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Session Program and Organization 
The session accepted 143 high-level papers 
(acceptance rate around 60%) divided into four 
blocks that reflect the S5 traditional topics. 
General papers are selected to stimulate the 
discussion in the Main Session with oral 
presentations; papers with the highest research 
content are selected for oral presentation in the 
RIF session. Each oral presentation lasts ten 
minutes; interactive posters have two minutes 
presentations followed by a Q&A session. 
Block 1: Risk Assessment and Asset 
Management 
- Sub block 1: Risk Assessment and Reliability 

Assessment 

- Sub block 2: Resiliency 

- Sub block 3: Asset Management and 

Maintenance Strategies 

Block 2: Network Development 
- Sub block 1: Innovative Power Distribution 

- Sub block 2: Smart Grid Systems and 

Applications 

- Sub block 3: DC Distribution Systems and 

Microgrids 

Block 3: Distribution Planning 
- Sub block 1: Advanced Planning 

- Sub block 2: Smart Grid Planning 

- Sub block 3: Optimal Placement of Power and 

Control discrete Components 

- Sub block 4: EV Accommodation Planning 

Block 4: Methods and Tools 
- Sub block 1: Load/Generation Modeling and 

Forecasting 

- Sub block 2: Network Modeling and 

Representation 

- Sub block 3: Load Flow and Short-Circuit 

Calculations 

- Sub block 4: Energy Losses 

 
The S5 papers will be discussed in three events: 
- MS (September 22, 9:00-12:30 and 14:30 -18:00), 

- PS (September 23, 9:00-12:30 and 14:30-18:00),  

- RIF (September 21, 09:00-10:30).  

Round Tables are organized by S5 or jointly 
organized with other Sessions: 
- RT1: DC Networks (September 21, 09:00-10:30) 

- RT3: Distribution Planning and E-Mobility 

(September 21, 11:00-12:30)  

- RT5: Flexibility and Digital DSO (September 21, 

14:30-16:00)  

- RT6: Hosting Capacity (September 21, 16:30-

18:00). 

Introduction 
The energy transition in distribution systems 
claims vast infrastructural investments in a 
highly uncertain scenario, making planning and 
decision-making a risky exercise in the expected 
uncertain and volatile scenarios. Thus, forecasts 
and scenarios development are crucial to 
transpose country-level decarbonization goals 
down to the smallest LV network for finding 
bottlenecks and planning investments. Smart 
grid technologies are an opportunity to fix the 
temporary consequences of high demand and 
renewable generation. Still, DSOs continue to 
suffer from Regulatory impediments that the 
Literature and EU directives suggest eliminating. 
The S5 papers give a contribution to these 
general topics. Electromobility and heat-pumps 
impact forecast highly improved with AI 
combined with geo-referenced and 
socioeconomic databases and electrical 
calculations. The energy transition burden on 
the distribution systems is predicted with 
accuracy. Many industrial papers propose an 
excellent combination of practical approach and 
scientific rigour for dealing with the complexity of 
new planning. The first attempts to use AI for the 
automatic planning are a sign of future trends. 
Microgrids and DC distribution continue to 
interest, but real-life applications are still few 
besides the realizations in rural electrification. 
Local energy communities are the emerging 
option to foster sector coupling and increase 
flexibility using P2P markets and blockchain. 
The resiliency of distribution systems as a 
development driver is covered by few good 
papers only. Looking at the received 
contributions, the planners’ interest (and 
concern) is more on the short-term challenge of 
enabling the energy transition without rebuilding 
the system entirely and jeopardizing the quality 
level.  Finally, a panoply of different mathematic 
approaches to deal with uncertainty and risk, 
optimally allocate resources and reduce 
technical and non-technical losses is proposed 
in the Session. In conclusion, considering the 
pivotal role of non-wires planning alternatives, 
two complementary topics are emerging: 
integration planning and flexibility markets and 
the TSO/DSO coordination. The research on 
these two key topics will undoubtedly increase 
with the progress of energy transition. 



   

 

Block 1: Risk Assessment and Asset 
Management 
 
Sub block 1: Risk Assessment and 
Reliability Assessment 
 
The "Evaluation of Reliability Index for Electric 
Systems" (ERIS) to ensure efficient grid 
development based on its reliability is the Paper 
0327 focus. ERIS proposes an integrated 
approach to support investment decisions by 
quantifying the benefits of investments on load 
flow, topology and condition of the grid. By 
considering the ERIS indexes into the long-term 
asset analysis of the infrastructure, it is possible 
to analyse grid reliability and the financial effects 
of integrated scenarios. 
 

 
Fig. 1: Identity actions required based on 
ERIS score, as in Paper 0327. 

Paper 0840 deals with a method to localize in 
different countries the Common Network Asset 
Indices Methodology (CNAIM), which is a 
framework to consistently model asset risks and 
to make risk-based decisions, developed by the 
English DSOs on RA (OFGEM) request. The 
localisation work within five Danish DSOs has 
shown that CNAIM is transferrable to other 
countries by applying a structured methodology 
to ensure that all local aspects are checked and 
taken into account. 
 
Sub block 2: Resiliency 
 
Possible evolutions around 2050 of strong 
winds, heavy precipitations, wet snow, extreme 
hot temperature and wildfire are evaluated by 
Paper 0468 authors to assess distribution 
network adaptation needs. The changes in the 
occurrence and intensity of these events have 
been studied using climate simulations under 
RCP8.5 and RCP4.5 IPCC emission scenarios. 

An increase in flash river flooding is likely to 
happen as well as extreme hot temperatures 
and fire risk. 
 

 
Fig. 2: Mean annual number of days at risk of 
wet snow for both historical and future 
periods according to two climate models 
with emission scenario RCP8.5. as in Paper 
0468. 

Paper 0829 focuses on developing a method to 
accurately classify the overhead line section’s 
susceptibility to stormwind damage by 
combining forest data and DSO interruption 
data. The categorization results corresponded to 
expectations and DSO’s internal information. 
The data uncertainty and the small sample size 
impedes definitive conclusions, but the 
methodology developed in this paper can be 
used for further developments. 
 
A framework for evaluating the resilience in a 
distribution network serving a given 
geographical area is proposed in Paper 0978. 
The potential impact of different network and 
non-network measures for improving system 
resilience is investigated with a probabilistic 
approach. Results derived by testing the 
methodology on a case study demonstrate the 
model effectiveness for planning applications. 
 
Sub block 3: Asset Management and 
Maintenance Strategies 
 
Paper 0018 analyses the lifetime estimation and 
lifetime planning of MV cables and cable 
accessories in the Helsinki network. The loading 
rate and the material types in use, and own fault 
statistics are taken into account to estimate the 
optimal technical lifetime of the MV cable. 
Anyway, the study proves that the new technical 



   

 

lifetime of the MV cable and cable accessories 
is also economically viable and supported in the 
Finnish regulation. 
 
An asset management strategy for reducing the 
number of Medium Voltage (MV) levels in the 
Stedin distribution network is described in Paper 
0431. Progressive load development due to 
energy transition and increasing voltage 
problems due to Renewable Energy Sources 
(RES) necessitate a review of the existing 
voltage level of MV grids. The first step was to 
convert the 10 kV network of Rotterdam city 
centre to 20 kV. Research has been done to 
scale up the other 10, 13, 23 and 25 kV grids to 
the 20 kV level. 
 
Paper 0436 proposes a comprehensive 
analytics method to calculate the probability of 
failure or the health index of single network 
equipment and for a group of assets as 
substations, transformers, etc. Asset health 
modelling, probability of failure modelling 
(degradation curve derivation) and asset 
criticality calculation are combined to formulate 
an overall risk index of each asset/type of asset 
of the grid. 
 
The benefits that tan δ measurement can bring 
and the evaluation software features and its 
results are discussed in Paper 0766. The 
potential savings that data analysis opens up 
and draws upon the case study of a German 
distribution network operator are described to 
illustrate its economic benefits. 
 
Paper 0801 deals with the digitalization and 3D 
modelling of the power distribution network 
through a Mobile Mapping System (MMS) with 
different technologies like high-resolution 
cameras, LiDAR (Light Detection and Ranging) 
and thermographic cameras. The MMS helps 
utility companies inspect their network faster 
and more accurately and store all the 
information on a common platform where all 
users can access. The expected result is an 
improvement in the grid inspection and 
maintenance based on real field information. 
 
The choice of an optimal ageing limit of 
transformers in flexible power systems by using 
a maximal energy transfer as a criterion for 
defining the optimal ageing limit of transformers 

(both the existing and new ones) is investigated 
by Paper 0897. Results show that the optimal 
ageing limit for transformers should be equal to 
the ratio between the remaining insulation life 
and the remaining calendar life. Moreover, the 
paper presents the energy transfer through a 
new transformer as a function of various ageing 
limits and different durations of a calendar life. 
 

 
Fig. 3: Dependency: ageing limit - remaining 
calendar life - maximal energy transfer 
according to Paper 0897. 

A thermographic inspection is an effective way 
for the energy distributor to carry out preventive 
maintenance on the power grid, avoid problems 
in transformers, connections, and protective 
equipment, thus preventing consumers' lack of 
power supply. 
 
Paper 1076 presents the Asset Investment 
Management/Condition Based Risk 
Management methodology adopted by a 
Croatian DSO that combines asset information, 
engineering knowledge and practical experience 
to define the current and future condition, 
performance and risk of network assets. It has 
been applied for prioritizing the investment 
portfolio of transition from 10 kV to 20 kV. The 
methodology will be now used for planning the 
refurbishment of 35 kV overhead lines. 
 
An optimal stochastic Reliability-Centered 
Maintenance approach in which online and 
offline monitoring techniques are combined to 
reduce costs and enhance reliability is proposed 
by paper 1131. The reliability level of the 
distribution network components is evaluated 
according to the three-state Markov model, 
considering the uncertainty of repair time for 
maintenance actions. The proposed approach 
has been tested within the Birka Nat distribution 
system in Sweden. 



   

 

 
 
The potential scope of the discussion 
 
Resiliency is crucial in modern distribution due to a clear trend leading to a greater frequency of 
extreme events. How can the different dimensions of resiliency be included in planning? Is cost/benefit 
analysis suitable to guide the decision making if applied to projects for improving resiliency? Can the 
smart grid and digitalization have a significant role in improving resiliency?  
Is it time to include safety as a topic for CIRED? 
 
Table 1: Papers of Block 1 assigned to the Session 

 
Block 2: Network Development 
 
DSOs have been the most innovative among 
electricity operators in the last ten years: lower 
costs and reduced size made previously 
unavailable functionalities at hand deployed in 
everyday operation. New materials, components 
and systems are constantly tested and 
introduced, expanding DSOs’ possibilities in 
network management. 
 
Most of the innovation in distribution is centred 

on the contribution of new equipment, either 
owned by the network operator or run by 
individual network users to manage the 
distribution system. In terms of planning, it 
implies new reflections on how to take these 
capabilities into account while designing future 
grids. 
 
Sub block 1: Innovative Power Distribution 
 
Sub block 1 deals with all kinds of innovation not 
explicitly connected with “mainstream” topics; it 

Paper No. Title MS 
a.m. 

MS 
p.m. 

RIF PS 

0018: Estimating the lifetime of medium voltage cables and cable 
accessories in an urban environment 

   X 

0327: Combining the evaluation of reliability index for electric systems with 
the long-term analysis of infrastructures 

   X 

0431: Grid planning in the midst of several existing voltage levels    X 

0436: Asset management system in DSO using business intelligence tools 
and advanced analytics 

   X 

0468: Resilience of the French distribution network to climate change: 
Projected changes for 5 main meteorological hazards around 2050 

X   X 

0766: Case study: More cost-efficient asset management by prediction the 
remaining lifetime of medium voltage underground cables 

   X 

0801: Mobile mapping system in a power distribution network    X 

0829: Assessing overhead line's susceptibility to stormwind damage using 
open data 

   X 

0840: Global application of the British CNAIM for asset risk modelling – A 
case study from Denmark 

   X 

0897: Optimal ageing limit of oil-immersed transformers in flexible power 
systems 

   X 

0978: Application of resilience triangle model to the electric distribution 
system 

   X 

1076: Asset management in HEP DSO: from development of methodologies 
towards application 

X   X 

1131: A stochastic Markov model for reliability-centered maintenance 
approach in electrical distribution networks 

   X 



   

 

may deal with specific, Country-based projects 
including multi-source energy systems or be 
related to the adoption of a specific new 
component and technical solution. 
 
In Paper 0219, a comparison among different 
bonding techniques for HV and MV cables is 
presented. The most common practices (Solid 
Bonding, Single Side Bonding and Cross 
Bonding) are evaluated regarding investment 
and operational costs (ampacity, losses, etc.). 
The strengths and weaknesses of different 
techniques are detailed depending on the 
specific component, installation type and size. 
Finally, some general recommendations are 
made regarding the best suitable solutions 
according to operational conditions. 
 
Paper 0134 focuses on the Zero Down Time 
(ZDT) concept, referring to network architecture 
and configuration intended to minimize the 
interruption time by looping pairs of MV feeders 
coming from the same MV busbar and HV/MV 
transformer. The protection system uses Line 
Current Differential between two secondary 
substations on each feeder. This approach is 
being developed in the distribution system of the 
New State Capital City of Indonesia. 
 
Paper 0722 investigates the effects of static and 
dynamically meshed grid topologies on the 
short-circuit current situation and power supply 
reliability of medium voltage grids. As expected, 
the meshed operation significantly increases the 
short-circuit currents (but these generally do not 
exceed the critical limit values). It brings the 
power supply reliability to almost the same level 
as in the initial topology in static meshing by 
applying a loose coupling. A significant 
expansion cost reduction (up to 63%) is also 
expected both in the case of static and dynamic 
meshing. 
 
In Paper 0180, a change of paradigm in the 
KEPCO’s approach to the connection of large 
customers is described: instead of supplying 
them at MV voltage level, forcing them to 
manage their transformation, the idea is to 
ensure a low voltage supply, installing compact 
substations that can be buried underground. 
The architectural solution adopted to deliver 
optimal service quality by using RMU and RING 
configuration is then described. 

 
Fig. 4: KEPCO underground distribution 
network reference scheme according to 
Paper 0180. 

Paper 0392 examines Power-to-Hydrogen 
solutions as possible measures to relieve the HV 
grid in case of a massive penetration of PV-
based generation. By installing small scale 
electrolyzers in the proximity of existing PV 
sites, the possible strain on the HV network can 
be significantly relieved. The benefits persist 
with no significant increase of stress on the 
network scaling up the electrolyzers size, thus 
showing that the electrolysers’ contribution is 
more dependent on their location than on their 
power. 
 
In Paper 0649, a solar-hydrogen-storage (SHS)-
EV charging station with photovoltaic power, 
battery storage, hydrogen generation and 
storage system is presented. The system is 
designed to be operated, minimizing the 
operation costs, including hydrogen fuel costs 
and electricity purchase. In detail, the system 
operation is simulated through MATLAB to verify 
the renewable energy operation method in terms 
of cost and payoff period. Results show that 
compared with the traditional charging system, 
the cost of this SHS charging station is greatly 
reduced, the energy reserves are always 
guaranteed at the expected level, the utilization 
rate of the hydrogen storage system is high, and 
the reliability of the system is increased. 
 
