377447003693 162 80 39 18.40247713596331 35 57 192 13.5095217140975 77 85 129 2.689729333502556
119 273 315 1.075476465908836 163 57 53 14.15940466470989 36 289 72 33.09416246235971 78 98 100 0.8376954844584829
12 168 273 9.397932333121208 164 46 53 14.52257335787372 37 289 75 33.13618570398589 79 100 102 8.98394033529734
120 314 246 11.08994138175068 165 39 86 27.3332345413237 38 290 7 22.09809808253729 80 94 102 17.15192368126892
121 271 305 0.6520313020366888 167 42 51 7.055575965092473 39 290 242 18.55132031171491 81 100 107 8.847578597382919
122 312 273 7.185794950024889 168 44 56 11.29759781310081 4 239 236 6.188960812207791 82 94 95 17.12266842041496
123 271 281 4.631618661304155 169 56 84 9.479992257829451 40 290 240 16.05033049098818 85 210 215 1.747327778877137
124 281 312 5.139195321174163 17 253 171 11.63618517905983 41 269 108 40.19162539317052 86 216 215 2.784813670488401
125 271 85 2.40086107710209 170 52 150 21.26697207949622 42 153 316 2.374361796315734 87 219 236 6.240233149851685
126 312 313 1.29236360893248 171 146 150 21.76894559335334 43 316 159 0.9098094163443606 90 109 201 44.03829147394298
127 7 6 22.29070255028448 172 117 148 25.26741462390628 44 316 157 1.190305120155675 91 173 107 9.408965478160537
128 7 5 0.4611403085046284 173 148 120 24.02318717861312 45 317 33 43.66152535962662 92 205 207 47.72232620166108
129 244 1 0.5732782073397137 174 118 148 0.8583676075111987 46 245 298 14.67021083716926 93 216 205 47.08205732577559
130 0 4 12.51757748496009 175 80 117 26.54148775648887 47 298 248 14.92635041822338 94 201 213 49.8024133671416
131 241 4 15.03191547351764 177 146 143 1.033009605728898 48 237 247 29.31406273850736 95 173 174 10.01429553823177
132 8 0 11.99292990329034 178 145 146 20.46410772326938 49 247 40 39.24332707218867 96 174 162 11.07249235124868
133 243 2 0.9392102854990961 179 55 145 22.02644785249954 5 169 54 20.04709292168301 97 161 162 11.74473464126053
134 245 3 0.881025925887489 18 171 8 11.44689813999533 50 133 248 15.06386232620648 98 157 155 0.4555623421542636
135 240 241 15.33163143058405 180 83 41 42.18286634995253 51 237 136 19.9927082843335 99 153 200 2.613585755447888
136 242 243 17.97034170657971 181 81 77 43.99609466014245 52 29 30 21.37355586423636 194 147 118 0.187087377586801
137 245 244 16.34206608969966 182 77 35 72.82232510915335 53 126 29 21.3714401294604 195 223 275 0.08760556786290653
138 244 243 17.27911732515164 183 78 35 43.35713348524423 54 30 72 32.81455957847854 196 190 129 0.1188753751133705
139 116 138 2.110705342087011 184 80 119 1.304363606901531 55 253 304 13.71119359152084
14 168 246 10.69586159870384 185 81 37 46.46102646830268 56 33 104 43.51293885629534

Table 4.4: MV network branch loadings in base case scenario - Peak generation

The highlighted branches, in Tables 4.3 and 4.4, have more than 50% of their capacity filled
in base case and both provide relevant data. Furthermore and according to the PF gradient results
observed in Figure 4.3, by distinguishing the two cases (peak load and peak generation) it can be
noted that the highlighted values were higher in the case where the generation is maximum. This
indicates that scenarios with high penetration of RES, in particular PV and wind power, are critical
points in the network.

Regarding voltage constraints, the main concern about DG integration is the possibility of
overvoltage, i.e., exceed the maximum bus voltage limit (V max

i ). The problem is more likely to
happen in nodes at the end of the feeders, but also in nodes surrounded by branches with higher
loading capacity.
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Peak Load Peak Load Peak Load Peak LoadBus Index V [p.u.] Bus Index V [p.u.] Bus Index V [p.u.] Bus Index V [p.u.]
0 1.014280022054434 168 1.007477545587127 242 1.016227005850482 40 1.02649790354701
1 1.014483580150919 169 0.9891211456462548 243 1.015301620439968 41 1.011921700270058

100 1.006924158780276 170 1.028074682535612 244 1.01449649847474 42 0.9838442969281547
101 1.028648968433697 171 1.013643736864528 245 1.013850790651917 43 1.013271279471284
102 1.007236355195166 172 1.0049238231048 246 1.00796139132502 44 0.9872176180010148
103 1.026926537771336 173 1.004635528347167 247 1.0271431187725 45 1.00027286942831
104 1.026671018865511 174 1.004462283400046 248 1.007978394585772 46 0.990462241431363
106 1.026602576886301 176 0.986832621237531 253 1.011889069764196 47 1.001308890767706
107 1.006645083013169 178 0.9851128664606634 269 1.027887773656033 48 0.984683403965026
108 1.027561092701978 181 0.9825713064851208 271 1.006358987716131 49 1.002065267342351
109 1.024908342764517 184 0.98241388821132 273 1.006969454623298 5 1.020979890570748
110 1.027236967136766 186 0.9825239750516405 275 0.9890867877541998 50 0.9847232448204731
111 1.028149117683975 188 1.00537667954438 281 1.006566859910681 51 0.9834412754863564
116 1.028081761522337 189 0.9826286900052529 285 0.9871955263464922 52 1.002438832339889
117 1.009682618483527 190 0.9812153307253308 286 0.9877605339434101 53 0.989310532742553
118 1.008915147210272 192 0.9877185643497849 287 0.9879761641820618 54 1.002739150231095
119 1.010705684824495 194 1.024659929913952 288 0.987515887839697 55 1.007479478949858
120 1.008462977967143 195 1.024663716132634 289 1.029834101143068 56 0.9866313332163172
126 1.034739709252539 196 1.02836850651872 29 1.033090916571161 57 0.9887104886100656
129 1.005418660473968 197 0.9833372871711298 290 1.016857103557923 58* 1.0
131 1.005587500739293 198 0.9825173705758204 298 1.011325654446856 6 1.030596603795499
132 1.009143070442613 199 0.9826653452837744 3 1.013837765612711 64 0.9813763629581888
133 1.006206184103503 2 1.015282716484672 30 1.031123395595356 65 0.9812886141643175
134 1.009388974209192 200 0.9823144179260259 301 1.008998238160502 7 1.021013079643009
136 1.028064406518292 201 1.02478834937268 303 1.009328383461368 71 1.01798026960758
137 1.00864580378978 205 1.024545120482069 304 1.009933859589377 72 1.030199510427778
138 1.027934434107734 207 1.024552080652257 305 1.00633980551675 73 1.016166260968275
140 1.005578359323744 210 1.024491405824786 31 1.027240354678996 74 1.028663246703468
141 1.027581666101392 213 1.024690271314866 312 1.00687289445703 75 1.029280856528627
142 1.009677623698906 215 1.024507392117173 313 1.006848871179619 76 0.99299680599638
143 1.00509897297157 216 1.024555516739626 314 1.008393269223717 77 1.014021148143978
144 1.003365531616418 219 1.025608123917214 315 1.006941910991936 78 1.015489703931014
145 1.006157750550197 221 1.025569551506358 316 0.9815728465693019 79 0.9815197322555893
146 1.005133585638468 223 1.003488592425017 317 1.024936300433212 8 1.013830109262414
147 1.027433661964485 224 1.003554384779987 318* 1.0 80 1.010799558789102
148 1.008961623384553 227 1.003518289369358 319 1.036874810774315 81 1.013337314890714
149 1.027464676035964 229 1.003530072101207 32 0.9917901232060424 82 0.9816850102597702
150 1.003157849755185 231 1.003513502616272 33 1.025916325015719 83 1.010824290276483
153 0.9821810640680662 235 1.009675733809474 34 0.9930332964483771 84 0.9863113021757385
155 0.9814996811921385 236 1.025543203681174 35 1.015000397965791 85 1.005981971918085
157 0.9815246953546113 237 1.027894501319242 36 0.981278791002247 86 1.020990753890672
159 0.9814817484238033 238 1.025592653897922 37 1.012273241744029 94 1.007693140974718
161 1.004134628443878 239 1.025519024102857 38 1.003966123039429 95 1.008124943447548
162 1.00432397988287 240 1.016310122084547 39 1.022007204138957 98 1.006886645517876
167 0.9829363925280856 241 1.01552156199549 4 1.014715544147578