In Paper 1049, a technical, economic, and 
feasibility study of a PV-BESS system to support 
the diffusion of EV charging stations in Brazil is 
presented. The system includes a PV system, a 
BESS, and EV fast chargers connected to the 
power grid; the load can be supplied by the PV 
system when available or by the grid or BESS 
when energy prices are high. The system 
optimization has been performed, finding a 
return on the initial investment of seven years, 



   

 

besides 10% of ROI and 0.28% of LCOE. 

 
Fig. 5: Flowchart of the algorithm to 
determine the Hosting Capacity according to 
Paper 0391. 

Paper 0391 deals with the hosting capacity 
increase that can be achieved in an LV grid 
through the flexibility that storage systems and 
smart inverters can ensure. The proposed 
methodology provides a reliable estimation of 
the hosting capacity and can be ordinarily used 
while evaluating a new generation connection. 
As expected in LV, the most effective measure 
happens to be Volt-Watt regulation, while Volt-
VAR is not always beneficial as it. However, it 
does not limit generation but may significantly 
increase losses. 
 
Paper 0490 describes a pilot project where parts 
of the LV grid of Mainz have been monitored 
over a period of about 1.5 years. Evidence 
coming from the collected data shows that an 
accurate understanding of the grid status may 
lead to better decisions regarding asset usage 
and grid reinforcement in the connection 
process and operation. Finally, the authors state 
that digitalising the LV grid may lead to 
automatise some common processes that DSOs 
are executing daily. 
 
Paper 0583 discusses technical, economic, and 
other types of Non-Wires Alternatives (NWA) 
screening criteria and methods that can be 
applied to streamline the NWA evaluation 
process. The abovementioned techniques can 
be applied to assess NWA potential to defer or 
avoid conventional distribution system 
investments. Notwithstanding the authors 
exploring several key types of NWA screening 

criteria, they foresee the need for more research 
to refine the processes, methods, and criteria 
and develop software support tools. 
 
In Paper 0751, the LENI Least cost 
ElectrificatioN decIsion support tool) for the 
optimisation of LV electrification is presented. 
The idea behind LENI is to develop a flexible 
approach for determining the best electrification 
solution within unelectrified villages: the tool 
provides the grid design. It performs a techno-
economical optimisation of the LV grid and 
individual solutions such as solar home systems 
or microgrids. Future LENI developments 
include a techno-economical arbitration 
between on-grid and off-grid solutions. 
 
Paper 0996 introduces a simple (naïve) 
methodology to select characteristics network 
nodes, in which smart meters should be installed 
with high priority to achieving effective coverage 
of the LV network for DSO monitoring purposes. 
The idea behind the initiative is to assess 
possible problems with voltage quality while 
keeping the necessary initial investment low. 
The simplicity of the method also allows easy 
automation of the selection process. By applying 
it in the smart metering project Komorany, it was 
found that the success rate is quite far from 
outstanding. 
 
Sub block 2: Smart Grid Systems and 
Applications 
 
Sub block 2 includes papers explicitly dealing 
with Smart Grid topics, ranging from strategic 
development plans to infrastructures and 
architectural novelties to specific functionalities’ 
delivery. It must be appreciated that LV 
networks are also considered. 
 
Paper 0715 deals with Smart Grid Architecture 
Model (SGAM), an already established tool 
supporting standardization in the Smart Grid 
technical design. The authors present a 
methodology that is aimed at including the social 
perspective in the development of a Smart Grid 
project: this is increasingly needed as, due to 
decentralisation and the development of new 
business models in the energy system, 
stakeholders are becoming increasingly 
dependent on each other, and the agreement on 
interoperable solutions represent an 



   

 

organizational as well as a technical issue. 
 
In Paper 0573, the implementation of self-
healing concepts to the LV grid is discussed. 
The extension to the lower voltage levels to 
operational practices already introduced in MV 
networks may seem almost natural; however, 
technological challenges exist. The economic 
viability of the investment needed to establish a 
self-healing infrastructure is not immediately 
clear. The authors argue that possible synergies 
with other concepts that are being developed 
(microgrids, EV, Demand Response, etc.) will 
eventually help to implement the elements (such 
as telecommunication capabilities) needed to 
boost self-healing in LV. 
 
Paper 0138 presents the results of the 
SERVING project. A platform has been 
developed within this project that aggregates the 
flexibility of individual loads (night storage 
heaters, heat pumps, water pumps, etc.) for 
optimized energy procurement, considering grid 
constraints. During the pilot project with 50 
customers, water pumps and night storage 
heaters were controlled, but the platform can 
easily integrate other flexibilities like electric 
vehicles or heat pumps. Challenges to gather 
data and control a large mass of flexibilities in 
rural networks are presented, and the solutions 
developed. 

 
Fig. 6: Functional interactions of the 
SERVING platform as described in Paper 
0138. 

Paper 0740 presents an optimization model to 
derive the load profiles of future active domestic 
customers. It compares different incentive-
based control strategies to meet the challenges 
of these developments from a grid perspective. 
The advantages, disadvantages and 
interactions of different incentive-based grid 
control strategies are then analyzed. The results 
show how different incentive strategies have 

different effects on the load profiles of active 
customers. In particular, price tariffs that contain 
power-related elements or thresholds for energy 
prices seem more effective, from the grid point 
of view, compared to time-variable price tariffs 
about voltage quality and grid utilisation. 
 
Paper 1085 describes an agent-based model for 
simulating participants’ offering mechanism in a 
Local Energy Market (LEM). The market users’ 
behaviours are simulated through a 
decentralized version of the common genetic 
algorithm (DGA), implemented on a Real-Time 
Digital Simulator (RTDS), capable of inspecting 
the grid dynamics. To test the proposed model, 
approximately an hour of simulation with three 
users was performed. As the next steps, the 
authors want to improve the full Hardware In the 
Loop (HIL) process to simulate one or more days 
of operation of the system. 
 
Sub block 3: DC Distribution Systems and 
Microgrids 
 
There is already enough technical literature 
about DC distribution systems that have been 
largely investigated during the last years due to 
the characteristics of many new loads that 
intrinsically reminded DC distribution to be 
supplied. It must be noted that DC systems can 
also be used in an off-grid solution powered by 
RES, hence the inclusion, in the same Sub-
block 3, of the wider Microgrid topic. 
 
In Paper 0450, a technical solution to perform 
the conversion of portions of LVAC network in 
DC grid is examined. Authors show that 
transforming some parts of a conventional LV 
system into DC-operated ones is more 
convenient than ordinary reinforcing to reduce 
voltage violations and mitigate overloading, 
especially when future developments and 
learning curves of DC technologies are 
considered. 
 
Paper 0383 proposes a procedure for designing 
an electrification project in a remote rural area, 
relying on distributed resources of energy and 
information from the studied area supported in 
the geographic information systems (GIS). 
Based on information available about the 
location of users, paths, forests, access roads, 
land use, contour lines, solar radiation, wind 



   

 

speed, and rivers, the most appropriate radial 
distribution network is designed. AC, as well as 
DC installations, are considered and ranked to 
find the optimal techno-economical solution. 

 
Fig. 7: Methodology for electrification 
projects in rural areas, as in Paper 0383. 

In Paper 0360, a methodology to design and 
operate rural microgrids, particularly suitable for 
off-grid areas in emerging or developing 
countries and island communities, is presented. 
Firstly, three use cases (off-grid microgrid, 
connected/island-mode microgrid, community 
microgrid) are introduced. Secondly, a seven-
step process to perform the design and 
implementation of a specific microgrid is 
described. Finally, some practical applications 
are detailed. Further investigation will be 
devoted to finding a suitable business model to 
support the sustainable industrialization of the 
proposed solutions. 
 
Paper 0602 presents a new AC/DC microgrid 
topology as an alternative to the traditional AC 
network in the context of developing countries' 
electrification. DC loads are firstly grouped using 
K-means clustering. Next, a minimum spanning 
tree (MST) algorithm is applied to the clusters to 

get the minimum length of DC conductors. 
Hence, using the shortest path (SP), the closest 
electrical poles connected to a cluster where the 
AC/DC converter is placed are found and then 
balanced by the mixed-integer linear 
programming (MILP). Finally, the AC lines 
connecting all poles and clusters are designed 
with the MST. The optimal cost of the complete 
AC/DC microgrid is determined for 20 years of 
operation. 
 
In Paper 0817, a comprehensive electrification 
strategy to grant universal energy access in 
Zambia in 2030 is presented. Based on an 
available grid and off-grid solutions, an 
investment plan is developed, in which different 
architectures are adopted according to 
population density and proximity to an existing 
network. The result is a least-cost study of MV 
grid extension feeders and areas for off-grid 
electrification. 
 
Paper 1011 describes the main results of the 
POSEIDON project. The project aims at defining 
optimal control strategies of microgrids in the 
port area, including the management of electric 
vehicles with public charging stations, energy 
storage systems installed on boats, flexible 
loads and Renewable Energy Sources (RES). 
The planning studies will evaluate, by 
considering the use of vehicle-to-grid and boat-
to-grid paradigms, the positive impact of electric 
vehicles and boats in terms of better exploitation 
of RES, energy efficiency and reduction of the 
polluting emission. 
 
 
 

 
The potential scope of the discussion 
Microgrids are already planned as a viable solution for isolated areas electrification due to their modular 
structure and relative ease of installation. Can we imagine the same microgrid structure as the atomic 
element to build larger distribution architectures, being able to operate both as a standalone entity and 
as an inter-connected sub-system? 
 
Table 2: Papers of Block 2 assigned to the Session 
Paper No. Title MS 

a.m. 
MS 
p.m. 

RIF PS 

0134: Zero downtime (ZDT) network topology for reliability supply in new 
capital city of Indonesia 

   X 

0138: Combined market and grid oriented operation of distributed flexibilities    X 



   

 

 
Block 3: Distribution Planning 
 
Sub block 1: Advanced Planning 
The Hosting Capacity of distribution networks 
has been debated for a long time. The expected 
connection of new distributed generation for the 
energy transition is attracting new research on 
the field covering a range that spans from the 
HC definition to some practical applications. 

Paper 0046 defines HC as the amount of PV 
generation connected to a network that does not 
cause an overload of lines or equipment. The 
authors propose a methodology to estimate the 
HC of any distribution network, and map zones 
with the highest overload risk can be easily 
prepared. One significant result is that according 
to the examined data, transformers are more 
prone to overloads than the cables feeding a 

– results of a pilot project 

0180: Power flow and economics analysis for RMU-based low-voltage 
distribution networks operation. 

   X 

0219: Influence of bonding of medium and high voltage cables on annual 
costs 

   X 

0360: Methodology for rural microgrids development    X 

0383: Electrification projects in remote rural areas using geographic 
information systems 

   X 

0391: Smart inverters and storage systems used to increase PV hosting 
capacity of LV distribution networks 

   X 

0392: Is power to hydrogen an appropriate approach to mitigate PV-induced 
strain on 110 kV high-voltage grids? 

X   X 

0450: Simulation tool for techno-economic analysis of hybrid AC/DC low 
voltage distribution grids 

X   X 

0490: Digitalisation of urban grid for better grid planning purposes    X 

0573: Would self-healing be economically justifiable on LV networks? X   X 

0583: Screening criteria and methods to aid the integration of non-wires 
alternatives in distribution planning 

X   X 

0602: Planning low voltage AC/DC microgrids for un-electrified areas    X 

0649: Design and operation of solar-hydrogen-storage integrated electric 
vehicle charging station in smart city 

   X 

0715: Perspectives on the social embeddedness of the smart grid 
architecture model in innovation projects 

   X 

0722: Effects of static and dynamically meshed topologies on short-circuit 
currents and the reliability of medium voltage grids 

X   X 

0740: Modelling the demand behaviour of active customer and the impact of 
price incentive based strategies 

  X X 

0751: LENI: an example of development of least cost electrification approach    X 

0817: Geospatial least-cost plan for on and off-grid electrification to achieve 
universal electricity access in Zambia by 2030 

X   X 

0996: The proposal for reduction of regularly monitored consumers in smart 
metering project Komorany 

   X 

1011: Optimal planning of port microgrids to improve energy efficiency by the 
integration of RES, flexible loads and smart mobility - POSEIDON 

   X 

1049: A proposal for technical and economic sizing of energy storage 
systems and PV for EV charger-stations with reduced impacts on the 
distribution network 

   X 

1085: Agent-based approach for decentralized genetic algorithm   X X 



   

 

cabinet. Paper 0029 deals with the case of 
reverse power flow from LV to MV network. 
Reverse power flow is not an issue for the 
distribution transformer. Problems can arise if a 
negative load happens on an intentionally 
isolated distribution network energised by a 
rotating generator during maintenance. In this 
case, the concept of Hosting Capacity is used to 
identify the maximum level of PV generation that 
allows using a backup generator to supply loads. 
In conclusion, the authors find that for small 
distribution transformers, where backup 
generation is most often needed, it will often 
simply not be possible. For larger distribution 
transformers, backup generation during the 
summer months becomes a serious challenge 
with tens of kW installed capacity.  
 
Distribution planners seek new tools and 
methodologies capable of considering at the 
same time different objectives that include 
reliability and resiliency besides economy and 
energy efficiency. Paper 0064 proposes a new 
algorithm for distribution planning capable of 
finding the optimal network expansion and 
breaker and switches position simultaneously. 
The proposed procedure obtains the Pareto set 
of the integrated network development plans. It 
provides a decision-maker to determine the best 
network development plan by integrating the 
network expansion and network automation 
planning in radial distribution networks with 
distributed generators. The topic is not new (the 
first contributions of integrated 
network/automation planning were proposed in 
1997-1999), but the authors significantly 
improved using a novel methodology. 
 
The electrification of energy consumption is one 
of the success keys for the energy transition. 
Load demand is expected to grow as well as the 
power injected by generators connected. Old 
models based on average data and single point 
representation of customers’ needs are no 
longer suitable and cannot help planners in the 
existing context. Furthermore, tools to assess 
the worth of flexibility, related costs and inherent 
risk are crucial to modern planning and 
fulfilment, such as recent EU directives. Indeed, 
non-network solutions are progressively being 
considered by distribution and transmission 
planners for economically addressing 
acknowledged grid limitations. Gaining 

popularity due to technological advancements, 
falling costs, and supportive regulatory orders, 
regulators in several jurisdictions are now 
mandating that utilities evaluate the feasibility of 
DER-based alternatives before conducting any 
major grid reinforcement. Non-network solutions 
significantly impact the complexity of the 
planning process and pose new challenges to 
associated analytics, tools, and business 
processes. Many CIRED 2021 papers give 
significant contributions to the topic of modern 
distribution planning working in this field. Paper 
0358 brilliantly shows how to bridge the gap 
between national energy transition goals and 
distribution planning. It proposes an approach 
based on geographic and statistical data to 
distribute national projections for distributed 
generation and consumption into five distinct 
distribution grid types. Geographic data analysis 
is used to categorize areas into these five grid 
types. National projections are used to 
determine the needed number of EV chargers 
for distributing roof-top and large-scale PVs and 
individual heat pumps. 
 