Table 4.5: MV network bus voltage magnitudes in base case scenario - Peak load

Peak Generation Peak Generation Peak Generation Peak GenerationBus Index V [p.u.] Bus Index V [p.u.] Bus Index V [p.u.] Bus Index V [p.u.]
0 1.025467371782076 168 1.022068988514734 242 1.026447153030655 40 1.064728132488374
1 1.025695979331328 169 1.016426288736537 243 1.026047405373512 41 1.028782840482467

100 1.034784307850289 170 1.070845526455532 244 1.025706083776305 42 1.002646303168293
101 1.040360620025723 171 1.025142443343222 245 1.025437706434806 43 1.026458938278126
102 1.034768871589309 172 1.021821195853419 246 1.022306390351349 44 1.004389653513961
103 1.043200179385877 173 1.035318485391363 247 1.066664652514555 45 1.010343631111088
104 1.043981818662453 174 1.035381088943578 248 1.023061219061131 46 1.005861293779863
106 1.043953381778195 176 1.015518586421918 253 1.024249577048121 47 1.010822760193721
107 1.034840364749274 178 1.01497595359701 269 1.041204724561089 48 1.003122969204699
108 1.04175083021513 181 1.01405994835469 271 1.021488523899771 49 1.011185034602816
109 1.059136279916744 184 1.01398714206722 273 1.021815806191013 5 1.029204122913526
110 1.042380248779024 186 1.014046216007455 275 1.016413020742929 50 1.003135511463643
111 1.071012507437622 188 1.020930399323773 281 1.02159972717462 51 1.002443331317749
116 1.07091749654748 189 1.002077103703162 285 1.015654532336435 52 1.011364036815187
117 1.015269278926878 190 1.001448747267208 286 1.01587518938498 53 1.005349596994674
118 1.014863054588624 192 1.004625464963611 287 1.015962541979824 54 1.021009906356323
119 1.015859244430097 194 1.057517719939613 288 1.015779270897188 55 1.014039638910035
120 1.014595734149379 195 1.054045683664819 289 1.039367270799901 56 1.004095338607365
126 1.038522629167223 196 1.040651122965969 29 1.03849043366607 57 1.005080187031177
129 1.020944645442492 197 1.01433713457422 290 1.026716536997478 58* 1.0
131 1.022079370091737 198 1.014029781788742 298 1.024422136574127 6 1.034904488369159
132 1.033566231381734 199 1.014086857456495 3 1.025422816207676 64 1.001497674120732
133 1.022333999215832 2 1.026030817113711 30 1.038463744247136 65 1.001464773410693
134 1.033314209108325 200 1.013943606876867 301 1.022810980092089 7 1.029215540542871
136 1.070452751090412 201 1.058552930728154 303 1.022979867523337 71 1.023158758998249
137 1.033940994684137 205 1.056072914645194 304 1.023284704918139 72 1.039096368033992
138 1.070853571207145 207 1.056275354749438 305 1.021479341301968 73 1.023221030889677
140 1.022075461603019 210 1.055183732230654 31 1.042383686259591 74 1.040365337950756
141 1.070690981546275 213 1.057909115257075 312 1.021763299297516 75 1.039819494776407
142 1.032895863794375 215 1.055217733251208 313 1.021743324386989 76 1.007056960317459
143 1.012760435665698 216 1.055262173874324 314 1.022516070049575 77 1.025743103452479
144 1.021239299072626 219 1.062384810789876 315 1.021799305688686 78 1.023831371384892
145 1.013322270940678 221 1.062080864002479 316 1.013673732332607 79 1.001550821499551
146 1.01277888822211 223 1.037341274534596 317 1.052774324935226 8 1.025236711416279
147 1.070624395213661 224 1.036915199414846 318* 1.0 80 1.015892914178521
148 1.014874712745046 227 1.037355698974734 319 1.038577606769482 81 1.026490421109747
149 1.070632915046175 229 1.037109205437918 32 1.006485952910375 82 1.001632082516278
150 1.01174067554332 231 1.037197850242912 33 1.047970345720895 83 1.030821615225907
153 1.013897298483862 235 1.032957323843806 34 1.007068769406838 84 1.003935301751672
155 1.013647580296496 236 1.062297534138845 35 1.024270657299456 85 1.021277607614672
157 1.013656298509305 237 1.069563704802042 36 1.001457658206553 86 1.023170190138788
159 1.013632955968168 238 1.062046016743482 37 1.028215448296366 94 1.034555582518931
161 1.035680604696599 239 1.06220171165156 38 1.035976301964665 95 1.034402045995383
162 1.035473299022119 240 1.026455525655933 39 1.023180750179697 98 1.034769625388382
167 1.014186872529313 241 1.026077109205849 4 1.025687324982278 * slack buses

Table 4.6: MV network bus voltage magnitudes in base case scenario - Peak generation

Analysing Tables 4.5 and 4.6, some nodes could be identified has potential critical points in the
network, regarding overvoltages. In addiction and according to the PF gradient results observed
in Figure 4.3, by differentiating the peak load case and peak generation case it can be perceived
that in general the bus voltage magnitudes were higher in the case of maximum generation. This
indicates that DG integration in the grid leads to voltage rise. However, the relation between
voltage variation and DG integration is non-linear: in some cases DG integration leads to voltage
drop (because PF in MV level decreases) and in another ones leads to voltage rise. Therefore,
attentions must be turned to nodes at end of the feeders.

Finally, for these two peak condition scenarios, in Figure 4.3 is presented the PF gradient
results, where a colormap is used to represent the MV branch loadings and bus voltage magnitudes
for the year 0 of the planning horizon. Furthermore, in section B.1 of appendix B, detailed PF
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gradient results for critical lines and buses along the grid feeders are presented, as well as the
alternative one-line diagram gradient plot to sustain the information noticed in Tables 4.3, 4.4,
4.5 and 4.6, and to especify Figure 4.3.

Figure 4.3: PF gradient results for base case scenario - Peak load and generation

Load and DG Growth
As mentioned in section 3.3.2.1, it is assumed a planning horizon of 10 years (including base
case) for the PDP in the MV Oberrhein grid. This horizon is divided into stages with yearly
duration and from the first year until the end, a given consumption and DG capacity growth is
defined for each year. These growth rates are defined in order to reproduce a realistic case, i.e.,
always expect an increase in network consumption and DG capacity connected to the grid over
the years. The consumption growth values were defined based on values from EDP’s PDIRD and
the DG capacity growth rates were freely established as long as they were rational. It is important
to notice that DG growth percentage is in relation to the DG installed capacity in the base case
scenario. Therefore, in Table 4.7, the yearly load growth (applied in general to all the loads in
the system) and RES capacity growth are presented. In addiction, in section A.4 of appendix A,
it is reflected the application of DG capacity growth values over the planning horizon. Also, in
section 4.2.2 it is possible to seek the consumption growth over the planning years.

Planning Horizon
Years

1 2 3 4 5 6 7 8 9 10
Load Growth [%] +1.1 +0.7 +0.3 +0.8 +0.8 +1.6 +0.8 +1 +0.9 +0.9

DG capacity growth [%] +25 +25 +25 +25 +30 +0.25 +0.30 +0.30 +0.20 +0.20

Table 4.7: Load and DG growth
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Representative Scenarios
In order to perform the traditional distribution network planning, the load and RES (PV and wind
power) generation profiles of seven representative days were selected based on the criteria set out
in section 3.1.2. Therefore, distinctive daily profiles will be adopted for the whole year to repre-
sent the behaviour of distribution network customers and producers in a year. As mentioned in
section 3.3.2.2, this method is only applied to the reinforcement planning, whilst for the predic-
tive grid management (with activation of flexibility) the PDP is executed for the entire year (8760
hours).