 
Fig. 8: Example of network classification 
with GIS in the area of Roskilde Fjord in 
Denmark (Paper 0358). 

Paper 0157 is another example of advanced 
planning to include non-wires alternatives within 
distribution planning with a multi-dimensional 
planning technique. With this technique, 
planning studies can be as detailed as needed 
for integrating new technologies, visualizing 
their effect on current and future distribution 
systems. The multiple dimensions generated 
can be compared economically to obtain the 
best investment plan for the next years based on 
the load growth forecast, the technologies used 
to relieve the power system and the circuit model 
used for the planning study. The method 



   

 

proposed is a graphical framework for 
describing the relationship, progression, and 
dependencies between the power system state 
through time and the alternatives needed to 
solve the violations found during the analysis 
period. 

 
Fig. 9: Example of graphical representation 
relationship, progression, and dependencies 
between the power system state through 
time (Paper 0157). 

Paper 0611 is an example applied to the long-
term planning of active distribution networks 
(ADN). The authors propose a step-by-step 
methodology that aims at tackling the problem of 
efficiency in long term planning based on the 
ADN concept. Therefore, ADN planning (ADNP) 
extends the complexity of conventional planning 
with additional operational considerations, such 
as switching regulation taps of distribution 
transformers, the curtailment of distributed 
generation (DG) or active and passive feed-in 
management, as well as the operation of 
demand response. The methodology builds on 
the ADN concept as a strong candidate to defer 
network investments common practice in usual 
business scenarios. Its application to the case 
study of a medium-size Spanish city highlights 
the economic advantages already on a horizon 
of 10 years. Assuming a moderate engagement 
of 15% of the loads connected to the network 
into demand response mechanisms results in a 
7% reduction of operational costs and 14% 
reduction for conventional expansion 
investments than the expansion strategy without 
DR. 

 
Fig. 10: Albacete: HV, MV and LV network 
model (Paper 611). 

Paper 0719 contributes to flexibility in 
distribution planning by showing the Enedis 
approach to the problem. Enedis has issued a 
request for proposals of flexibility services with 
an online tool that would enable actors to bid 
with any kind of services. The tool enables the 
actors to evaluate the performance of their 
services, and Enedis to assess the collective 
value of each bided service. Enedis awards the 
flexibility contract yielding the greatest collective 
savings based on the score, the hidden point 
value, and the bid price. The network solution 
has an optimal balance between costs and 
benefits for the collective value in the studied 
case. Flexibility service providers, on the 
contrary, must aggregate a large amount of 
consumption curtailment services to beat the 
efficiency of the investment. Thus, in this case, 
flexibility is not a good option. However, the 
methodology and the online tool developed can 
sustain pedagogy on local flexibility and help 
actors improve their proposals to the DSO. 
  

 
Fig. 11: The cost balances with investment or 
with different flexibility services (Paper 719). 
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Figure 1:  scheme of the costs balances of situations with investment or with different flexibility services.

Once the optimal year for the investment is determined, it is 
possible to evaluate if a flexibility service is efficient enough 
to postpone the investment.  
A flexibility service usually enables to decrease the lost load, 
but has a negligible impact on losses. The goal is therefore to 
compare, at year N: 

- The costs with the investment (losses, lost load and 
anticipation of the investment); 

- The costs without the investment but with the 
flexibility service (losses and lost load).  

 
For the sake of simplifying this presentation, neither asset 
maintenance cost, nor tendering process cost, nor cost of 
enabling flexibility operations (e.g. specific communication 
infrastructure, additional command-control to prevent asset 
overcharge in case of flexibility failure) are taken into 
account.  
The flexibility service is worth postponing the investment if 
the flexibility impact outperforms the effectiveness of 
investment. In that case, the difference between the two gives 
the willingness to pay the flexibility service (see Figure 1). In 
Figure 1, the economic value of the service “flex 1” is not 
worth postponing the investment; on the contrary, the 
willingness to pay the second service is positive, and 
therefore the economic impact of this solution justifies to 
defer the investments by contracting flexibility services “flex 
2” (yet depending on its purchase price). 
The willingness to pay represents: 

- The maximal cost of the flexibility service for the 
investment deferral to be possible; 

- The collective value created by the flexibility if the 
cost of the service is zero. 

To evaluate the performance of a flexibility, and compare 
different services, the main task is to determine the impact of 
each service, i.e. its impact on lost load costs. 
 

3 The Moussac Case 

3.1 Overview of the case 

The Moussac substation is located in a rural area in the 
Occitanie region – south west – of France. It is equipped with 
a single HV/MV transformer, and 7 feeders. In case of failure 
of the HV/MV transformer, the feeders are rescued by 
feeders from neighbour substations. In some periods, 
depending on load level, electrical constraints can appear on 
3 of these rescue feeders, resulting in lost load. Figure 2 gives 
an overview of the N (nominal scheme) and N-1 situations 
(failure of the HV/MV transformer). 
These lost load costs justify adding a second HV/MV 
transformer. Enedis has considered using flexibility 
(consumption curtailment and/or injection increase) to 
postpone this investment, resulting in a request for proposals, 
and the implementation of a tool to evaluate the impact of 
flexibility services in that case. 

MOUSSAC
Rescue
substation

Nominal scheme

N - 1 scheme

Possible network 
constraints

U
Rescuing feeder

 
Figure 2: scheme of the Moussac situation (nominal, and in 
case of transformer failure) 

 
3.2 Method used to assess flexibility impact 
To assess the impact of different flexibility services, the 
following method has been implemented: 

1. The rescue scheme in case of transformer failure 
was determined in accordance with the real-time 
network operators, so that it corresponds to the one 



   

 

Paper 0757 demonstrates the potential benefits 
of integrating demand forecasting, flexibility 
service providers and system network models. 
Western Power Distribution (WPD) proposes 
developing an automated tool as part of a project 
termed the Electricity Flexibility and Forecasting 
System (EFFS). EFFS interfaces with the 
market platforms to request flexibility 
requirements, receive the available flexibility 
and returning the final selection of services. 
Thus, the optimisation process is distinguished 
into two stages: procurement and selection. An 
optimisation algorithm takes place for the 
optimum selection of services based on a 
ranking system where for each service, a total 
score is calculated. Finally, a validation process 
is launched. The EFFS optimisation algorithm 
runs power system analysis and contingency 
analysis to determine network constraints and 
select optimal flexibility services to resolve the 
constraints. The EFFS tool has the potential to 
be further developed into a fully automated end-
to-end system that could be used as a real-time 
system tool. It could be utilised to identify future 
network constraints in a distribution network or 
to process flexibility services and select the 
optimum solution. 
 

 
Fig. 12: Example of network constraints 
reduction after selecting flexibility in 
services in the UK test case proposed by 
Paper 0757. 

Paper 0956 deals with a platform focused on 
flexibility for integrating RES. The EU platform 
METIS II is capable of increasing the resolution 
on electrical transmission and distribution grids 
with the detailed representation of European 
distribution networks using archetypes and 
climatic zones. Concerning the EUCO3232.5, 
both load shifting and EV charging flexibility are 
activated to reduce distribution network 
generation curtailment and load shedding. Thus, 
flexible distribution network assets help to 
integrate more renewables without having to 
invest further in infrastructure. Heat pumps and 

hot water demand have a limited contribution to 
reducing renewable generation curtailment 
because of seasonality. Anyway, besides many 
restrictions, the flexibility helps reduce the 
generation curtailment by 37% and load 
shedding by 100% in some of the examined 
networks. 

 
Fig. 13: Impact of flexibility on reducing load 
shedding and generation curtailment in the 
EU (Paper 0956). 

Paper 1040 proposes a DSO portfolio 
composition method to secure flexibility in the 
cooperative operation with an aggregator. The 
proposed method simultaneously reduces the 
computation time and satisfies the technical 
constraints. Since the DSO does not control 
individual DERs, neutrality in the cooperative 
operation with the aggregator is guaranteed. In 
the portfolio composition process, the DSO 
provides for each zone the flexibility type 
required for the target epoch. The aggregator 
provides the amount of available flexibility and 
the unit price for each zone, which the DSO 
considers to compose the flexibility portfolio of 
the distribution system. This approach can 
reduce the complexity of the portfolio 
construction. 

 
Fig. 14: Flowchart of the cooperative 
approach between DSO and Aggregator for 
the flexibility portfolio (Paper 1040). 
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Table 3 – Information on Available Flexibility Services  

Flexibility 
Service 

Location 

Flexibility 
Service Rating 

(MW) 

Sensitivity 
Factor 

 
Eggbuckland  0.23 0.94 
Longbridge 5 1.01 

4.2. Flexible Platforms Availability and Optimum Services 
Selection 

Table 4 presents the flexible market power availability 
considered as part of the optimum selection of services. Since 
there was only one service available for each constraint, the 
optimisation is focused on the accurate calculation of the 
flexibility requirements and the optimum power selection for 
each service.  

Table 4 – Flexible Market Power Availability 

Flexibility 
Service Location 

Flexibility Service 
Availability (MW) 

 
Eggbuckland  0.23 
Longbridge 4 

Table 5 presents the selected flexibility services following the 
execution of the optimisation algorithm. The results indicate 
that the optimum services have been selected considering 
asset rating, available power and sensitivity factor. In 
particular, the power requested for the Eggbuckland asset is 
limited by its maximum rating resulting in a potential partial 
constraint improvement; whereas the power requested for the 
Longbridge asset is defined by the identified constraint.  

Table 5 – Optimum Service Selection 

Flexibility 
Service Location 

Requested Power 
(MW) 

 
Eggbuckland  0.23 
Longbridge 0.73 

4.3. Validation Results 
Table 6 presents the calculated network constraints following 
the selection of flexibility services. The results indicate that 
the previously identified constraint in Longbridge has been 
fully resolved. The previously identified constraint in 
Eggbuckland has been improved and could not be fully 
resolved due to reaching the maximum installed power 
capacity for the relevant assets.    
 

Table 6 Network Constraints Following Service Selection 

Primary 
Substation 

Primary 
Transformer 

Loading  
(in %) 

Remaining 
Constraint 

(MW) 

 
Eggbuckland  83.2 0.74 
Longbridge <75 None 

 
5. Conclusion 

This paper demonstrates the potential benefits of integrating 
demand forecasting, flexibility service providers and system 
network models in order to identify potential network 
constraints and analyse available flexibility services. The 
benefits relate to the utilisation of existing customer on the 
network to provide flexibility instead of relying on traditional 
reinforcement to resolve short duration network constraints.  
 
This paper demonstrates that the EFFS optimisation 
algorithm is capable of automatically running power system 
analysis and contingency analysis to determine network 
constraints and select optimal flexibility services to resolve 
the constraints.  
 
As a flexibility tool, the EFFS tool has the potential to be 
further developed to a fully automated end-to-end system that 
could be used as a real time system tool. It could either be 
utilised for only identifying future network constraints in a 
distribution network or processing flexibility services and 
selecting the optimum solution.       
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of each country according to its own operational restrictions 
and techno-economic parameters. 
b) Market-distribution network interaction: market dispatch 
is projected over the archetypes of each country. This 
process determines the operational information needed for 
an archetype to be launched under the DCM. Example of 
this type of information are generation and consumption 
profiles, together with the cost of electricity. 
c) Distribution network simulation: it corresponds to the 
process of optimisation of the archetypes by means of the 
DCM. A single DCM run must be launched for each 
distribution network (i.e. 288 optimisations in total for the 
current number of distribution networks). 
 
3 Results  

This section presents the results of the methodology 
described in the previous section using the DCM for the 
EUCO3232.5 scenario for the year 2030. 

3.1 Demand and generation at distribution 
Figure 2 shows the demand and generation at the 
distribution systems of each of the 34 countries. These are 
in turn the result of the disaggregation process explained in 
the previous section. A yearly demand of 2828 TWh and 
generation of 955 TWh for the 34 countries is observed, 
which represents 77% and 26% of the market’s total 
demand and generation, respectively. Germany, France, 
Great Britain, Spain and Italy account for the major part of 
demand and generation of the European electricity mix. 
 

 
Figure 2: Energy and peak power at the distribution systems 
of each country. 

3.2 Example of load shifting activation for solving network 
congestion and voltage variations 
An example of flexibility activation for solving congestions 
and voltage variations is shown in Figure 3. For this specific 
network, the hourly dispatch exhibits a certain degree of 
load shedding activation, needed to respect network grid 
constraints (Figure 3 – (a)). When flexibility is activated, a 
part of the load is shifted towards periods where the network 
is not experiencing problems, thereby reducing the initial 
amount of load shedding (Figure 3 – (b)).  
 

 
Figure 3: Load profile of a network during a specific period 
of the year when (a) flexibility is disabled: only load 
shedding is activated; and (b) flexibility is enabled: load 
shedding is replaced partially by load shifting. 

3.3 Congestion and decongestion results and distribution 
An overview of the generation curtailment and load 
shedding by country is shown in Figure 4. For the 34 
countries this translates into a total load shedding of 12.5 
TWh and generation curtailment of 71.0 TWh. As 
generation curtailment is directly linked to problems with 
local injection, for most of the countries RES generation is 
likely to be the most important source of constraint 
violations. 
 

 
Figure 4: Generation curtailment and load shedding relative 
to the country’s total generation and load, respectively. 
 
It is observed that, with the activation of flexibility, a certain 
level of load shifting and EV shifting are activated to 
alleviate congestions and/or voltage violations. This in turn 
results in a reduction in load shedding and generation 
curtailment. A summary of the outcome for the 34 countries 
is shown in Table 1. Load shedding and generation 
curtailment are reduced by 19% (from 12.5 TWh to 10.1 
TWh) and 4% (from 71 TWh to 68.3 TWh), respectively, 
with a total shifting of the flexible load and EVs of 3.0 TWh 
and 1.6 TWh respectively. 
 
Table 1: Summary of flexibility activation for the non-
flexible and flexible scenarios. 

Scenario Load 
shedding 
(TWh) 

Generation 
curtailment 
(TWh) 

Load 
shifting 
(TWh) 

EV load 
shifting 
(TWh) 

No flexibility 12.5 71.0 -- -- 
 
Flexibility 

 
10.1  

 
68.3  

 
3.0 

 
1.6 
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In the portfolio composition process, the DSO provides 
information for each zone. The information includes the 
flexibility type (frequency, ramping, distribution congestion 
resolve, etc.) required for the target epoch. The aggregator 
provides the amount of available flexibility and the unit price 
for each zone, which are considered by the DSO to compose 
the flexibility portfolio of the distribution system. This 
approach can reduce the complexity of the portfolio 
construction since only the amount of available flexibility and 
unit price per zone are considered, with the characteristics of 
individual DERs not being required. 

Fig. 2 shows a flow chart of the cooperative operation by 
the DSO and aggregator for determining a flexibility portfolio. 
The DSO sends the flexibility type information to the 

aggregator, who then estimates the amount of available 
flexibility and unit price for each zone and provides this 
information to the DSO. With this information, the DSO 
composes a flexibility portfolio for the distribution system. On 
the basis of the portfolio, the amount of flexibility to be used 
for each zone is determined for the aggregator, and this result 
is sent to the aggregator. The aggregator can then determine 
which DERs should be used to secure the flexibility assigned 
by the DSO. 
 

3. Mathematical Model   

3.1 Distribution System Flexibility Securing Portfolio Model  
 The DSO composes a portfolio for minimizing the cost of 
purchasing flexibility from aggregators. This objective can be 
expressed as (1). Here, 𝑃𝑃𝑘𝑘𝑧𝑧 denotes the required flexibility for 
each zone for distribution system management, and 𝜋𝜋𝑘𝑘𝑎𝑎𝑧𝑧 is the 
unit price per zone, which is provided by the aggregator. 𝑃𝑃𝑘𝑘𝑧𝑧 
should be determined within the available flexibility 𝑃𝑃𝑘𝑘𝑎𝑎𝑧𝑧 , 
which is supplied by the aggregator and which can be 
expressed as (2). Furthermore, technical constraints can be 
added, depending on the DSO's management purpose. This 
study focussed on voltage management, and the related 
constraint can be expressed by (3). 

 

minimize     �𝑃𝑃𝑘𝑘𝑧𝑧𝜋𝜋𝑘𝑘𝑎𝑎𝑧𝑧
𝑘𝑘∈𝐾𝐾

                              (1) 

c.t 

𝑃𝑃𝑘𝑘𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧 ≤ 𝑃𝑃𝑘𝑘𝑧𝑧 ≤ 𝑃𝑃𝑘𝑘𝑎𝑎𝑧𝑧                            (2) 

Tc = �          
𝑉𝑉𝑘𝑘𝑧𝑧𝑧𝑧𝑧𝑧𝐷𝐷𝐷𝐷 ≤ 𝑉𝑉𝑘𝑘 ≤ 𝑉𝑉𝑘𝑘𝑧𝑧𝑎𝑎𝑚𝑚𝐷𝐷𝐷𝐷

⋮
𝑡𝑡𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑡𝑡𝑛𝑛𝑛𝑛 𝑡𝑡𝑐𝑐𝑛𝑛𝑐𝑐𝑡𝑡𝑐𝑐𝑛𝑛𝑛𝑛𝑛𝑛𝑡𝑡𝑐𝑐

                      (3) 

 

3.2 Aggregator’s Flexibility-Securing Portfolio Model 
The aggregator composes a portfolio to maximize profits 

from the provision of flexibility, which can be expressed as (4). 
Here, 𝑃𝑃𝑧𝑧,𝑘𝑘

𝑓𝑓  is the amount of available flexibility for individual 
DER i and it is determined from the response time 𝑅𝑅𝑧𝑧,𝑘𝑘, 𝜋𝜋𝑘𝑘

𝑒𝑒𝑒𝑒 
is the expected compensation price paid by the DSO and 𝜋𝜋𝑘𝑘𝑎𝑎𝑧𝑧 
is the unit price of zone k, which is calculated from (5). In this 
study, 𝜋𝜋𝑘𝑘𝑎𝑎𝑧𝑧  was the average of individual unit prices. 
Furthermore, 𝑛𝑛𝑘𝑘 denotes the number of DERs in zone k. 𝑅𝑅𝑧𝑧,𝑘𝑘 
of a DER should satisfy the response time 𝑅𝑅�𝑘𝑘 required by the 
DSO, and it is given by (6). 

 

Maximize     𝑃𝑃𝑘𝑘𝑎𝑎𝑧𝑧 = �𝑃𝑃𝑧𝑧,𝑘𝑘
𝑓𝑓

𝑧𝑧∈𝑘𝑘

(𝜋𝜋𝑘𝑘
𝑒𝑒𝑒𝑒 − 𝜋𝜋𝑘𝑘𝑎𝑎𝑧𝑧)                  (4) 

Fig. 2 Flow chart of the cooperative operation by the DSO and 
aggregator for determining a flexibility portfolio 

Fig. 1 Concept of the proposed method 



   

 

Paper 0867 analyses the worth of flexibility from 
the reliability point of view. Flexibility with 
respect to the reliability of supply means that the 
distribution utility agrees with the end-customer. 
The customer takes the risk of long interruptions 
but receives monetary compensation for them. 
The economic value of flexibility can be 
significantly high in sparsely populated rural 
areas with challenges in supply reliability (risk of 
major storms) and depopulation. By selecting 
the best few per cent of all customers to the 
flexibility agreement, a relatively high share of 
network investments can be reconsidered from 
the perspective of scheduling, placement and 
technological choices of the network renewal. 
However, the results support a preliminary 
estimate that flexibility targets (customer nodes) 
have to be defined by the utility. Otherwise, if 
customer nodes are selected randomly, network 
areas committed to flexibility are not uniform 
enough to take them effectively into account in 
the long-term development of the network 
infrastructure. 
 

 
Fig. 15: Two alternative paths from the 
present operating point to the level where 
the network has to be renovated to satisfy 
the requirements of the law (Paper 0867). 

Flexibility is not infinite and, if used by DSO for 
distribution network operation and planning, 
there will be less flexibility for the TSO. 
TSO/DSO integration is crucial. A compromise 
must be found between the investment cost 
minimisation and the maximisation of 
distribution flexibility for transmission services. 
Paper 0976 gives an original contribution on this 
crucial point with an algorithm that supports 
cooperative (but decoupled) planning for both 
distribution and transmission systems. The 

planning strategy for distribution networks can 
explore several planning options to minimise the 
operational/investment costs and maximise 
local flexibility for the provision of services to the 
upstream transmission network. The complex 
procedure explores different options regarding 
the required regulation reserve for transmission 
services and optimises the distribution planning. 
The cooperation between system operators is 
expected to be simple and efficient since the 
identified distribution planning options can be 
negotiated with a limited exchange of standard 
and non-sensitive information. The proposed 
algorithm avoids solving a fully coupled joint 
optimization problem while still considering the 
interactions among different voltage levels. 
 
Paper 0543 is an original contribution that 
shows a different approach to planning based on 
the extensive inclusion of communities and open 
data sharing. Distributed open data is key to 
planning how the electricity distribution network 
develops to accommodate different visions of 
local stakeholders. The paper describes a real 
application in the UK that trials open data, 
visualisation tools and common languages for 
mutually sharing disparate data sets associated 
with distribution future energy scenarios 
(DFES). One example of specific feedback 
came from the local industry about plans to 
switch fuel in glass furnaces. This resulted in a 
special sensitivity on the load impacts of large 
industrial fuel-switching strategies being carried 
out and included in the following year’s DFES 
publication (DFES 2020). 
 

 
Fig. 16: Primary substation DFES view 
(Paper 543)  

Paper 0483 is another high-level contribution 
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Figure 3. Without (a) or with (b) flexibility; two alternative 
paths from the present operating point to the storm-proof 
level (the level where the network has to be renovated to 
satisfy the requirements of law).  

The economic feasibility of customer flexibility, i.e., 
savings and losses, is based on five factors. These are 
technology-based saving (difference in replacement 
values), age-based saving (difference in present values), 
outage costs, operational costs and standard 
compensations. 

1. Network technology-based saving: In the flexibility 
alternative, the network is renovated according to a 
conservative schedule by making necessary 
investments only. In the traditional alternative, the 
present network is renovated with more expensive 
storm-proof technologies, e.g. underground cabling. 
Regulatory unit prices are used when comparing 
costs. 

2. Network age-based savings: In the flexibility 
alternative, network is renovated only when the 
lifetime of a component is reached. In the traditional 
alternative, the network is renovated at a faster pace 
causing write-downs.  

3. Outage costs: In the flexibility alternative, the 
network has a higher risk of outages causing higher 
outage costs also in the future for the other customers 
on the feeder.   

4. Operational costs: In the flexibility alternative, the 
network has a higher risk of outages causing higher 
costs (e.g. maintenance) also in the future.   

5. Standard compensations: In the flexibility 
alternative, customers with a flexibility contract are 
not entitled to standard compensations defined in the 
Electricity Market Act. 

With the principles listed above, the developed algorithm 
searches and rates all the network sections from the case 
area. As a main constraint, trunk lines (e.g. back-up 

connections between primary substations) and line sections 
feeding critical customers (e.g. cell phone towers and 
water pumping plants) are left out of consideration of 
flexibility. Security of supply is ensured for these network 
nodes and sections with traditional storm-proof 
technologies. However, there is promising potential for 
harvesting flexibility in rural area networks because of the 
high proportion of branch lines (30–50% of the length of 
the MV network). A flexibility target consists of at least 
one secondary substation with an LV network. In some 
cases, a target may consist of several secondary 
substations and MV branch line sections feeding them. In 
Figure 4, target-specific economic values in a descending 
order (€/site) and the cumulative value for flexibility in the 
case area are presented. The point in the right upper corner 
indicates a situation where all the customers in the case 
area have a flexibility contract with the DSO.   
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Figure 4. Target-specific economic values of flexibility 
targets (€/site, blue curve) and the cumulative value of 
flexibility in the case area. 

Figure 4 shows a significant variation in the economic 
values of flexibility targets. This is due to the high 
variation in the network characteristics, such as customer 
density, network age, and location. In addition to the 
target-specific values, the cumulative value of flexibility as 
a function of the share of customers is presented. We can 
see that the best 10% of the flexibility targets (customers) 
forms almost half of the economic potential of flexibility. 
This indicates that if the flexibility regarding reliability of 
supply is carried out, benefits can be obtained by focusing 
only on a relatively small number of customers.    

In Figure 5, the principle of the effect of flexible 
customers on the storm-proof rate in the case area is 
illustrated. The present operating point (P1) indicates that 
the storm-proof rate is relatively low in the MV network 
(5%). In the LV network, almost half of the network 
(underground cabled and/or lines located in the open 
environment) is protected against major storms. The target 
storm-proof rate for the company is indicated by a dotted 
line. Points P2 and P3 correspond to those storm-proof 



   

 

that aims at giving distribution planners data to 
produce significant load patterns. In particular, 
the authors focused on the forecast of 
temperature because of climate change. The 
paper is particularly relevant for countries with 
power demand highly linked to temperature. The 
current practice for forecasting is based on 
historical data. Paper 0483 first examines the 
adequacy of indicators based on historical data 
and suggests a methodology to anticipate future 
low and high temperatures better. The authors 
show that the current methodology 
underestimates the risk in the next decade 
linked to warm temperature levels. The study 
has shown that the estimation of very low and 
very high percentiles of the temperature 
distribution over a historical past 30-year period 
may not fully represent what could be expected 
in the following decade. The proposed approach 
to produce temperature time series seems to 
improve the anticipation of near-future 
conditions. 

 
Fig. 17: Comparison of the frequency of 
higher temperatures than the 99.7% 
percentile estimated over 30 years in the 
following decade to that of each of the 
three decades of the considered 30-year 
period. An upward triangle means a higher 
frequency, a downward triangle a lower 
frequency, and a circle no significant 
change (Paper 0483). 

Paper 0190 is an interesting example of long-
term planning that uses network and non-
network options for finding the optimal 
expansion plan. The uncertainty due to the 
variability of production and consumption pro- 
files and producers’ arrival (date, technology, 
installed power, location) is considered. Since 
scenarios are randomly produced and 
optimized, the optimization is based on 
stochastic planning. More precisely, the 
optimization problem is a stochastic, multi-

objective optimisation problem, with expensive-
to-evaluate objective functions solved with the 
Bayesian optimization technique. The paper's 
main result is that the proposed technique can 
dramatically reduce computing time compared 
to Monte Carlo. The procedure is suitable for the 
application in real-world problems with many 
contrasting objectives and planning parameters. 

 
Fig. 18: (a) Illustration of the optimisation 
process of the input parameters of a 
stochastic simulator and (b) example of 
resulting network planning decisions for a 
given scenario and set of network planning 
parameters (Paper 0190) 

Paper 141 presents a very good prototype that 
leverages customer times series to provide the 
grid planner with the information necessary. 
Furthermore, an analysis of how flexibility could 
be leveraged to alleviate the capacity needs is 
also available.  

 
Fig. 19: Conceptual design of the tool 
proposed by Paper 0141. 

Paper 0257 proposes an innovative holistic 
approach to planning that improves the 
traditional planning and development process. 
The proposed method is capable of identifying 
grid hotspots in future supply tasks. Providing 
and combining real grid and asset data with 
forecast scenarios into a multi-scenario analysis 



   

 

empowers grid planners to focus on hotspots. 
The resulting complexity of such a multivariate 
method is controlled by using the concept of 
hierarchical KPI navigation and aggregation 
carrying the planner to the most relevant grid 
issues. The tool will be applied to the entire 
Westnetz MV (E.ON) grid. Automatic 
optimization tools are still missing in the model, 
and their development will increase the model 
worth.  

 
Fig. 20: Hierarchical Scenario Management 
as in Paper 0257. 

Paper 0565 presents an ant algorithm that 
optimises the costs of a medium-voltage power 
network structure while complying with the 
electrical specifications for several given 
scenarios. The increasingly used holistic 
planning approach requires several criteria to be 
considered at the same time. Therefore, the 
given technology is extended for an application 
in multi-criteria optimisation. The criteria 
selected for this paper are cost minimisation, 

reliability maximisation, and minimisation of the 
number of sectioning points to increase network 
operation efficiency. Thus, optimisation provides 
a variety of solutions to choose from depending 
on individual preferences. The paper has been 
tested with a greenfield optimization. The use of 
multi-objective programming is very promising, 
but the algorithm does not explicitly consider 
uncertainty and the role of flexibility as a 
planning option. Anyway, the authors show that 
by using multi-objective-oriented algorithms, the 
decision making is more transparent, and 
planners can find a compromise among several 
contrasting goals objectively. 

 
Fig. 21: Impact of different criteria in 
distribution planning: a) cost criterion and b) 
reliability criterion (Paper 0565). 
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Figure 7 Comparison of (a) the cheapest solution (solution a) 
and (b) a more reliable solution (solution b) of the pareto-front 

 
4 Conclusion 

In this paper, a bi-criteria ant algorithm was extended to 
several conflicting criteria. The method was demonstrated in 
the greenfield-optimisation of a medium voltage power 
network. With this method, a planer can now take into account 
the costs, reliability as well as the requirements for simple 
network operation while using an automated network planning 
technology. 

This paper proposes an improvement of existing automated 
planning approaches. Due to the many criteria, automated 
planning now provides a whole set of solutions. Each solution 
fits best to an individual weighting of the criteria. In addition 
to the costs of a network, softer factors can now be intuitively 
taken into account. Overall, this method leads to more options 
and greater transparency and thus provides a more profound 
basis for decision-making in the planning process. 

In the complex area of network planning, there are many 
additional criteria that can now be formalised and then taken 
into account in the optimisation. A point that was recently 
emphasised in the question of how the future challenges in 
medium voltage networks can be addressed best [7].  