Representative Days
Date Characteristics

09-March-2017 Winter; weekday; maximum peak generation
16-April-2017 Spring; weekend & holiday; typicall valley load & typical peak generation
01-May-2017 Spring; weekday & holiday; typicall valley load & typical peak generation
05-July-2017 Summer; weekday; typical peak load & typical valley generation
17-July-2017 Summer; weekday; maximum peak load
20-July-2017 Summer; weekday; typical peak load & typical valley generation

30-September-2017 Autumn; weekend; maximum valley load

Table 4.8: Representative daily scenarios for power distribution reinforcement planning

All profiles are described in 24 1-hour periods, in order to observe the time variability of con-
sumption and generation throughout the day, and to highlight load/production conditions worth
examining. In some daily RES profiles it is feasible to notice the influence of wind power genera-
tion over PV solar generation, i.e. the total RES (PV+wind) generation curve is very similar to the
typical PV curve behaviour, although with some modulation caused by the wind generation curve.

Figure 4.4: Load and RES generation profiles
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So far, the continuous increase of new DG connections in the network has been given a great
deal of importance as one of the indicative drivers for the occurrence of technical problems in the
network. However, the continuous increase in consumption over the years also causes vulnerability
to the network and may lead to technical problems. Hence, attention must be turned to hours with
high demand and low DG generation and hours with low demand and high DG generation. For
example the representative day 16-April-2017 seems to be a very appealing scenario to investigate,
since between 12-15h there is a marked difference between consumption and generation injected
into the grid by RES, leading to a high risk of finding technical problems on this day.

With the data provided by the distinctive scenarios in Figure 4.4 and the previous Tables pre-
sented in this section 4.2.1, it is noteworthy that both peak condition scenarios (demand and gen-
eration) are relevant for the reinforcement planning case and in general for the PDP exercise. For
illustration purposes, in the years where congestion/voltage problems may appear and so as not to
burden this work with even more images, the PF gradient results presented in section 4.2.2 will
be regarding the representative scenarios mentioned in Figure 4.4, with the highest hour of branch
loadings and/or bus voltage values. The same is applied to the years not described in section 4.2.2.
Finally, the non gradient PF results will be regarding the maximum peak load and maximum peak
DG generation as expressed in Table 4.2, in order to follow the network behaviour from the base
scenario to the last year of the planning horizon and seek the increase in consumption and DG
capacity over the years. In section A.4 of appendix A is presented the evolution of the maximum
peak generation over the years of the planning horizon.

4.2.2 Technical Analysis

In this section, a technical analysis throughout the planning horizon (10 years) will be presented,
with particular emphasis in the years that congestion/voltage problems occurred. Reference will
also be made to the actions used by the DSO to address such problems and how these decisions
have been performed in the software Pandapower. Further information about some PF results can
also be found in appendix B, along with the PF (gradient and non gradient) results for the other
years of the planning period not mentioned in this section. Also, in appendix C is presented the
new DG connections in the network over the planning years.

Year 2
This year of the planning horizon was the first year where technical problems occurred in the net-
work. These problems were related to congestion and voltage problems, because 2 MV cables and
9 buses (from feeder 1) exceed the restriction values presented in Table 4.1, and these violations
were registered in 3 representative days: 09-March-2017, 16-April-2017 and 01-May-2017 (days
with high generation), and for the entire year in 164 hours.

According to chapter 3, DSO tries to solve the technical problems first with network recon-
figuration by using the redundant cables in the network. The topology reconfiguration action by
closing one open sectioning point was well succeeded, all the network problems were solved and
neither consumption or production was disconnected from the network. Therefore, there was no
need for investments/reinforcements or activate/contract flexibility from DER. In Table 4.9 and
Figure 4.5 are presented the PF results for the year 2 of the planning horizon, before and after the
network reconfiguration. Further information and detailed PF results regarding overloaded cables
and overvoltage buses are presented in section B.3 of appendix B.

From Table 4.9, it can be perceived that in the peak generation scenario, the DG generation
represents approximately twice the power demand, leading to a power flow in opposite direction
at the HV/MV substations. The same phenomenon happens already in the base case scenario,
although in a more balanced amount. Also, in Table 4.2 despite the reverse power flow, the higher
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integration of DG leads to a reduction in power losses. Nevertheless, in year 2 is observed that
further DG penetration makes the power losses matter worse. Regarding voltage constraints, the
strong DG injection in the grid causes overvoltage in buses at the end of feeder 1.

Year 2
Before network reconfiguration After network reconfiguration
Peak Load Peak Generation Peak Load Peak Generation
P [MW] P [MW] P [MW] P [MW]

HV/MV substations PF 23.76 -10.70 23.69 -11.23
Load 34.08 12.73 - -

Generation 11.02 24.46 - -
Losses 0.61 0.95 0.54 0.43

Table 4.9: PF results in year 2 - Peak load and generation

Figure 4.5: PF gradient results in year 2 [Scenario 16-April-2017]

Furthermore, by also looking at Figure 4.5 it can be seen the advantage of redirecting the path
through which the power flows to feeder 3. The network reconfiguration leads to a reduction in
the active power losses, in both peak load and generation conditions, but mainly in the generation
scenario. Also the congestion and voltage problems are solved.

Year 4
In this year of the planning horizon, only congestion problems occur in the grid. One MV cable
(from feeder 4) becomes overloaded, and this violation was recorded in one daily representative
scenario: 16-April-2017, and for the entire year in 30 hours.

Just like in year 2, the problem was solved by applying network reconfiguration. Hence, nor
even this year it was necessary to perform investment in a new cable neither contract flexibility
services from demand and generation. In Table 4.10 and Figure 4.6 are presented the PF results
for the year 4 of the planning horizon, before and after reconfiguration of the network topology.
Further information and detailed PF results regarding the overloaded cable are presented in sec-
tion B.5 of appendix B.

From Table 4.10 the same conclusions regarding peak generation scenario can be drawn as in
the year 2 of the planning horizon. Also, comparing to the power losses values for year 2 after
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reconfiguration, is possible to perceive that for the peak load scenario the losses were reduced,
while for the peak generation case the value increased. Thus, the continuous growth of DG capac-
ity connected to the grid is still leading to higher power losses. Regarding voltage constraints, no
problems were identified and the bus voltage magnitudes remained within the safety range.

Year 4
Before network reconfiguration After network reconfiguration
Peak Load Peak Generation Peak Load Peak Generation
P [MW] P [MW] P [MW] P [MW]

HV/MV substations PF 20.42 -18.42 - -
Load 34.44 13.90 - -

Generation 14.56 32.66 - -
Losses 0.46 0.55 0.43 0.53

Table 4.10: PF results in year 4 - Peak load and generation

Figure 4.6: PF gradient results in year 4 [Scenario 16-April-2017]

Moreover, by closing one open sectioning point, power losses slightly reduced for both peak
conditions and power flow in the HV/MV transformer substations remained the same. In addition,
the congestion problem has been solved, but the cable remained with high loading capacity in
relation to the maximum loading capacity limit. This particular detail should be taken into account
in the future years, as reconfiguration may have solved the problem this year, but not permanently
for the planning horizon.

Year 6
In this year of the planning period, the same MV cable from year 4 was again overloaded, and no
voltages problems were verified. This violation was recorded on 09-March-2017, 16-April-2017
and 01-May-2017 (days with high generation), and for the entire year in 49 hours. The first action
performed by the DSO to solve the congestion problem was again the use of the redundant cables,
although this time the last available network reconfiguration only could relieve the problem, i.e.,
could not solve it permanently. In Table 4.11 and Figure 4.7 are presented the PF results for the
year 6 of the planning horizon, before and after network reconfiguration.
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From Table 4.11 it can be noted that in the peak generation scenario, the DG generation rep-
resents approximately three times power demand, and therefore a severe reverse power flow is
redirected to the HV/MV substations. Therefore, as we move forward in the planning years, it is
possible to observe an escalating increase in the amount of energy that goes to HV/MV substa-
tions. Also, comparing to the year 4 after reconfiguration, it can be noted that for the peak load
scenario the losses were reduced, inducing that DG integration can be beneficial for power losses
reduction. Although, when there is a large discrepancy between the energy injected and the energy
consumed, the strong DG penetration is detrimental to the level of network losses.