In addition, the introduced method is very flexible and can 
easily be applied even to more than three criteria. A transfer of 
the approach to other applications outside of network planning 
is also conceivable. 

5 References 

[1] Bundesnetzagentur and Bundeskartellamt: 
Monitoringbericht 2019, 2020, p. 126 
[2] Gust, S.: Auf den Spuren der Ameisen, ZfK, Dec 2020, 
p.11 
[3] Schollmeyer, M.: Netzplanung neu gedacht, 50,2 Magazin, 
08.2020, pp.28-29 
[4] Iredi, S., Merkle, D., Middendorf, M.: Bi-Criterion 
Optimization with Multi Colony Ant Algorithms, 2001 
[5] Vennegeerts, H., Schröders, C., Holthausen, M.,et al.:  
Ermittlung von Eingangsdaten zur Zuverlässigkeits-
berechnung aus der FNN-Störungsstatistik, 2013 
[6] Zitzler, E., Thiele , L., Deb , K.:Comparison of 
Multiobjective Evolutionary Algorithms, 2000 
[7] Dena startet Netzstudie, 
https://www.dena.de/newsroom/meldungen/dena-startet-
netzstudie-iii/, 2020 
 

 

 

 

(a)

(b)

s bstation
local station
sectionin  oint



   

 

Paper 0395 also describes a planning 
methodology for supporting the 
technical/economic analyses to choose 
interventions on the distribution network. The 
genetic algorithm exploits AI techniques for the 
multi-objective optimization of the grid 
configuration, aiming to optimize costs, quality of 
service and load KPIs simultaneously. The use 
of GA and AI for distribution planning is not 
original, but the algorithm developed is a very 
good step towards considering flexibility 
services offered by distributed energy resources 
as an alternative to traditional infrastructure 
solutions. 
 

 
Fig. 22: Example of network optimization 
from Paper 0395. 

Paper 0685 is a very good contribution to 
improving a typical automated network planning 
process, such as the cost estimation of new 
underground cable routes. The traditional 
approach of calculating these costs based on 
rough average cost assumptions fails to 
consider each individual case's specific 
geographical and geological conditions. It can 
therefore compromise the quality of network 
planning, especially when applied to 
heterogeneous supply areas. The proposed 
algorithm enables an individualized cost 
estimation for each possible new underground 
cable route using the least-cost path algorithm 
on a calculated cost raster, covering the whole 
supply area and including all relevant geological 
and geographical information. To this scope, the 
entire supply area has been divided into 334 
million raster cells of 25 m2 each (5x5 meters). 
A new underground cable route cost is 
calculated for each cell, using as inputs mostly 
publicly available geodata from different 
sources. The developed algorithm enables an 
individualized estimation for any arbitrary route 
considering all relevant geographical and 
geological conditions. The accuracy of the 

model in the vast majority of the "normal" cable 
routes lies within +/-25% accuracy, providing 
reliable input for the MV network's automated 
planning and a useful tool for the daily business 
of operative asset management and 
engineering. 
In the early phase of planning, an optimization 
algorithm can trace the least cost path between 
two points, avoiding using the most expensive 
pixels. The same approach is also used for more 
automated planning of MV distribution planning. 

 
Fig. 23: Optimal route calculated in an urban 
area (Paper 0685). 

Papers 0322 highlights the need for new tools 
and methodologies capable of assessing the 
impact of new loads. The paper uses the data 
from AMR to build a better load pattern that can 
be used to assess voltage regulation, and power 
flows in MV and LV networks. Furthermore, EV 
demand is included in the model with the 
complete electrification of heating demand in 
Denmark. The number of feeders and 
transformers expected not to meet the load, and 
the voltage criteria are significant. The voltage 
criterion is the most critical for 0.4 kV radials. 
The paper demonstrates the positive impact of 
flexibility that can reduce the harmful impact of 
new loads and electric vehicles. 

 
Fig. 24: The percentage of LV radials that do 
not meet voltage criteria according to Paper 
0322. 

Paper 0472 investigates the role of operating 
points in urban LV planning. Peak load and peak 
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reproduced by the algorithm with a totally acceptable 
accuracy of +/-25%. 

3.2 Qualitative Testing 
The results are also validated and calibrated through an 
extensive testing procedure, based on the evaluation of 
numerous concrete examples (see Figure 2 and 3) from 
various BKW experts. The accuracy of the model has been 
estimated by the testing participants within the range of +/- 
25% in almost all cases.  
 
4 Conclusion 

The automated cost estimation for new underground MV 
cable routes enables an individualized estimation for any 
arbitrary route in the BKW supply area, taking into 
consideration all relevant geographical und geological 
conditions. Although the accuracy of the model may be 
limited in some extreme cases, in the vast majority of the 
"normal" cable routes, the estimations of the developed 
algorithm lie within the totally acceptable accuracy of +/-
25%, providing not only a reliable input for the automated 
planning of the MV network but also a useful tool for the 
daily business of operative asset management and 
engineering. 

4.1 Using the algorithm in early stage of project planning 
The cost of underground routes is one of the main factors 
affecting the total costs of MV line projects and therefore 
driving the decisions about the construction of new MV lines. 
As a result, in the early stages of line project planning, 
engineers usually spend several hours trying to gather all 
needed data, in order to make a first rough estimation about 
the optimal cable route, its total length and the respective 
costs.  
On the other hand, the automated model enables objective 
estimations with comparable accuracy within seconds, 
providing a useful and efficient tool for engineering and 
operative asset management, especially in the early stages of 
underground cable route projects, in which an accuracy of +/- 
25% is considered adequate.  
For this purpose, the developed algorithm has been 
implemented in a simple software tool, which enables an 
automated cost estimation for the underground cable route 
between two arbitrary points in the BKW supply area. The 
results include the recommended cable route as well as its 
total length and cost. 
Figure 2 presents an example of a rural cable route 
calculation between two points of interests. The algorithm 
tried to avoid the more expensive woodland raster cells, 
resulting in the cable route pictured in figure 2. 
 

 
Fig. 2: a calculated route in a rural area visualized on the cost 
raster and on an arial image 
 
In Figure 3 an example of an urban area has been calculated. 
The algorithm tried to stay on the empty cable conduits 
(white cells in figure 3) and to avoid buildings (dark blue 
cells), resulting in the cable route pictured in figure 3. 
 

 
Fig. 3: a calculated route in an urban area visualized on the 
cost raster and on an arial image 

4.2 Using the algorithm for the automated planning of the 
MV network 
The described algorithm was developed in the context of the 
project AZIMI, which focuses on the automatization of the 
long-term medium voltage network planning. The 
determination of all possible new cable routes, along with the 
respective lengths and costs are one of the main inputs used 
in the automated planning process. 
First, all relevant cable routes are defined through a Delaunay 
triangulation between all possible start- and end nodes in the 
BKW supply area. Along these Delaunay connections a batch 
process is then executed, calculating the cable route with the 
least cost (see Figure 4).  
 
 



   

 

generation are considered assuming different 
scenarios for heat pumps, EV charging points, 
and PV generation. The peak load operating 
point is relevant for equipment dimensioning in 
the examined test case. The peak generation 
operating point is particularly relevant in 
networks strongly penetrated by detached and 
semi-detached houses in suburban areas. The 
paper considers innovative planning actions 
such as regulated distribution transformers 
(RDT), energy storage systems (ESS), and 
static or dynamic load and DG management 
systems. The voltage regulating measures are 
recommended the transformer substitution. 

 

 
 

Fig. 25: Expected voltage violations for LV 
networks in different operating points (Paper 
0472). 

Paper 0552 proposes an online interface for 
distribution planning of LV unbalanced 
distribution networks. A stochastic load 
simulator generates accurate and tailored load 
profiles at a resolution down to one minute for a 
neighbourhood. New and upcoming load and 
source technologies, such as electric vehicles 
and photovoltaic panels, can be forecasted. The 
control strategy of demand with an accurate 
representation of tariffs can be used to plan, 
delay, or avoid grid reinforcements. If a user 
already has power time series (such as smart 
meter data), they can be used directly for power 
flow optimization and assess the worth of 
flexibility control. 

 

 
Fig. 26: Example of undergoing node voltage 
drop and line overloading from Paper 0552. 

The uncertainty associated with loading 
demand, generation, and even network 
elements can affect the results of distribution 
planning and make decision-making a too much 
risky activity. Paper 0823 gives an original way 
to fix this issue regarding the French case by 
assessing the impact of models and related 
uncertainties. The method uses a Global 
Sensitivity Analysis to characterize the impact of 
any model on the decision criteria. Several 
modelling hypotheses are considered in the 
paper, and their impact on a French low voltage 
network is assessed. The dependence of the 
decision criteria on the models considered in the 
LV grid planning process is the main paper 
result. The methodology can assess the impact 
of models and related uncertainty when flexibility 
is used to operate LV distribution networks.  
 

 
Fig. 27: The General Global Sensitivity 
approach used by Paper 0823. 

Paper 1071 is another interesting contribution, 
including flexibility from loads with higher 
nominal powers and stochastic behaviour, such 
as electric vehicles and heat pumps. 
Conventional concepts of network planning 
typically do not consider the potential flexibility 
of newly introduced loads, which can lead to 
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Figure 2 Percentages of limit value violations as a worst 
case in the peak load OP for all HP-variants (V1, V2, V3) 
 

 
Figure 3 Percentages of limit value violations as a worst 
case in the OP peak generation without (w/o) and with (w/) 
applied conventional planning measures 
 
Table 2 Results of the maximum VI in the peak generation 
OP (VIDG) and VD in the peak load OP (VDLoads) for the 
progressive scenario in 2050 and HP-variant V3 as a worst 
case in percent 

Grid G1 G2 G3 G4 G5 
VIDG +0.91 +0.05 +0.50 +1.89 +0.91 
VDLoads -12.56 -6.84 -11.89 -21.00 -12.56 
Grid G6 G7 G8 G9 G10 
VIDG +4.40 +2.63 +2.93 +0.21 +2.54 
VDLoads -15.20 -16.92 -15.28 -8.20 -10.78 
Grid G11 G12 G13 G14 G15 
VIDG +1.81 +0.21 +8.58 +2.50 +3.78 
VDLoads -19.25 -7.35 -32.96 -15.74 -28.17 
Grid G16 G17 G18 G19 G20 
VIDG +2.27 +1.38 +1.95 +1.07 +8.16 
VDLoads -13.87 -20.27 -12.86 -15.93 -21.85 

 

 
Figure 4 Comparison of the maximum voltage increase in 

percent for two variants of the peak generation OP 
Fig. 2 and Fig. 3 show in which year the first limit violations 
occur for the progressive load scenario and all HP-variants 
and for the progressive DG scenario respectively (in 
comparison to 100 % no limit violations occur). It becomes 
apparent that in the peak load OP, voltage limit violations 
occur much earlier, whereas in the peak generation OP, the 
voltage violations occur later and are not dominant. 
Furthermore, no line overloads occur in the peak generation 
OP and therefore are not displayed in Fig. 3. 
 
Table 2 proves that voltage limit violations occur in only 
four grids due to peak generation and in the remaining grids 
only peak load OP predominantly leads to voltage limit 
violations. Therefore, only the grids G6, G13, G15 and G20 
are analysed in detail for the rest of the contribution. 
 
Additionally, Fig. 4 shows two considerations for the peak 
generation OP which are the peak generation OP while 0.3 
of the load remains in the grid and in comparison to the 
absolute worst case planning with no loads in the grid. It can 
be seen that the difference is relatively small. 

6.2 Line planning measures 
In order to remedy the identified limit violations (see 
Table 2), conventional planning is first carried out for both 
OP as a reference in order to subsequently conducted the 
innovative planning as alternatives. The grid planning is 
carried out across the years 2030, 2040 and 2050. 
A list of all measures in Table 3 shows that, in contrast to 
the peak load OP in the peak generation, hardly any line 
measures are necessary, which also supports the deduction 
that peak load is the relevant OP for urban LV grids. 
 
Table 3 Necessary line measures in meter for the 
progressive scenario with HP-variant V3 up to and 
including 2050 

Grid G6 G13 G15 G20 
Conventional 
lengthpeak generation 0 281 0 134 
lengthpeak load 352 999 450 720 
RDT 
lengthpeak generation 0 0 0 0 
lengthpeak load 205 430 450 490 
ESS 
lengthpeak generation 0 0 0 0 
lengthpeak load 205 572 189 372 
sLMS (11 kW) 
lengthpeak load 352 933 417 558 
dLMS (PrCP) 
lengthpeak load 185 755 374 490 
sDGMS 
lengthpeak generation 0 0 0 0 
dDGMS (60 %) 
lengthpeak generation 0 0 0 0 

 

0%
25%
50%
75%

100%

V1 V2 V3 V1 V2 V3 V1 V2 V3 V1 V2 V3

2030 2040 2050 none

progressive

Sh
ar

e 
of

lim
it 

vi
ol

at
io

ns
(p

ea
k 

lo
ad

)

voltage violations line overloads

0%

5%

10%

15%

2030 2040 2050 2030 2040 2050

conservative progressive

Sh
ar

e 
of

lim
it 

vi
ol

at
io

ns
(p

ea
k 

ge
ne

ra
tio

n)

voltage violations (w/o) voltage violations (w/)

 CIRED 2021 Conference Geneva, 20 – 23 September 2021 

  Paper 472 

 

4 
 

 
Figure 2 Percentages of limit value violations as a worst 
case in the peak load OP for all HP-variants (V1, V2, V3) 
 

 
Figure 3 Percentages of limit value violations as a worst 
case in the OP peak generation without (w/o) and with (w/) 
applied conventional planning measures 
 
Table 2 Results of the maximum VI in the peak generation 
OP (VIDG) and VD in the peak load OP (VDLoads) for the 
progressive scenario in 2050 and HP-variant V3 as a worst 
case in percent 

Grid G1 G2 G3 G4 G5 
VIDG +0.91 +0.05 +0.50 +1.89 +0.91 
VDLoads -12.56 -6.84 -11.89 -21.00 -12.56 
Grid G6 G7 G8 G9 G10 
VIDG +4.40 +2.63 +2.93 +0.21 +2.54 
VDLoads -15.20 -16.92 -15.28 -8.20 -10.78 
Grid G11 G12 G13 G14 G15 
VIDG +1.81 +0.21 +8.58 +2.50 +3.78 
VDLoads -19.25 -7.35 -32.96 -15.74 -28.17 
Grid G16 G17 G18 G19 G20 
VIDG +2.27 +1.38 +1.95 +1.07 +8.16 
VDLoads -13.87 -20.27 -12.86 -15.93 -21.85 

 

 
Figure 4 Comparison of the maximum voltage increase in 

percent for two variants of the peak generation OP 
Fig. 2 and Fig. 3 show in which year the first limit violations 
occur for the progressive load scenario and all HP-variants 
and for the progressive DG scenario respectively (in 
comparison to 100 % no limit violations occur). It becomes 
apparent that in the peak load OP, voltage limit violations 
occur much earlier, whereas in the peak generation OP, the 
voltage violations occur later and are not dominant. 
Furthermore, no line overloads occur in the peak generation 
OP and therefore are not displayed in Fig. 3. 
 