Year 6
Before network reconfiguration After network reconfiguration
Peak Load Peak Generation Peak Load Peak Generation
P [MW] P [MW] P [MW] P [MW]

HV/MV substations PF 17.26 -27.49 17.23 -27.51
Load 35.25 13.16 - -

Generation 18.40 41.58 - -
Losses 0.34 0.84 0.30 0.81

Table 4.11: PF results in year 6 - Peak load and generation

Figure 4.7: PF gradient results in year 6 [Scenario 16-April-2017]

Furthermore, by also taking into account the information provided by Figure 4.7, it can be seen
that network topology reconfiguration hardly affected the HV/MV substations power flow and
network power losses. Thus, the main advantage by this DSO action is the relief of cable overload
capacity. Further information and detailed PF results before and after the network reconfiguration
are presented in section B.7 of appendix B.

Despite of that, the grid technical problem must be solved, and therefore the DSO has at his
disposal two possible network planning solutions: power distribution network reinforcement or
active distribution grid management.
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Power Distribution Reinforcement Planning
In this case, the traditional network planning will allow DSO to reinforce the overloaded cable
by installing a new cable with a superior cross-sectional area. But, before we move on to the
reinforcement action is crucial to quantify the ENS and/or REC due to the overloaded cable.

In the traditional planning process, the actions of curtail load and generation active power are
executed to allow the distribution network to operate safely until the investment/reinforcement
is performed in the network. For this purpose, it was need to perform multiple OPFs for the
representative scenarios presented in Figure 4.4. For the execution of OPFs, the software used
was the Pandapower and further information can be found in [61]. Therefore, for assessing the
optimization problem it was necessary to establish some parameters:

• For the loads and DG units connected in the network, define the maximum and minimum
active power to be considered. These values correspond to the network operational power
constraints previously mentioned in section 3.3.2.5 and assume the values 0 MW for mini-
mum active power and the respective (load/ DG unit) operation point/ time step of the year
power value as the maximum active power;

• Although, the other network constraints related to branch capacity loadings and bus voltage
magnitudes are already defined in Table 4.1, they acquire appropriate importance for the
implementation of OPF;

• Cost functions are specified element wise to address the problem and represent linear costs
per MW for loads and static generators (DG units). These linear costs are the economic
benchmarks (DSO penalties) for ENS and REC (cENS and FiT RES) and are provided in sec-
tion 4.2.3. Also, the costs embedded in the OPF must be inserted with negative values to
guarantee that the optimization problem found the optimal solution considering the maxi-
mization of consumption and generation in the network, i.e., minimizes in general the power
curtailed.

For this test system and in regard of the reinforcement planning, some OPFs with cost func-
tions for loads and DG units did not converge, but with only costs attributed to REC (static gen-
erators), the multiple OPFs always converged into a optimal solution. Also, paying for generation
curtailment is cheaper than load curtailment. Therefore, for the reinforcement planning, the only
costs embedded in the optimization problem were for the static generators.

For the representative scenarios, the total estimated REC in year 6 was 4.96E-06 MW and
accounted for 9 hours of all the daily scenarios. In Figure 4.9 is presented the total REC per
hour of the representative scenarios (expressed values in relation to the entire year) in which RES
production had to be curtailed. The highest value was registered in 16-April-2017 at 12 p.m. .

Figure 4.8: DG curtailment for the hours of the representative days in year 6
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Afterwards, DSO assesses the impact of replacing the MV cable overloaded. For the chosen
test system, the reinforcement with the next upward cross-sectional area cable ( 185 mm2) proved
to be a poor decision, as with the future integration of DG, this cable would probably be overloaded
again or with quite a high capacity loading. In this way and to try to minimize the investment
actions on the overloaded cable, it was decided to replace the overloaded asset with the cable of
the same standard type but with the 240 mm2 cross-sectional area, and thus ensure that this cable
in the remaining planning years will not exceed the maximum loading capacity limit stipulated.
As said in section 3.3.3.1, it is important to notice that the reinforcement of a distribution cable
takes place in the preceding year in which technical problems are verified, because network MV
cables may take months to build and the planning aims to prevent the network congestion/ voltage
problems. In Figure 4.9 is presented the PF results for the year 6 of the planning horizon, after the
network reinforcement is performed. Further information and detailed PF results before and after
the network reinforcement are presented in section B.7 of appendix B.

Figure 4.9: PF gradient results in year 6, after network reinforcement [Scenario 16-April-2017]

Therefore, the congestion problem was prevented by means of network reinforcement and the
new MV cable is of the type: NA2XS2Y 1x240 RM/25 12/20 kV.

Active Distribution Grid Management
For the predictive grid management, the DSO will prevent the congestion problem by contracting
flexibility services from DER (demand and generation). In the software Pandapower, the flexibility
will be enabled for the loads (upward) and static generators (downward) in the network. Thus,
DSO will pay penalty costs to consumers and producers for them to curtail load and generation,
respectively, in order to ensure the equilibrium between demand and generation in the system and,
therefore, solve the technical problem.

In this planning process multiple OPFs are performed for the entire year (8760 hours). For
the optimization problem the same parameters used in the reinforcement planning are needed,
although the cost functions used are related to the upward and downward flexibility activation
prices (Cup

act and Cdw
act ). These values are set out through the upward/downward regulation and

day-ahead market prices (πup
RM, π

dw
RM and πDA), and are defined in section 4.2.3.

For the entire year 6, the total activated flexibility provided by DER was 488.81E-06 MW
(361.91E-06 MW from demand and 126.90E-06 MW from generation) for 10 days/25 hours of
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the entire year. In Figure 4.10 is presented the total load and generation flexibility contracted by
the DSO at the hours when such services were required. The highest values for activated load and
generation flexibility were registered in 13-02-2017 at 13:00 p.m. (hour 1044 of the year).

Figure 4.10: Load shedding and DG curtailment in year 6

Year 7
This year of the planning horizon is only accounted in this section for the ANM planning, because
for the reinforcement planning the investment in the MV cable in the previous year solve perma-
nently the problem. Therefore, with continuous DG growth capacity in the network, it is expected
an even greater overload in the same distribution cable, and therefore an increase in the contracted
flexibility by the DSO from demand and generation. Therefore, in Table 4.12 and Figure 4.10 are
given the PF results for the two peak conditions and the load plus DG curtailment in the respective
hours of this year.

Year 7
Peak Load Peak Generation
P [MW] P [MW]

HV/MV substations PF 16.14 -32.13
Load 35.52 13.26

Generation 19.72 46.74
Losses 0.27 1.25

Table 4.12: PF results in year 7 - Peak load and generation

Figure 4.11: Load shedding and DG curtailment in year 7
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In year 7 of the planning period, the total contracted flexibility by DSO was 6.40 MW in 50
days/144 hours of the year, being 0.24 MW from upward flexibility services and 6.16 MW from
downward flexibility services. The maximum load curtailment was 0.24 MW and registered in
15-05-2017 at 14 p.m. (hour 3229 of the year), also the maximum DG generation curtailment was
found in 19-02-2017 at 12 p.m. (hour 1187). By comparing the results from 4.10 and 4.11, it
is possible to perceive that when a higher amount of energy needs to be curtailed, the optimiza-
tion problem relies more on DG curtailment rather than load curtailment, because DSO will have
to pay more penalty costs if load curtailment was the first option. Furthermore, with more rele-
vant values regarding activated flexibility in this year, in Figure 4.12 is displayed the percentage
of upward/downward flexibility in the respective hours and in relation to the potential load con-
sumption/DG generation. Also in section B.8 of appendix B, more PF information about year 7 is
provided.

Figure 4.12: Load shedding and DG curtailment in year 7, in relation to potential load consumption
and DG production

In the hour of maximum load curtailment, the energy supplied in the test system was 16.60
MW and with the demand response service provided by the loads, the system starts to operate with
16.36 MW of consumption and thus the energy curtailed from loads was 1.45% of the potential
consumption value (16.60 MW). The same theory is applied to RES curtailment, where the poten-
tial DG production injected in the grid was 46.74 MW and the actual DG generation is 45.74 MW,
and so the power curtailed from RES, in the highest hour, was 2.14%.