Table 2 proves that voltage limit violations occur in only 
four grids due to peak generation and in the remaining grids 
only peak load OP predominantly leads to voltage limit 
violations. Therefore, only the grids G6, G13, G15 and G20 
are analysed in detail for the rest of the contribution. 
 
Additionally, Fig. 4 shows two considerations for the peak 
generation OP which are the peak generation OP while 0.3 
of the load remains in the grid and in comparison to the 
absolute worst case planning with no loads in the grid. It can 
be seen that the difference is relatively small. 

6.2 Line planning measures 
In order to remedy the identified limit violations (see 
Table 2), conventional planning is first carried out for both 
OP as a reference in order to subsequently conducted the 
innovative planning as alternatives. The grid planning is 
carried out across the years 2030, 2040 and 2050. 
A list of all measures in Table 3 shows that, in contrast to 
the peak load OP in the peak generation, hardly any line 
measures are necessary, which also supports the deduction 
that peak load is the relevant OP for urban LV grids. 
 
Table 3 Necessary line measures in meter for the 
progressive scenario with HP-variant V3 up to and 
including 2050 

Grid G6 G13 G15 G20 
Conventional 
lengthpeak generation 0 281 0 134 
lengthpeak load 352 999 450 720 
RDT 
lengthpeak generation 0 0 0 0 
lengthpeak load 205 430 450 490 
ESS 
lengthpeak generation 0 0 0 0 
lengthpeak load 205 572 189 372 
sLMS (11 kW) 
lengthpeak load 352 933 417 558 
dLMS (PrCP) 
lengthpeak load 185 755 374 490 
sDGMS 
lengthpeak generation 0 0 0 0 
dDGMS (60 %) 
lengthpeak generation 0 0 0 0 

 

0%
25%
50%
75%

100%

V1 V2 V3 V1 V2 V3 V1 V2 V3 V1 V2 V3

2030 2040 2050 none

progressive

Sh
ar

e 
of

lim
it 

vi
ol

at
io

ns
(p

ea
k 

lo
ad

)

voltage violations line overloads

0%

5%

10%

15%

2030 2040 2050 2030 2040 2050

conservative progressive

Sh
ar

e 
of

lim
it 

vi
ol

at
io

ns
(p

ea
k 

ge
ne

ra
tio

n)

voltage violations (w/o) voltage violations (w/)



   

 

unnecessary network investments and 
oversized networks. For this reason, a 
methodology, which considers the possible 
flexibility potential of loads and uses a 
probabilistic approach to network planning is 
introduced and applied on a model of a real LV 
network. The proposed methodology utilises the 
Monte Carlo method for performing load flow 
analysis. The simulation platform developed 
integrates GIS data, Powerfactory and Matlab, 
and enables analysing a system with stochastic 
consumption and production. The potential 
impact of flexibility services provided by 
prosumers on distribution network operation is 
assessed. As part of the methodology, weekly 
quasi-dynamic Monte Carlo simulations are 
performed, thus including the unpredictability of 
consumption and location of individual loads in 
the planning process. Simulations showed that 
modernization would enable better utilisation of 
infrastructure and the reduction or 
postponement of investments.  
 

 
Fig. 28: The block diagram of the platform 
used in Paper 1071 for studying flexibility 
impact on LV networks. 

Paper 0347 describes the process developed by 
authors for analyzing distribution in a German 
distribution network with suitable algorithms 
capable of detecting ageing and electrical usage 
issues. The combined results of a long-term 
infrastructure analysis and electrical analysis 
deliver various evaluation opportunities. 
Vulnerabilities regarding reliability on the 
medium-voltage level are revealed, and, for the 
low-voltage level, critical assets are discovered 
with a grid overview. A sound basis for short-
term measures and the development of 
“optimized” medium- and long-term measures 
(including optimising the grid structure reflecting 
the dependencies between medium- and low-
voltage levels) is proposed. 
 
Paper 0406 proposes a methodology for 
expansion planning of systems with increasing 

participation of renewable generation, linking a 
long-term expansion planning model to a day-
ahead operation model. The last enables 
adjustments in the expansion plan considering 
the uncertainty of the intermittent generation and 
the hourly operational constraints of thermal 
generation. The methodology was applied to an 
expansion plan of the Brazilian system, where 
the increase of wind generation would imply 
problems in the daily operation of the final years.  
The results show the importance of considering 
the daily operation constraints of distributed 
energy resources in long-term expansion 
planning. 
 

 
Fig. 29: Flowchart of the methodology 
proposed by Paper 0406. 

Paper 0752 deals with developing synthetic 
network models for studying HV and MV 
distribution networks and their mutual interaction 
during faults in the presence of decentralised 
generation. Therefore, detailed mapping of the 
high-voltage level is crucial, but no holistic, 
publicly available grid data set is accessible for 
high voltage networks. Existing models are often 
simplified or, in real grid data, focusing on limited 
network sections with a lack of representativity. 
Synthetic grids can offer an alternative to this 
problem. Modelling synthetic grids aims to 
generate fictitious test systems but capable of 
representing characteristics of actual power 
grids. An approach to model current and future 
synthetic high voltage grids based on open data 



   

 

is developed. In addition, an existing method for 
modelling synthetic grids of the medium voltage 
level is integrated into the model to obtain linked 
synthetic MV and LV distribution networks. 
 

 
Fig. 30: The process to find the HV synthetic 
networks as in Paper 0752. 

The energy transition will impact HV sub-
transmission grids, namely 150 kV, concerning 
underground cables with a long life. Assets have 
a long service life, and therefore the correct 
choice of requirements for new cables is crucial 
for grid operators. The ampacity of HV cables 
put into service in the present impacts the target 
grid planned. Paper 0777 presents a structured 
analysis procedure to establish the 
requirements for new HV cables for planning a 
target grid in Zurich. A reference power flow 
scenario with estimations on population growth 
and development of EV was established as 
starting point. According to the municipal 
structure plan of Zurich, the allowable build 
space for the future and, therefore, the 
maximum expected load is determined. 
Domestic, commercial and EV loads have been 
estimated for 2050 and distributed to the 
substations in the city. They were combined with 
corresponding load profiles to generate 24h load 
profiles. With the cable requirements obtained 
by load flow calculations, the Zurich 150kV 
target grid is being developed. 
 

 
 

Fig. 31: The process to find the cable 
requirements used in Paper 0777. 

One of the most innovative planning methods 
proposed in CIRED 2021 is the one in Paper 
0350 that combines traditional distribution 
planning with AI and Machine Learning (Q-
learning approach). The effectiveness and 
feasibility of the proposed model are proved in 
practical applications with the aid of simple 
examples. The Q-learning model obtained 
several excellent alternatives, and the adjusted 
Q-learning model even obtained an identical 
scheme to that of the mechanistic model. The 
process of using ML in distribution planning is 
still at the beginning, but it is quite easy to see 
the benefit of a new approach in computing time 
and transparency of results. 
 

 
Fig. 32: Example of optimal distribution 
network discovered by a non-mechanistic 
algorithm (Paper 0350). 
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generators can also be adjusted according to different 
scenarios. The procedure for the spatial distribution of the 
often-coarse spatial forecast data was adopted for MV-
customers and adapted for the high-voltage level.  
To create the grid, a region, identified by an extra high 
voltage (EHV)/HV substation position, is first selected. 
Depending on the purpose of the study, a single EHV / HV 
substation or a larger section with several neighbouring 
substations can be selected in order to take into account the 
frequently existing mesh structure in the HV grid. Based on 
the grid section and the scenario, the corresponding grid 
customers are selected and scaled. For the subordinate 
medium-voltage grids, the procedure according to [1] is 
used. In this way, the supply task can be fully mapped. To 
map the network structure, the customers are connected 
using the topological information from the input database. 
Due to data inconsistencies, incomplete data sets and 
mapping of part of the consumers via heuristics, repair and 
expansion algorithms are finally applied on a load flow 
basis to generate holistic, synthetic distribution grids.  
The complete method is shown schematically in Figure 1. 

 

Figure 1: procedure flow chart 

2.2. Grid topology and equipment 
As the predominant grid structure in high voltage grids is 
the meshed grid, the local shape of grids is very 
heterogenous and cannot be adequately represented through 
simplistic route optimisation algorithms or simplified model 
topologies. To map the grid structure, we therefore use 
publicly available data from public domain sources like 
Open Street Map (OSM) [2]. As no sufficient data for the 
implementation of cable and transmission line types are 
available through OSM, typical equipment types are 
assessed [3] [4]. Positions of the EHV/HV substations are 

fetched from OSM as well and have been verified through 
EHV grid data.  
The option to subdivide the HV grid as well as a possibility 
to modularly represent subordinate network levels in a 
simplified way can prove beneficial in consideration of 
complexity and computing time, based on goal and scope of 
a study. To maintain the implemented grid structure, we 
implemented a subdivision based on the network-voronoi 
approach [5]. While many subdivision algorithms are based 
on Euclidean distances and would thus neglect the 
topological structure, the subdivision by the method used is 
based on the underlying structure as depicted in Figure 2. 
Therefore, lines, stations and cables can only be assigned to 
electrically connected network parts and preserve 
contiguous sections of the network topology. 

 

Figure 2: topology classification 

2.3. Supply task 
Power and position of generators can be fetched from the 
Federal Network Agency’s (BNetzA) list of power plants 
[6]and the core energy market data register (MaStR) [7].
  
In depth analysis and data mining on industrial customers 
(e.g., based on Eco Management and Audit Scheme 
(EMAS) data [8]) enabled the representation of industrial 
customers in a database. While quality and accessibility of 
data are sufficient for major industrial customers, smaller 
industrial customers and commercial customers are not 
sufficiently depicted. A database of standard businesses was 
built up from the data obtained. In contrast to the largest 
very heterogeneous industrial customers, a repetition of 
similar business characteristics is assumed. In order to 
achieve a realistic distribution of these loads, OSM data was 
used. Figure 3 shows the classification of an exemplary land 
area. The share of enterprises not represented by real data in 
the connected load is scaled in a simplified way using the 
areas derived from OSM data. The corresponding quantity 
is mapped by stochastic extraction from the database, which 
preserves the inherent distribution. Due to the industrial and 
commercial areas, realistic locations for the customers are 
already known.  
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substation load. Afterwards, the sum of these substation
loads was adjusted to the expected city load 2050 from the
reference scenario. The substation loads 2050 were
weighted accordingly.

To establish substation load profiles (Fig. 5), the domestic,
commercial and EV loads were aggregated proportionately
with their corresponding profiles. Taking into account load
management, it is expected that a large proportion of EV
charging can be shifted into the night. Based on this
assumption, the load profiles for electric vehicles were
created.

Figure 5: Example for a substation load profile 2050 for
domestic, commercial and EV load

2.2 Determination of planning requirements

To be able to determine critical cable loadings, it is
necessary that planning requirements are established.
Emphasis is put on outage conditions, during which the
security of supply still shall be guaranteed. These
scenarios strongly depend on the topology of the grid.

For this study, HV cables were distinguished in two groups
as different criteria applied:
- 150kV cables connected to the coupling substation

with a higher rated current to supply the city
- 150kV cables within the city, connecting the HV/MV

substations. As the 150kV grid is meshed, these cables
transport less energy and require a lower rated current

Criteria for 150kV cables connected to the new
220kV/150kV substation: The new coupling substation
shall be feeding its designated 2050 load while one of the
connected 150kV cables is out of service.

Criteria for 150kV cables within the city: If any cable fails
the grid should remain in operation and stay within the
cable capacity limits. In Zurich, due to frequent urban
construction often several cables have to be put out of
service to ensure safety. Depending on the location of
construction sites and to take into consideration the
possible outage of a cable, the worst case condition is that
one cable supplies a substation.

2.3 Determination of cable requirements

To determine both, the rated current and the number of
cables for the required load, one of these has to be set.

Therefore, starting from the planning requirements an
iterative process was applied (Fig. 6).

Figure 6: Process to determine cable requirements

The loads for 2050 have been defined in section 2.1. For
the next step, estimated currents have been derived from
the maximum substation load and the preset number of
cables in operation (Eq. 3).

I: Estimated current per cable
S: Maximum substation load
n: Number of cables in operation
U: Operational Voltage

Equation 3: Estimated currents per cable connected to a
substation

Regarding the number of cables, two different approaches
were used:
- For the new coupling substation, the number of cables

supplying the city was chosen
- For the HV/MV substation in the city it had been

determined in the planning requirements, that one
cable in operation should be capable to feed a
substation

It was taken into consideration, that the resulting estimated
rated current would be realistic for cable dimensioning.

Load flow calculations with time simulations for 24 h were
performed with one cable out of operation for each case.
The maximum current occurred typically at noon or in the
evening. Calculated currents should be below or equal to
the estimated current. The time simulations resulted in
profiles with 24 hourly currents per day. These were used
to determine cable load factors and cable loss factors (Eq.
1 and 2).



   

 

Sub block 2: Smart Grid Planning 
 
The papers in the Sub block deal with the use of 
the smart grid in planning without the flexibility 
offered by service providers. 
Paper 1059 proposes a new model for the 
operational planning of Smart Grid with DG 
generation interfaced with power electronics and 
study the instability of inverters connected to 
high impedance networks. The proposed 
method can evaluate the stability of a nonlinear 
and time-varying system. Therefore, it can be 
useful in evaluating the stability of nonlinear 
power electronic components at different grid 
connection points under changing conditions. 

 
Fig. 33: The method proposed by Paper 0159 
to evaluate the stability of non-linear and 
time-varying systems. 

Paper 0518 is an interesting application of 
machine learning to solve dynamic network 
reconfiguration and avoid the generation 

curtailment of PV power plants. The impact on 
planning is evident since the non-network 
solutions used can avoid or postpone network 
investments without penalising the power 
producers. Dynamic network reconfiguration 
(DNR) controls the network topology by 
controlling sectionalizing and tie switches to 
reduce PV curtailment as changing the power 
flow in the network and the joule losses. The 
problem is modelled as a Markov decision 
process (MDP) and uses a deep Q-network 
(DQN) to solve it. DQN algorithm is a data-driven 
approach for MDP, so it does not require 
topology information, and this is an important 
benefit from machine learning. 
Paper 1126 presents a process that allows a 
semi-automated analysis of cross-system KPIs 
of given Use Cases (UC) managed within a UC 
Management Repository based on the IEC 
62559 and SGAM standard. The examples 
demonstrate how the SGAM framework can 
utilize existing domain knowledge as a 
Reference Designation System to compute 
quality indicators. Finally, a concrete example 
was given based on the i-Score methodology. 
However, the presented example shows that 
existing UCs can be analysed with minimum 
effort. Complementing single metrics on Smart 
Grid architectures, the SGAM KPI-Dashboard 
can be applied as an expert system to support 
the decision-maker by analyzing and comparing 
different options. 
 

 
Fig. 34: The overall process proposed by 
Paper 1126. 

Paper 0353 proposes the use of autonomous 
web-of-cell (AWoC), a new connection scheme 
that aims to connect RES and energy storage to 
the grid. The "gathering and dispersing" multi-
state control operation mode of AWoC based on 
coupling point and tie-line control is proposed 
innovatively. The AWoC division can provide a 
reference for Micro-Grid planning. Thanks to its 
flexibility and expansibility, AWoC can provide a 
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𝑖𝑖grid = �𝑖𝑖∗𝐺𝐺inv − 𝑣𝑣grid𝑌𝑌inv�  
1

1 + 𝑌𝑌inv𝑍𝑍grid
 (1) 

2.1. Procedure of the proposed method 
Stability of conventional power systems is defined as the 
quality of a power system to remain in a state of equilibrium 
under normal operating conditions and to restore a viable state 
of equilibrium after it is subjected to a disturbance [6]. Since 
impedance-based stability evaluation is a type of small-signal 
stability evaluation, it is only valid for an equilibrium point at 
which the non-linear system is linearized. In the previous 
approaches employing impedance-based stability analysis, the 
source system (Thévenin Equivalent) and the load system 
(Norton Equivalent) are linearized together by feeding an 
excitation signal at the point of interest. This can be realized 
on the one hand by series injection of a voltage excitation and 
on the other hand by shunt injection of a current excitation [7]. 
In the proposed method, illustrated in Fig 2, the Norton 
equivalent part and the Thévenin equivalent part are linearized 
separately. First the nonlinear system is divided into the 
Thévenin equivalent and the Norton equivalent part. This 
allows us to linearize the divided nonlinear systems at the 
selected operating points. This is done by first bringing the 
systems to the desired operating point by setting the desired 
parameters like e.g. a specific power reference and then 
injecting a current of 𝑖𝑖linin series into the Thévenin equivalent 
and applying a voltage 𝑣𝑣lin parallel at the Norton equivalent, 
shown in Fig 2. Interesting operating points would be, such as 
a grid feeding inverter 𝑌𝑌inv under different capacities [8] or the 
grid impedances, 𝑍𝑍grid changing at different times [4]. The 
division, before the linearization, also offers various practical 
advantages when determining the impedances and admittances 
of the system. To begin with, there is no need to create an 
artificial connection point for the injection of the excitation 
signal, which is often difficult in existing installations. 
Additionally, the open loop behaviour of devices such as 
inverters or rectifiers can be determined in the laboratory. 
Also, the grid impedance can be measured directly at the 
connection point, where the device is to be installed later. In 
addition, this approach makes the method scalable because the 
closed-loop behaviour of different components measured in 
the laboratory can be investigated with different network 
impedances. With the calculated/measured Thévenin 
equivalent impedances 𝐙𝐙grid and Norton equivalent 
admittances 𝐘𝐘inv, a stability assessment of the closed-loop 
behaviour of the nonlinear system, under different operating 
points, through the generalized Nyquist method is possible [9]. 
By superimposing the generalized Nyquist plots for various 
operating points, a stability evaluation of the nonlinear system 
under these different operating points can be performed. The 
system is closed-loop stable, if the minor loop gain, which is 
the ratio of the output and input impedances defined at a 
certain interface, has no right half plane poles and the 
superimposed loci of all Nyquist trajectories do not encircle 
the point (−1, j0) [9]. 

2.2. Nonlinear inverter and grid model 
To study the nonlinear behaviour of inverters under different 
operating points, the inverter model Fig 3 is used. For a more 
detailed derivation of the individual transfer functions, please 
refer to [8]. The output stage of the inverter consists of an 
L-filter, which is represented by 𝐘𝐘𝐨𝐨𝐨𝐨𝐨𝐨 in Fig 4, where 𝐿𝐿1 is the 
inductance and 𝑅𝑅1 is the resistance of the L-filter. 𝜔𝜔1 is the 
nominal angular frequency of the grid and 𝑠𝑠 represents the 
Laplace operator. The power stage takes the difference 

Fig 2 Proposed method to evaluate the stability of nonlinear 
and time-varying systems 

Fig 3 Investigated system with power controlled inverter 
connected to the grid 
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examples, the i-Score methodology for assessing 
interoperability was chosen as an implementation of a Proof of 
Concept (PoC) and example in for this contribution.  
This paper is structured as follows. First some insights 
regarding the IEC 62559 UC and SGAM methodology are 
given in section 2. Then, section 3 gives an overview of the 
addressed approach and the adapted toolchain. Subsequently, 
chapter 4 provides a brief example of how KPIs can be applied 
based on the presented approach. Finally, section 5 concludes 
this contribution. 

2 Background & Key Concepts 
As system wholes develop behaviors and properties which the 
constituent systems do not have on their own, the system (-of-
interest) needs be considered as a whole [8], [9]. 
As a result of the novel properties, conventional methods 
cannot necessarily be applied in a purposeful manner. Thus, 
since established KPIs usually focus on internal enterprise-
level dimensions instead of the cross-system or cross-
organizational dimensions of the Smart Grid as a SoS, these 
are suitable to assess the quality of the SoS - examples of 
missing cross-organizational dimensions include inter alia the 
degree of the overall standardization, interoperability or 
security. 

2.1 The IEC 62559 and SGAM methodology 
The SGAM framework and the IEC 62559 UC methodology 
were developed complementary to each other [10]. The 
dynamics of a static architecture with its processes and 
exceptions can be documented in a IEC 62559 template while 
the individual components can be referenced in accordance to 
the domains (based on the NIST conceptual model [11]), zones 
(based on the automation pyramid) and interoperability layers 
(based in the GWAC-Stack [12]) of the so-called SGAM plane 
[10]. Although both methods can be applied on their own, due 
to their shared meta-model based on the ISO 42010 
architecture standard, they work seamlessly [13]. 

 
Figure 1 Mapping of the IEC 62559-2 UC sections to SGAM [14] 

The IEC 62559 UC methodology provides the means for a 
uniform and strictly structured documentation of UCs in the 
energy sector. The IEC 62559-2 "Definition of the templates 
for use cases, actor list and requirements list" offers a 

standardized template with eight pre-defined sections for the 
uniform and structured description and documentation of 
cross-organizational system functionalities.  
As a result of their shared meta-model and the UC 
documentation in accordance to the IEC 62559-2 standard, UC 
can be seamlessly translated into a corresponding SGAM as 
depicted in Figure 1.  

3 Systematic Method 
One of the characteristics that makes SGAM a powerful tool 
is its ability of its domains and zones to act as a so-called 
Reference Designation System (RDS) [15]. As a RDS, the 
general knowledge of a given domain can be located according 
to the domains and zones of the respective RDS which serve 
as a reference to map the domain knowledge to the UC-
specific knowledge and, thus, to derive new knowledge by 
combining. The: 

• Smart Grid Information Security (SGIS) [16] for 
information security 

• Confidentiality, Integrity and Availability (CIA) 
requirements of the NISTIR 7628 and their Logical 
Interface Categories (LIC) [17] 

• Seamless Integration Architecture (SIA) [10] for 
standardization and interoperability 

• Smart Grid Interoperability Maturity Model (SG 
IMM) [18] for interoperability (in alignment to the 
LCIM) and its various cross-cutting issues  

are well-established examples for such a higher-level domain 
knowledge, which has already been mapped to the SGAM as 
a RDS. However, various types of information, which is 
considered useful for further analysis, can be localized within 
the RDS. 

 
Figure 2 Overall process 

As depicted in Figure 2 the addressed method consists of two 
overlapping perspectives with three core activities linked by 
the SGAM; the first perspective represents the UC-specific 
information that only applies to a specific UC while the second 
perspective represents the domain knowledge related to the 
overall energy system that applies (to a certain degree) to all 
UCs. 
The first step consists of the elaboration or documentation of 
the UC based on the IEC 65229-2 template, the second is 
translation into SGAM with the annotation of additional UC-
specific knowledge and the last step assess all the input based 
on generalized domain knowledge and metrics. 



   

 

new idea for developing power systems under 
the trend imposed by the energy transition. 

 
Fig. 35: Concept diagram of AWoC as 
proposed by Paper 0353. 

Paper 0975 addresses the topic of sector 
coupling in local energy communities to increase 
the level of self-consumption. A residential 
subnetwork with installed photovoltaic systems 
and central storage connected to a low voltage 
network is considered a reference. An 
electrolyser, a fuel cell and a hydrogen pressure 
storage are added to the model, determining the 
global solution of the multi-period optimal power 
flow problem. Different households and 
photovoltaic power supply scenarios are 
analysed. Two cases (photovoltaic, battery 
storage vs. photovoltaic, battery storage, 
polymer electrolyte fuel cell) are analysed, and 
seasonal influences are considered for an 
optimization horizon of an entire year. One result 
is that the H2 storage reduces the maximum 
voltages, and it improves the design and 
operation of the system. Future works should 
extend the analysis to multi-energy systems 
excessing heat of the polymer electrolyte fuel 
cell to be integrated into the system and taking 
additional loads such as heat pumps and electric 
vehicles into account. 
 

 
Fig. 36: LCOE in the multi-energy local 
energy community simulated in Paper 0975. 

Sub block 3: Optimal Placement of Power 
and Control discrete Components 
Papers in this subblock deal with allocating 
distributed resources and their use to solve 
specific network problems. A typical example 
dealt with by Paper 0167 is the use of SVC in 
MV distribution networks. This paper proposes a 
strategy to optimize the performance of 
distribution networks through the optimal 
coordination among Stationary Shunt 
Capacitors (SSCs), Dispersed Energy Sources 
(DESs) and Static VAR Compensator modules 
(SVCs). Several objectives are merged in one 
multi-objective function with the weighted sum 
method. A theoretical process is used to 
calculate the weights adequately. The original 
contribution is the use of Grey Wolf Optimization 
that is a relatively new optimization algorithm.  
Various regular loadings are further combined to 
investigate the influences of varying loading 
conditions. The reactive power compensation 
using SVCs leads to major quality improvements 
of the nodal voltage with variations of loads.  
Paper 0170 proposed another optimization 
algorithm to find the optimal allocation of 
capacitor banks (CB), distributed generation 
(DG), and automatic voltage regulators (AVR). 
The paper uses the hybrid statistical Rough Set 
theory and Grasshopper Optimization algorithm 
to optimise the distribution system optimal 
planning and automation. Multi-objective 
functions of power loss minimization and cost 
minimization are proposed for the optimal 
allocation and control of CBs, DGs, and AVRs 
simultaneously.  
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Abstract 

In this paper, the Autonomous Web-of-Cell (AWoC) is proposed, and its model and planning method are studied to explore 
the new attempt of connecting renewable energy generation and energy storage to the grid, to ensure the reliability of the grid 
and improve the penetration rate of renewable energy generation. Then, a multi-state operation mode of "gathering and 
dispersing" for AWoC with coupling point as the centre is proposed. Next, a set of planning method of power supply and 
coupling point and corresponding planning scheme evaluation system are established for distribution network of AWoC. 
Finally, taking the actual load situation of a certain area in China as an example, the case analysis and scheme evaluation 
comparison are carried out. The results show that the use of multi renewable energy complementary system and energy 
storage of coupling point can effectively reduce the impact of the uncertainty and volatility of renewable energy generation on 
power quality. 

1 Introduction 

Since the 21st century, with the emergence of a series of new 
concepts and technologies, the traditional power grid 
planning method has been unable to adapt to the changes of 
current power system. ELECTRA abstracts the development 
trend of power system in the future based on the scenario 
study of E-highway 2050. It is mainly reflected in the 
transition from centralized schedulable power generation to 
distributed intermittent renewable energy generation, the 
development and application of energy storage technology, 
and the power electronic sensor equipment enhancing power 
system’s observability and controllability, etc[1-2].  
Adapting to these trends, the power industry has carried on a 
series of attempts and explorations. In these attempts and 
explorations, some new concepts and ideas have gradually 
emerged, which have gradually developed into different 
power grid patterns, such as Virtual Power Plant (VPP), 
Micro-Grid and Active Distribution Network (ADN) [3-5].  
Many countries have studied and established demonstration 
projects for the above power grid patterns, and made some 
progress. In the research of these power grid patterns, the 
industry also found some limitations, and made various 
attempts to overcome them[6-10]. The Autonomous Web-of-
Cell (AWoC) studied in this paper is also produced in this 
process. The concept of Web-of-Cell (WoC) was first 
proposed by ELECTEA at the 2015 International Council on 
Electricity Distribution (CIRED)[11]. Due to the late proposal 
of this concept, there is still a lack of research on WoC, 
especially the research on planning method and grid pattern is 
hardly any[12-14]. It is for this reason that the writer has carried 
out the research on the grid pattern and planning method of 

AWoC. There are two main objectives of this paper. One is to 
explore the influence of the “from bottom to top” design idea 
of AWoC on improving the flexibility and scalability of 
power grid. The other one is to explore the way of integrating 
renewable energy generation and energy storage technology 
into the grid, to reduce the impact of the uncertainty and 
volatility of renewable energy generation on the power 
system. 
 
1.1 Basic Conception of AWoC 

 

Fig.1 Concept diagram of AWoC 
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Figure 6: Maximum voltage magnitudes of all nodes 1-19 
 
3.4 Profitability 
In Fig. 7 the levelized costs of electricity (LCOE) is shown 
for the cases. In the first case, no PEMFC is installed. Due 
to the high degree of self-sufficiency, large PV systems with 
31 kWp per household and a huge storage with 365 kWh for 
the local energy community could be realised. While PV 
installation generates costs during winter (0.15 €/kWh), the 
resulting feed-in during summer leads to 0.24 €/kWh 
revenues. Installed BS has a costs of 1.03 €/kWh and, 
therefore, total estimated costs are 0.94 €/kWh. In case two, 
a PEMFC system consisting of EL, H2S and FC is installed 
in addition to the BS. While the installation of PV results in 
costs of only 0.07 €/kWh and returns of 0.10 €/kWh, the 
central BS is a factor with 0.45 €/kWh. The costs of both 
systems are reduced by approx. 50 % compared to C 1 due 
to the smaller design. In addition, there are costs of the 
PEMFC system. They include 0.10 €/kWh EL, 0.34 ct/kWh 
H2S and 0.06 ct/kWh FC. Total costs in C 2 amount to 
0.92 ct/kWh and they are only slightly below costs in C 1. 
 
4 Conclusion 

In this work, a Multi-Period Power Flow optimization is 
used to size a combined energy system dealing with high 
degrees of self-sufficiency in local energy communities. 
Two cases (photovoltaic, battery storage vs. photovoltaic, 
battery storage, polymer electrolyte fuel cell) are analysed 
and seasonal influences are considered for an optimization 
horizon of an entire year. Using 50 different scenarios for 
solar radiation and household load, optimal sizing is 
obtained to minimize the levelized costs of electricity for 
the community. Results of this work depict that 
photovoltaic and battery storage size decrease significantly 
by using a seasonal storage and they can be determined 
accurately. In addition to the sizing, technology operation 
and network operation is also addressed using the model. It 
becomes clear that the H2 storage reduces the maximum 
voltages and it improves design and operation of the system. 
Future works should extend the analysis to multi energy 
systems excessing heat of the polymer electrolyte fuel cell 
to be integrated into the system and taking additional loads 
such as heat pumps and electric vehicles into account. In 
order to increase the economic efficiency, business models 
for the energy storage system need to be considered.