Year 8
In this year of the planning horizon, two more technical problems were identified. Two MV cables
(from the same standard type) from feeder 2 surpassed the maximum loading capacity restriction,
and these violations were registered in three representative scenarios: 09-March-2017, 16-April-
2017 and 01-May-2017, and for the entire year in 355 hours. As there are no more redundant
cables available, network reconfiguration cannot be applied and therefore DSO has to assess both
decision-making planning methodologies, just like in year 6. In Table 4.13 is expressed the PF
results for the year 8 of the planning horizon.

Power Distribution Reinforcement Planning
For the reinforcement planning, the total estimated REC in year 8 was 5.12 MW and accounted for
9 hours of all daily scenarios. In Figure 4.13 is verified the total REC per hour of the representative
scenarios, in which DG had to be curtailed and also the curtailment percentage in relation to the
potential DG production. The highest value was registered in 01-May-2017 at 13 p.m. with 1.03
MW. Also, in the hour of maximum REC, the power injected from RES was 49.70 MW, and thus
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Year 8
Peak Load Peak Generation
P [MW] P [MW]

HV/MV substations PF 13.57 -36.20
Load 35.85 13.39

Generation 22.60 51.36
Losses 0.24 1.66

Table 4.13: PF results in year 8 - Peak load and generation

after the active power curtailment, the system starts to operate with 48.67 MW of generation -
REC was 2.07% of the potential generation value.

Figure 4.13: DG curtailment for the hours of the representative days in year 8

In this year of the planning period, the REC along the typical scenarios is much higher than the
values represented in Figure 4.9, because DSO has to cope with roughly more 10 MW injected by
RES which leads to higher capacity loading problems. Also, as a result of the further integration
of DG capacity in the grid, the bus voltage magnitudes at the end of the feeder where the MV
cables are overloaded (feeder 2) are very close to the maximum voltage limit defined in Table 4.1.
Despite of that, until the end of the planning horizon, the bus voltages remain within the safety
range.

Furthermore, the two MV cables were replaced by two cables with the same standard type
and with the next upward cross-sectional area (185 mm2), ensuring that no more congestion prob-
lems for these cables will occur within the rest of the planning years. Therefore, the overloading
capacity problems were prevented by means of reinforcement planning and the new MV cables
are of the type: NA2XS2Y 1x185 RM/25 12/20 kV. In Figure 4.14 is presented the PF results
for the year 8 of the planning period, before and after the network reinforcements are performed.
Also in section B.9 of appendix B, detailed PF results for the overloaded cables before and after
reinforcement are provided.

Active Distribution Management
In year 8, the total activated/contracted flexibility by DSO from DER was 176.38 MW in 122
days/355 hours of the year, being 5.20E-03 MW from upward flexibility and 176.37 MW from
downward flexibility. These reserved flexibility services were used to balance demand and gen-
eration, in order to prevent the MV cables previously referred to overload. The maximum load
curtailment was 0.48E-04 MW and verified in 15-03-2017 at 13 p.m. (hour 1764 of the year)
and the maximum DG curtailment was 4.53 MW and checked in 19-02-2017 at 12 p.m. Also,
the maximum load/generation curtailment, in relation to the potential active power system con-
sumed/produced by all loads/ DG units (15.81 MW/51.36 MW) were 3.05E-04% and 8.82% re-
spectively. Hence, in Figure 4.15 is presented the activated demand/generation flexibility in the
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hours where such service was required, and also the percentage of upward/downward flexibility in
relation to the potential load consumption/DG generation.

Figure 4.14: PF gradient results in year 8 [Scenario 01-May-2017]

Figure 4.15: Load shedding and DG curtailment in year 8 (MW and %)

Year 9 and 10
From the perspective of traditional network reinforcement, these last two years of planning are
not relevant as no further investments has been made in the network. Accordingly, the PF results
and the contracted flexibility (via active power curtailment) in both years will be presented. In Ta-
ble 4.14 is displayed the PF results for both years of the planning period and can be perceived, as
expected, further increase in the reverse power flow (PF that is redirected to HV/MV substations)
and decrease/increase in the network power losses for the peak demand/generation. In addiction,
for the year 10, it can be noted that in the peak load scenario the power injected by RES repre-
sents roughly 2

3 of power demand and thus the system has coped well with the integration of DG,
leading to technical benefits. Also, in the peak generation case, the generation from RES stands
for more than 4 times the load consumption and as mentioned multiple times, such discrepancy
poses mainly congestion problems for the system operator. In order to underpin the data provided
by Table 4.14, in sections B.10 and B.11 of appendix B are illustrated PF gradient results for both
planning years. Furthermore, the strong penetration of DG will lead the DSO to contract/reserve
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even more flexibility from DER to be activated in real-time and prevent the technical problems
that have cropped up in the past and have become acute over the years. Therefore, in Figures 4.16
and 4.17 are presented the total activated flexibility from DER (loads and DG units) in MW and
percentage values, in the hours when active participation of consumers and producers from RES
was requested.

Year 9 Year 10
Peak Load Peak Generation Peak Load Peak Generation
P [MW] P [MW] P [MW] P [MW]

HV/MV substations PF 12.49 -39.17 11.11 -42.24
Load 36.15 13.50 36.45 13.61

Generation 23.97 54.88 25.65 58.07
Losses 0.23 1.90 0.23 2.10

Table 4.14: PF results in year 9 and 10 - Peak load and generation

Figure 4.16: Load shedding and DG curtailment in year 9 (MW and %)

Figure 4.17: Load shedding and DG curtailment in year 10 (MW and %)

In year 9 of the planning period, the total activated upward and downward flexibility from DER
by the DSO was 407.55 MW (7.90E-03 MW from demand response and 407.54 MW from DG
curtailment, respectively) in 175 days/550 hours of the entire year. The maximum load shedding
was 1.53E-04 MW and registered in 27-03-2017 at 12 p.m. (hour 2051) and the maximum DG
curtailment was 6.35 MW and verified in 19-02-2017 at 12 p.m. (hour 1187). As said before
and comparing to the results from Figure 4.15, a even higher amount of renewable energy was
curtailed to guarantee the system balance between demand and generation, in order to prevent
the congestion problems. The same pattern can be followed in last year of the planning horizon.
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Moreover, in the hour of maximum load/generation curtailment, in relation to the potential active
power system consumed/produced (14.7 MW/54.88 MW), the power curtailed from loads/DG
units were 1.08E-03%/11.60%.

In the last year of the defined planning horizon, the total amount of reserved flexibility by the
DSO to be used in real-time was 616.26 MW in 194 days/658 hours of the year, being 0.14 MW
from load (upward) flexibility services and 616.12 MW from DG units (downward) flexibility
services. As verified in the previous years, the maximum load curtailment represents a small value
(1.08E-03 MW) and found in 01-06-2017 at 15 p.m. (hour 3628). The maximum generation
curtailment was 7.29 MW registered in 19-02-2017 at 15 p.m.(hour 1187) and as expected was
the highest value in all the planning years, in addition, in the hour with maximum load shedding,
the load curtailment via active power was 6.71E-04%, in relation to the potential consumed power
(25.01 MW). Also, in the hour with highest curtailment, the power system was expecting to be
injected 58.07 MW from DG (RES) units, but the actual injected power was 50.78 MW, leading
to 12.55% of generation curtailment.

After assessing the PDP exercise for the defined planning horizon, some major considerations
should be retained:

• Given the PF results over the planning years, and the annual growth in consumption as well
as the gradual increase in renewable capacity installed in the network, it can be claimed that
for the peak load scenario, PF in MV/HV substations and power losses in the network are
diminishing. These results reflect the inherent benefits of the on-going integration of DG in
the grid, i.e., allowing most of the loads to be supplied by RES, requiring less energy from
HV/MV power substations and enabling a reduction in grid losses due to the fact that the
DG units are located closer to the consumption sites.

On the other hand, in the light of the peak generation scenario, it can be reported that the
reverse PF towards HV/MV power stations is increasing sharply over the years, as are the
ever-increasing network power losses. These results reflect that in circumstances in which
there is a large disparity between consumption and generation (network imbalance), the
strong and progressive integration of DG will trigger overvoltage problems, but mainly con-
gestion problems in the grid. This case reflects the purpose behind the implementation of
the PDP methodology proposed in this work, since such problems will push the DSO to
intervene: invest/reiforce network assets or contract flexibility services from DER;

• With reference to the results concerning the upward and downward flexibility services, it
should be underlined that the highest level of DG curtailment over the years happens during
peak generation (PV and wind power) periods, mainly in the day 19-March-2017 between
12-15 p.m. Also, as the years pass, the technical problems in the network will intensify
(e.g., loading capacity of MV lines), which will encourage the DSO to hire more and more
flexibility from DER to solve such problems. As a result, the penalties to be paid by DSO
will rise to the point where the economic benefit of this new trend in power systems is ques-
tioned and perhaps it is worth opting for the traditional solution - network reinforcement.
Or, if it is not possible to contract more flexibility from producers and consumers, the DSO
is obliged to invest in the network: case of investment deferral.
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4.2.3 Parameters of the CBA

Before addressing the CBA with the inclusion of a sensitivity analysis and KPIs assessment, it is
important to establish some economic parameters previously mentioned in section 3.3.3. These
parameters represent the cost vectors for both planning solutions - reinforcement and ANM. The
estimation of the break-even point and KPIs values are a result of both planning solutions technical
and monetary appraisal.

In this regard, the following data are assumed:

Discount Rate
The discount rate (d) is rate of interest that converts all costs into their value in the present. It
is applied to net present value (NPV) of the total cost for the reinforcement planning and ANM
planning. The chosen value for this work corresponds to the current value presented in EDP’s
PDIRD.

Discount Rate
d [%] 6.75

Table 4.15: Discount rate

Investment Costs
As refered multiple times, the replacement of substation transformers will not be considered and
these costs are only related to the reinforcement of network MV lines/cables.

During the reinforcement planning exercise, whenever a given distribution line/cable comes
overloaded at a certain scenario, it will be necessary to reinforce this network asset in order to
efficiently meet the load growth demand and to host large shares of RES. At the time to do so, the
physical characteristic of the line/cable to be reinforced must be taken into account, in particular
its nominal voltage ans cross-sectional area. For thesis purposes, the needed reference installation
costs are related to MV underground distribution cables rather then overhead lines. The total cost
of installing a new cable is shown in Table 4.16.

The data is based on data from the SuSTAINABLE Project, and since the cost for the 185
mm2 section MV cable was not referenced, then that value was extrapolated from the reference
cost values for 120 mm2 and 240 mm2 section cables. The installation costs are applied in the
preceding year in which congestion/voltage problems are identified, because the network cables
may take months to build.

Investment Costs
Type Cable reference S [mm2] Cost [e /km]

MV Underground Power Distribution Cable NA2XS2Y 1x185 RM/25 12/20 kV 185 67 000.00
MV Underground Power Distribution Cable NA2XS2Y 1x240 RM/25 12/20 kV 240 78 000.00

Table 4.16: Cost of reinforcing a given branch in the MV test system

Operational Costs
These costs are related to annual network active power losses for the considered planning period
and only accounted for the network lines/cables, while losses in substation transformers are ne-
glected. The operational costs depend on the cost coefficient of power losses (cp), whose value
is based on the reference price for power losses at MT level approved by the Portuguese energy
regulator entity (ERSE). Table 4.17 presents the respective adopted value.

For the calculation of operational costs in the reinforcement planning the network active power
losses correspond to the value of the time step (hour) with the highest power losses among the
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seven representative days (scenarios). The ANM planning adapted the values of the highest power
losses hour in the entire year. These costs are accounted for every year of the planning horizon.

Operational Costs
cp[e /MWh] 101.3

Table 4.17: Operational costs data for active power losses

Also, the operational costs for the predictive grid management (ANM planning) must con-
sider another cost vectors along with the power losses costs: operational costs from loads up-
ward flexibility (load shedding action) and operational costs from DG units downward flexibil-
ity (DG curtailment action) - OpCshed,up

load and OpCcurt,dw
DG . These costs represent the amount of

activated/contracted flexibility provided by demand and generation in the respective year of the
planning horizon multiplied by upward and downward flexibility activation prices - Cup

act and Cdw
act .

These values represent the costs that DSO will have to pay to contract/reserve flexibility services
provided by DER (loads and DG units from RES), in order to prevent congestion/voltage problems
and ensure balance in the system.

As set out earlier in section 3.3.3.2, the up/downward flexibility activation prices are defined
as the difference between the annual average upward regulation market price (πup

RM) and the annual
average day-ahead market price (πDA), and the difference between the annual day-ahead market
price (πDA) and the annual average downward regulation market price (πdw

RM), respectively. In
Table 4.18 are presented the adopted values for both annual average up/downward regulation mar-
ket prices and annual average day-ahead market price, and as a consequence the up/downward
flexibility activation prices are also displayed.

The chosen values for π
up
RM, π

dw
RM and πDA are based on data from the year 2017 available in

REN 2018 summary report regarding MIBEL [62]. These presented values will be fundamental

Operational Costs
Label Cost [e /MWh]

Annual average upward regulation π
up
RM 71.20

Annual average downward regulation π
dw
RM 36.90Market Prices

Annual average day-ahead πDA 52.5
Upward flexibility activation from loads Cup

act 18.7DSO penalties
Downward flexibility activation from DG units Cdw

act 15.6

Table 4.18: Operational costs data for DER flexibility services

for the estimation of the break-even point, specifically to find π
up,max
RM , π

dw,min
RM , Cup,max

act and Cdw,max
act ,

previously defined in section 3.3.3.2.

Outage Costs
For the traditional planning process, the actions of curtail load and/or generation are executed to
allow the distribution network to operate safely until the investment/reinforcement is performed in
the network. Therefore, the monetary values for ENS and REC must be accounted and correspond
to DSO penalty costs, based on the economic value attributed to ENS (cENS) in EDP-D’s power
distribution reinforcement planning [63] and on the Portuguese reference feed-in-tariff applied to
RES installations in 2018 (FiT RES) [64]. The outage costs for a certain year are the amount of ENS
and/or REC multiplied by the penalty costs, costs applied annually when demand and/or genera-
tion needs to be curtailed to prevent technical problems. Both DSO penalty costs are presented in
Table 4.19. Finally, with all the system data costs, the net present value for both planning solution
(NPVRP and NPVANM) can be calculated, and therefore the CBA with the inclusion of sensitivity
analysis and KPIs assessment can be adressed.
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Outage Costs
DSO penalties Label Cost [e /MWh]
ENS by loads cENS 1300

REC from DG units FiT RES 95

Table 4.19: Outage costs data for curtailment of demand and renewable generation

4.3 CBA and Sensitivity Analysis

With the technical results described in section 4.2.2 and the key parameters for the CBA already
identified in section 4.2.3, the financial results will then be presented. First, the cost vectors and
total cost of each DSO planning solution will be shown together with the most relevant technical
results. Next, the results of the sensitivity analysis will be provided for the break-even point
estimation. Finally, the KPIs will be displayed.

Power Distribution Reinforcement Planning
For this DSO network planning alternative, the total cost depends on three strands: investment
costs, operating costs and outage costs. These costs were calculated throught the equations refer-
enced in section 3.3.3.1.

The investment costs concern the installation of 3 MV cables during the planning horizon:
one NA2XS2Y 1x240 RM/25 12/20 kV in year 6 and two NA2XS2Y 1x185 RM/25 12/20 kV in
year 8. The operational costs are related to the network active power losses and the values that
enter for the economic quantification are the highest power loss values among all the hours of the
representative scenarios described in Table 3.1.2. The outage costs are related to the REC verified
in year 6 and 8. Therefore, the total cost estimation for the reinforcement program (NPVRP) is
presented in Table 4.20.

Power Distribution Reinforcement Planning
Year - t InvCt [ke ] ∑

Nl
j=1 pl j [MW/h] OpCt [ke ] ∑

8760
h=1 ∑

NDGb
n=1 RECn [MW] OutCt [ke ] (P|F,d, t) NPVRP/t [ke ]

0
1 - 0.644 569.512 - - 0.937 533.501
2 - 0.596 527.025 - - 0.878 462.483
3 - 0.591 523.225 - - 0.822 430.115
4 - 0.590 522.089 - - 0.770 402.043
5 27.659 0.636 562.406 - - 0.721 425.657
6 - 0.793 701.276 4.960E-06 5.790E-03 0.676 473.895
7 120.341 1.229 1087.281 - - 0.633 764.462
8 - 1.488 1316.529 5.120 486.39 0.593 780.994
9 - 1.702 1505.52 - - 0.556 836.328
10 - 1.884 1667.14 - - 0.520 867.545

NPVRP [ke ] 5977.022

Table 4.20: Net present value of the total cost for the reinforcement planning

Active Distribution Network Management
For this trending DSO network planning, the total cost depends only in one vector: operational
costs already defined throughout the section 3.3.3.2. Although, if at a particular year of the plan-
ning period it is not possible to activate/contract more flexibility from load and generation, it is
necessary to perform network reinforcements to solve the technical problems and then invest-
ment costs must be taken into consideration in the economic assessment. In this study case, all
the investments performed with the reinforcement planning were deferred, i.e., the activation of
flexibility prevent all the problems occurred in the planning horizon.

The operational costs are related to network active power losses, but also to the activated
flexibility provided by demand and generation. Therefore, the upward and downward flexibility
services reflected by load shedding and PV plus wind power curtailment must be quantified. In
addition, in this planning case the network active power losses are the highest values among all the
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hours of the entire year. Table 4.21 shows the total cost estimation for the reinforcement program
(NPVANM).

Active Distribution Grid Management
Year- t ∑

Nl
j=1 pl j [MW/h] ∑

8760
h=1 ∑

Nlb
m=1 f up

m [MW] ∑
8760
h=1 ∑

NDGb
n=1 f dw

n [MW] OpCshed,up
load [ke ] OpCcurt,dw

DG [ke ] OpCt [ke ] (P|F,d, t) NPVANM/t [ke ]
0
1 0.654 - - - - 578.204 0.937 541.643
2 0.596 - - - - 527.025 0.878 462.483
3 0.591 - - - - 523.225 0.822 430.115
4 0.590 - - - - 522.089 0.770 402.043
5 0.640 - - - - 566.525 0.721 408.677
6 0.828 3.619E-04 1.268E-04 6.768E-06 1.979E-06 732.922 0.676 495.280
7 1.395 0.242 6.162 4.530E-03 9.613E-02 1234.064 0.633 781.201
8 1.409 0.005 176.370 0.097E-03 2.751 1249.980 0.593 741.242
9 1.496 0.0079 407.542 0.148E-03 6.358 1330.325 0.556 739.004

10 1.575 0.0075 616.119 0.141E-03 9.611 1402.846 0.520 730.014
NPVANM [ke ] 5731.701

Table 4.21: Net present value of the total cost for the ANM planning

Break-Even Point
From the previous Tables 4.20 and 4.21, the key paradigm of this thesis can be answered: the pre-
dictive grid management with activation of distributed flexibility services from load and RES is the
cost-optimal solution for solving the technical problems that have emerged on the network along
the planning years and improving operational aspects, as the traditional network reinforcement
planning offers a viable alternative.

Furthermore, a sensitivity analysis is performed to calculate the break-even point. The break-
even point refers to the maximum total cost that DSO is willing to pay for the active distribution
network management to be profitable, i.e., how much the annual average upward/downward reg-
ulation market price can increase/decrease until the total cost of the ANM planning (NPVANM

matches the total cost of the reinforcement planning (NPVRP). As a result, the DSO penalties or
flexibility upward/downward activation prices will increase leading to a maximum value for both
regulation options (up and down).

Therefore, by maintaining constant the amount of flexibility registered in Table 4.21 and
changing (increasing/decreasing) in equal ratio the annual average upward/downward regulation
market prices( π

up
RM and π

dw
RM) the break-even point is located and the DSO has knowledge how

much he can spent until the ANM planning begins to be unprofitable. In Table 4.22 is presented
the maximum/minimum annual average upward/downward regulation market prices and the max-
imum upward/downward flexibility activation prices.

Sensitivity Analysis - Break-Even Point estimation
Label Cost [e /MWh]

Maximum annual average upward regulation π
up,max
RM 445.36

Minimum annual average downward regulation π
dw,min
RM -337.26Market Prices

Annual average day-ahead πDA 52.5
Maximum upward flexibility activation from loads Cup,max

act 392.86
DSO penalties

Maximum downward flexibility activation from DG units Cdw,min
act 389.76

Table 4.22: Market and DSO penalty prices from the sensitivity analysis

By last, one interesting point to highlight from Table 4.22 is the fact that for the case where
the NPVANM equals the NPVRP, the DSO will pay higher penalty costs but will receive a monetary
contribution from RES producers, i.e., the DG producers will pay to the DSO 337.26 e /MWh
to inject renewable energy in the network, hence the negative price for downward regulation is
observed. By the way, in Portugal the minimum price that can be assumed in the reserve regulation
market is 0 e /MWh, although in other European countries it is accepted negative prices.
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KPIs Asssement
For last, it will be assessed technical and economic benefits of shifting from a traditional network
planning into a modern planning, with the inclusion of flexibility services. Therefore, in Table 4.23
are presented the results for the two key performance indicators considered in section 3.3.3.3.

KPIs
Label [%] [ke ] [MW]

Net Present Value of total cost for the reinforcement planning NPVRP 5977.022
Total active power losses in the reinforcement planning PLRP 88940.280

Net Present Value of total cost for ANM planning NPVANM 5731.70
Parameters

Total active power losses in the ANM planning PLANM 85620.240
Deferred Distribution Capacity Investment DDCI 4.104 24.532Key performance indicators

Reduction of active power losses ∆PL 3.733 332004

Table 4.23: Key performance indicators

With the data provided by the Table 3.3.3.3, it is possible to conclude that by allowing DSO to
prevent technical problems with distributed flexibility (ANM planning), the system operator can
save 4.1% of the total cost of the reinforcement planning (24.5 ke ). Also with the implementation
of a predictive network management, the grid power losses were reduced by 3.73% in relation to
the total active power losses of the reinforcement planning, or in technical terms, 332004 MW
which used to be given as losses are avoided.

Finally, in section 3.3.3.3 was mentioned the key indicator related to the number of years in
which the investments deferred. For the defined planning horizon, the use of distributed flexibility
from DER allow not to defer the network investments but to avoid all the network reinforcements
performed in the grid, i.e., it was always possible to activate flexibility to solve the congestion
problems. In order to try to identify the number of years in which investment was delayed, the
PDP was further simulated beyond the planning horizon (another 15 years). However, even with
different connection locations and capacity of the DG units , the OPFs have always converged,
i.e., it has always been possible to contract flexibility from demand/generation to solve the net-
work problems. Faced with such a scenario, one can expect that one of the best solution would
be to calculate the net present value cumulatively over the years for both planning cases and per-
ceive if there is not a moment when the DSO will pay more for flexibility services than for the
reinforcement of an asset, which tends to be a long-term solution that would last for many years.
In that case it would then be beneficial to reinforce the network instead of continuing to contract
flexibility services from loads and DG.



Chapter 5

Conclusions and Future Work

This chapter presents the main conclusions and contributions of this thesis concerning the pro-
posed PDP methodology embedded with two possible planning solutions for MV distribution net-
works under massive deployment of distributed generation (DG) and continuous demand growth.
Moreover, future work is proposed as complementary efforts to enrich the study developed.

5.1 Conclusions

The continuous growth of RES in power systems as result of ambitious government targets, has
been introducing new challenges that call into question the efficiency of the existing power system
models and in particular the power distribution planning. Also, with the advent of new technolo-
gies, such as the so-called distributed energy resources (distributed generation, storage devices,
demand response), it is of most importance to bring up new perspectives and models for the study
of electric power systems.

In this context, a modern PDP methodology was proposed from the point of view of consid-
ering the traditional network reinforcement planning as reliable solution. On the other hand, the
methodology also includes an active network management model to distribution networks with
high penetration of DER, including RES, and consider the flexibility of such resources to prevent
mainly congestion problems.

Then, the PDP problem is addressed by applying the PDP methodology which includes the
reinforcement planning methodology and the ANM planning methodology. When the final year
of the planning period is reached, a cost-benefit analysis is performed to assess the total cost of
each planning solution and to verify the benefits of shifting from a traditional planning process to
a modern one. In addition, a sensitivity analysis was adopted to seek the maximum upward and
downward flexibility activation prices that DSO is willing to pay, in order to the ANM planning
be cost-effective. Finally, key performance indicators were used to present some technical and
economic benefits of using distributed flexibility as a service provided by loads and DG units and
reserved/contracted by the DSO.
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The main contributions of this thesis aim towards:

• Definition of a modern PDP methodology with the advantage of exploring the potential of
flexibility resources. The developed methodology takes into account two DSO decision-
making methodologies: traditional grid reinforcement and predictive grid management with
activation of flexibility from DER.

Here the main objective is to simulate a PDP exercise and apply both network solutions to
cope with technical problems, mainly congestion problems rather then voltage violations,
which arise from extreme scenarios of DG integration;

• Development of a cost-benefit analysis to determine the total cost of each planning solution,
embedded with a sensitivity analysis to estimate the maximum price that DSO is willing
to pay for flexibility services to be cost-effective and an assessment of key performance
indicators to unveil some economic and technical benefits of shifting from a passive network
planning to a modern PDP.

Summing up, this thesis focused on the development of an innovative perspective of PDP
exercise by allowing the active participation of consumers and RES producers to deal with MV
network with potentially stressed operation scenarios induced by strong DG penetration.

5.2 Future Work

In the course of this study, several future research paths were identified. Some suggested develop-
ments for the future work perspectives are detailed as follows:

• The developed PDP methodology only takes into account two types of DER: loads and
distributed generators. Therefore, different DER with different ownership and purpose (e.g.
utility-scale storage systems, electric vehicles) could be integrated in further works of PDP,
as a planning resource. Also, instead of only considering active power curtailment (load
shedding) as load flexibility, allow the concept of "load shifting", i.e., a short-term reduction
in electricity consumption followed by an increase in production at late time when grid
demand is lower. In order to embody this concept in the case study, a multi-temporal OPF
would also be needed;

• Integration of PV and wind algorithm forecasts in the active network management method-
ology to cope with the uncertainty characteristic of DG;

• In addition to the distinctive daily profiles used in this thesis, also adopt clustering periods
to classify all the demand-generation states in a year, by grouping them in some typical
conditions. This will enable to follow in a more rigorous way the variability of demand and
generation and decrease the computational burden of the planning calculations;

• Finally, for a case study with much more reconfiguration possibilities, employing a GA to
find the network topology that solves the problem, or if the problem can only be mitigated,
find the topology that has less ENS/REC for the reinforcement case (fitness function - ENS
and REC) and less activated flexibility for the predictive grid management case (fitness
function - upward and downward flexibility).



Appendix A

Test System Data

In this appendix, the full data concerning the test MV network presented in chapter 4 is given. In
particular, branch, load and PV and wind power generation data are provided.

A.1 MV Oberrhein Network

An alternative one-line diagram of the test system for an easier identification of the network feed-
ers. This MV Oberrhein diagram does not consider the geographical representation of buses and
lines/cables, i.e. neglects buses and lines/cables geodata.

Figure A.1: Alternative one-line diagram for the MV network illustrated in Figure 4.1
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A.2 Brach Data
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where,
R is the line resistance in ohm per km

X is the line reactance in ohm per km

C is the line capacitance in nano Farad per km

Imax. is the maximum thermal current in kilo Ampere

ol means overhead line

cs means cable system
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A.3 Load Data
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From this moment (year zero) until the end of the planning horizon is assumed a yearly load
growth, i.e. the active and reactive power peak load will change over the years.
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A.4 Generation Data

Both PV and wind generators (DG units) only produces real active power, i.e. reactive power is al-
ways assign to zero. The total values (installed capacity, active and reactive power) are cumulative
values over the planning years.
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Appendix B

Power Flow Simulation - Results

In this appendix are presented some detailed info graphics regarding PF gradient results for critical
lines and buses. This information only concerns the base case scenario and the years where tech-
nical problems occur. For the years where no congestion/voltage problems occur, this appendix
provides non detailed PF results and also non gradient PF results. In addiction, for all the years,
alternative one-line diagram gradient plots are presented.

B.1 Base Case Scenario - Year 0

Figure B.1: Detailed PF gradient results for base case scenario - Peak load
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Figure B.2: PF gradient results for alternative one-line diagram in year 0 - Peak load and genera-
tion

Figure B.3: Detailed PF gradient results for base case scenario - Peak generation

B.2 Year 1

Year 1
Peak Load Peak Generation
P [MW] P [MW]

HV/MV substations PF 25.72 -7.35
Load 33.84 12.64

Generation 8.78 20.68
Losses 0.57 0.63

Table B.1: PF results in year 1 - Peak load and generation
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Figure B.4: Non detailed PF gradient results and PF gradient results for alternative one-line dia-
gram in year 1 [Scenario 16-April-2017]

B.3 Year 2

Figure B.5: PF gradient results for alternative one-line diagram in year 2, before and after network
reconfiguration [Scenario 16-April-2017]
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Figure B.6: Detailed PF gradient results in year 2, before network reconfiguration [Scenario 16-
April-2017]
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Figure B.7: Detailed PF gradient results in year 2, after network reconfiguration [Scenario 16-
April-2017]
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B.4 Year 3

Year 3
Peak Load Peak Generation
P [MW] P [MW]

HV/MV substations PF 21.69 -13.18
Load 34.18 14.79

Generation 13.06 28.49
Losses 0.49 0.44

Table B.2: PF results in year 3 - Peak load and generation

Figure B.8: Non detailed PF gradient results and PF gradient results for alternative one-line dia-
gram in year 3 [Scenario 16-April-2017]
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B.5 Year 4

Figure B.9: PF gradient results for alternative one-line diagram in year 4, before and after network
reconfiguration [Scenario 16-April-2017]

Figure B.10: Detailed PF gradient results in year 4, before and after network reconfiguration
[Scenario 16-April-2017]
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B.6 Year 5

Year 1
Peak Load Peak Generation
P [MW] P [MW]

HV/MV substations PF 18.08 -22.65
Load 37.71 14.01

Generation 17.07 37.37
Losses 0.36 0.63

Table B.3: PF results in year 5 - Peak load and generation

Figure B.11: Non detailed PF gradient results and PF gradient results for alternative one-line
diagram in year 5 [Scenario 16-April-2017]
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B.7 Year 6

Figure B.12: PF gradient results for alternative one-line diagram in year 6, before and after net-
work reconfiguration [Scenario 16-April-2017]

Figure B.13: Detailed PF gradient results in year 6, before and after network reconfiguration and
reinforcement [Scenario 16-April-2017]
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B.8 Year 7

Figure B.14: Non detailed PF gradient results and PF gradient results for alternative one-line
diagram in year 7 [Scenario 16-April-2017]

B.9 Year 8

Figure B.15: PF gradient results for alternative one-line diagram in year 8, before and after net-
work reinforcement [Scenario 01-May-2017]
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Figure B.16: Detailed PF gradient results in year 8, before and after network reinforcement [Sce-
nario 01-May-2017]
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B.10 Year 9

Figure B.17: Non detailed PF gradient results and PF gradient results for alternative one-line
diagram in year 9 [Scenario 16-April-2017]

B.11 Year 10

Figure B.18: Non detailed PF gradient results and PF gradient results for alternative one-line
diagram in year 10 [Scenario 16-April-2017]



Appendix C

DG growth

In this appendix, the DG growth capacity over the planning horizon will be addressed by present-
ing some images in which is represented the new DG connections in the network for each year of
the defined period. In Figure 4.2 is already represented the DG connections in the grid for the base
case scenario - year 0.
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