 
Figure 7: Levelized costs of electricity in €/kWh 
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Fig. 37: The voltage profile of the TALA 
distribution network in Egypt with and 
without the optimization process (Paper 
0170). 

Paper 0280 proposes the optimal siting and 
sizing of distributed generation for resilience 
enhancement in power distribution systems 
against volcanic eruptions focusing on the lahar 
occurrence. The proposed methodology 
includes the concept of vulnerability curves to 
determine the unavailability of the distribution 
system elements. The Monte-Carlo simulation 
method (MCS) and a stochastic optimization 
problem (SOP) characterize the volcanic lahars 
and optimally allocate DG. The results reveal 
that DG is critical for the resilience enhancement 
of a PDS against lahars formed by a volcanic 
eruption. Preliminary results refer to the 
distribution network in Cotopaxi-Ecuador, which 
is vulnerable to lahars in the case of Cotopaxi 
volcano eruptions. 

 
Fig. 38: The proposed methodological 
framework for resilience enhancement 
against lahars (Paper 0280). 

Paper 0333 proposes the optimal allocation of 
switches in a distribution network to optimize the 
post-fault reconfiguration. The switch placement 
problem determines the optimal configuration of 
manual and remote-controlled switches (MSs 
and RCSs) and field circuit breakers (FCBs). 
The objective is to minimise the installation and 
operation costs of switches together with the 

reliability-oriented costs, which include the 
distribution company’s lost revenue due to the 
undelivered energy and the regulatory 
incentives (or penalties) associated with service 
reliability indices. The paper demonstrates that 
it is essential to consider the placement of FCBs 
concurrent with that of MSs and RCSs. 
Modelling the malfunctioning in RCSs and FCBs 
is crucial in switch optimisation models. Finally, 
the selection of the reliability index and incentive 
rates in reward-penalty schemes are essential in 
imposing an effective incentive reliability 
regulation. 

 
Fig. 39: Sensitivity analysis with reference to 
reliability incentive rates (Paper 0333). 

The optimal allocation of energy storage is a 
topic that gained the attention of many 
researchers in recent years. Paper 0459 deals 
with the algorithm differently and proposes a 
physic-guided algorithm instead of more 
traditional approaches that need better network 
observability and a large amount of data. The 
novel method for the distribution network voltage 
prediction based on Physic-guided machine 
learning modelling is the algorithm's core. The 
accurate model of the distribution network gives 
the power flow boundaries estimation. The 
estimated power flow boundaries allow finding 
the optimal size and control energy storage 
system. 
 

 
Fig. 40: Physic-guided machine learning 
modelling concept (Paper 0457). 

  CIRED 2021 Conference Geneva, 20 – 23 September 2021 
  Paper XXXX 
 

4 

sitting (locations and sizes) and setting of the previously 
specified devices from the first stage. The Rough set theory's 
main objective is to identify the optimal number of each 
enhancement device that achieves the objective function (first 
stage). Then, GOA identifies the optimum position and size of 
the enhancement device to achieve optimal operation of the 
distribution system (second stage). 
Rough set theory can simplify the difficulty and complexity 
involved in this problem of optimal allocation of these 
enhancement devices simultaneously. Rough set theory can be 
used to find the ideal number for each device following simple 
steps: the information system, discretization and coding, lower 
and upper approximation, and the core reduction. As an example 
of Rough set theory's application, assume a capacitor bank of 
random size is assumed to be connected at each bus, and the 
total losses, the objective function, are calculated. Discretization 
and encoding transform the information system's continuous data 
to discrete data in the form of (0, 1, 2, 3, and 4). Discernibility 
and lower and upper approximation select similar attributes and 
classify them in the same category as the first step of reduction. 
The final step is the core reduction, which gives the minimum 
number of capacitor banks providing the same quality of the 
capacitor bank to each bus of the entire system, as shown in 
Table 3. 
Applying the Rough set theory for each enhancement device, the 
CBs and DGs' optimal number should be twice. At the same 
time, only one AVR is sufficient to enhance the system 
performance optimally. Applying the GOA to identify the 
optimal locations and sizes of the CBs and DGs and optimal 
allocation and setting of the AVR can be obtained as given in 
Table 4. In this case, the net saving, is 524144.88 $/year, which 
is higher than that obtained from CBs or AVRs separately and 
slightly less than that obtained using DGs. The best voltage 
profile is obtained after the optimal combination of the three 
devices, as shown in Fig. 3, where the worst voltage regulation 
equals 7%. It can be concluded from the obtained results that the 
optimal combination between the enhancement devices improves 
the overall system performance in total cost reduction, loss 
reduction, relief branch loading, and voltage profile 
enhancement.        
3.3 Optimal dispatch of the optimally connected devices is 
introduced  
Optimal dispatching of the connected dispatchable enhancement 
devices is vital for any distribution system performance 
enhancement. The increasing number of switching of the 
enhancement devices during the dispatch process is another 
challenge facing distribution system operators and planners. 
Increasing switching reduces the equipment lifetime and 
increasing maintenance rate and cost. Also, improper switching 
and dispatching of these devices may inversely increase system 
losses and causes an excessive voltage. This subsection 
introduces a combination of Rough set theory and GOA to 
achieve optimal dispatch schedules and switch minimization of 
the enhancement devices simultaneously. This study is an 
extension of the previous case of the optimal allocation of the 
three devices simultaneously, which ensuring optimal daily 
operation of distribution system with daily load variations. In the 
previous section, the optimal allocation of the CBs, DGs, and 
AVRs are two CBs at buses 29, 33, and two DGs at buses 13, 
33, and one AVR between branches 3, 4. Now, dispatch 
scheduling of these devices for power loss minimization with 
switching minimization is introduced using combined Rough set 
theory and GOA. The Rough set aims at reducing the number of 
devices that should be dispatched with the load variation. This, 
in turn, reduces the number of switching. Reducing the number 
of dispatching devices must give the same quality or the same 

objective of dispatching all devices. The main duty of the GOA 
is to identify the best size of the devices identified by the Rough 
theory. Verification of the proposed combined Rough set and 
GOA for optimal dispatching with minimum switching is 
introduced by comparing the results with the optimization 
technique without considering switching minimization. 

Table 3 Different output of core reduction 

Case Attributes Quality 
  Individual Total 
Case-1 (base) b2:b37 …………….. 1 
Case-2 
(4-Capacitors) 

B29, b22, b33, b35 (0.2, 0.3, .4 ,0.1) 
 

1 

Case-3 
(3-capacitors) 

B29, b10, b24 
 

(0.3, 0.6, 0.1) 
 

1 

Case-4 
(2-capacitors) 

b29, b33 (0.2, 0.8) 1 

Table 4 Optimal allocation of CBs, DGs and AVRs simultaneously 

 Initial CBs 
placement 

DGs 
placement 

AVR 
placement 

Optimal allocation   KVAr (bus) 
700 (29) 
&750 (33) 

KVA (bus) 
950 (13) & 
950 (23) 

Location  
(setting) 
3‐4 & 16R 

Ploss (kW)  1361.66 303.8248 
Total Inv&O&M cost  1174493.3 

Saving from PDG ($/year)  998640 

Loss cost ($/year) 715688.49 159690.31 
Saving ($/year)  524144.88 
Max. branch loading %  57.7% 
Worst V.R % 29.8% 7% 

 

 
Fig. 3 System voltage profile of TALA distribution system without and with 
simultaneous allocation of CBs, DGs and AVRs. 

Table 5 Optimal dispatching using GOA 
Hr. Load% CB1 CB2 DG1 DG2 AVR Losses 
1 0.75 600 550 700 650 9-R 196.8891 
2 0.6 450 450 600 550 6-R 173.1621 
3 0.52 350 400 500 450 4-R 149.5780 
4 0.50 300 400 450 450 4-R 143.7599 
5 0.51 300 400 450 450 4-R 144.7599 
6 0.55 400 400 500 500 5-R 155.6383 
7 0.65 500 450 600 600 7-R 180.3640 
8 0.70 500 500 650 650 8-R 192.5945 
9 0.80 550 600 750 750 9-R 223.4515 
10 0.90 600 700 850 850 12-R 259.9467 
11 0.98 700 750 900 950 14-R 295.6455 
12 1 700 750 950 950 15-R 303.8248 
13 0.95 700 700 900 900 14-R 283.1818 
14 0.95 700 700 900 900 14-R 283.1818 
15 0.90 600 700 850 850 13-R 259.9467 
16 0.85 650 600 800 800 13-R 239.0028 
17 0.80 550 600 750 750 11-R 223.4515 
18 0.85 650 600 800 800 13-R 239.0028 
19 0.95 700 700 900 900 15-R 283.1818 
20 1 700 750 950 950 16-R 303.8248 
21 1 700 750 950 950 16-R 303.8248 
22 0.98 700 750 900 950 15-R 295.6455 
23 0.90 600 700 850 850 12-R 259.9467 
24 0.80 550 600 750 750 9-R 223.4515 
Switching or 
dispatching number  

16 14 21 18 18 Total 
5507.825 
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2.1.2 Volcanic historic data: The historical data used as input
data comprise different speeds, and densities resulting from
up-to-date, volcanological information generated and compiled
during the last years.

Fig. 1 Proposed methodological framework for resilience
enhancement against lahars.

2.1.3 Vulnerability Curves: Vulnerability curves represent the
probability of exceeding a given damage state as a function of
dynamic pressure (DP) of lahars. The vulnerability curve for
reinforced concrete electrical poles is characterized by statis-
tical representations and analysis of large data sets on failure
records of system elements obtained from [4] and is illustrated
in Fig. 2.
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Fig. 2 Vulnerability curve for reinforced concreted electrical
poles against lahars.

2.2 Monte Carlo Simulation
With the purpose to characterize the lahars, various scenarios
are generated using MCS, in which two uncertainty levels are
considered (the speed vL and density ⇢L) to determine the DP
of lahars. DP is determined using equation (1).

DP =
1

2
⇢Lv

2
L

(1)

Volcanic risk maps are used to determine the elements that
could be affected by lahars. The impact of lahars on electri-
cal poles and overhead line are quantified using vulnerability
curves (See Fig. 2) and are assessed by making the following
assumptions: i) The nodes represent concrete electrical poles
and will be unavailable if the damage probability is greater
than a probability threshold established. ii) If a node is unavail-
able, all overhead lines connected with the node are considered
unavailable. iii) Recovery times for different unavailable ele-
ments of PDS are identified based on their priority levels

defined by the PDS operator, considering the sequence of
critical loads that must be re-connected to the main grid. Con-
sidering this assumption and using graph theory, the input
parameters for the optimization problem are established. Dur-
ing the estimated restoration time (ts), the unavailability of
nodes (⇣s,t,i) and power lines ( s,t,ij) are represented by a
binary parameters. In addition, a set of candidate slack nodes
(⌦w) is determined for the islanding systems formed after a
lahar has impacted the PDS infrastructure. These slack nodes
are selected considering the load with the highest criticality
level. It is worth mentioning that DG models are composed
by grid-forming inverters to establishing a slack node in the
islanding system after lahar impacts on the PDS. With these
type of inverters, DGs will be able to supply the power demand
in each islanding power system formed. MCS is implemented
using MATLAB R2019a [5].

2.3 Stochastic Optimization Problem
Once the scenarios have been defined using the MCS, a SOP is
formulated. The objective function minimizes the investment
cost (IC) of DG and the operating cost (OC) during system
restoration time (ts) for all scenarios obtained from the MCS.
For this research work, only photovoltaic systems (PV) are con-
sidered as DG due to their high penetration worldwide. The
SOP was solved using FICO XPRESS 8.8.0 software [6]. The
problem formulation is detailed in Section 3.

2.4 Power Distribution System assessment
The energy not supplied (ENS) and the energy index of unrelia-
bility (EIU) presented in [7] are used to assess the PDS planned
considering DG. EIU represents the relation between the ENS
and the energy demand during the restoration time estimated.
Indeed, if the index is 0%, it represents a null ENS, whereas if
the index is 100%, the load was not supplied.

3 Optimization Problem Formulation

The objective function (2) minimize the IC (3) for installed
capacity of PV systems (PPV,inst

i
) on the buses of the PDS

(NB), where, cPV represents the cost per kW of PV installed.
Moreover, during restoration time (ts), the objective function
minimizes the OC (4) that are subject to the probability occur-
rence (⇡s) of each scenario (s) generated by the MCS, cost
of ENS (cENS

i
), active ENS (ENS

P

s,i,t
), cost of active power

curtailment from PV (cPV,curt), PV active power curtailment
(PPV,curt

s,i,t
), cost of active power from main grid (cgrid) and

power supplied by the main grid (P grid

s,i,t
).

Min(IC +OC) (2)

IC = c
PV

NBX

i=1

P
PV,inst

i
(3)

OC =
NX

s=1

NBX

i=1

tsX

t=1

⇡s[c
ENS

i
ENS

P

s,i,t
+

c
PV,curt

P
PV,curt

s,i,t
+ c

grid
P

grid

s,i,t
]

(4)
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Fig. 4. Sensitivity analysis on the incentive rates.

the different reliability indices (e.g., SAIDI and SAIFI) are not
similar. Consequently, to efficiently improve the reliability of
DNs, the regulatory authorities should carefully select one (or
a set of) appropriate reliability index (or indices) and devise the
reward-penalty schemes such that they suit the corresponding
DN.

4 Conclusion

In this paper, we proposed a new mathematical formulation
for the switch optimisation problem, which not only finds the
optimal placement of MSs, RCSs, and FCBs, but also deter-
mines the type of tie switches at the reserve connection points.
Additionally, the proposed model considers the possibility of
RCS and FCB malfunction, which is a relatively common
phenomenon in countries with severe weather conditions. The
model aims at minimising the investment and operation costs
of switches, while accounting for the reliability-oriented costs,
which consist of the lost revenue due to undelivered energy and
the rewards or penalties imposed by incentive reliability regula-
tions. To model such costs in a pragmatic sense, in the proposed
model, two reward-penalty schemes are applied to the SAIDI
and SAIFI. To determine the SAIDI, SAIFI, and EENS of the
system, a reliability assessment model was developed, which
not only specifies the annual interruption duration of network
customers due to the faults, but also determines their annual
interruption frequency.

The proposed MILP model was applied to a sample distribu-
tion network, and several cases were studied. We demonstrated
that, firstly, it is essential to consider the placement of FCBs
concurrent with that of MSs and RCSs, because, in some cases,
installing FCBs is more cost-efficient than RCSs. Secondly, it
was shown that considering the malfunctioning in RCSs and
FCBs would be vital in switch optimisation models, since the
optimal planning solution changed when the possibility of mal-
functioning was taken into account. Lastly, based on the results
of the sensitivity analysis that was conducted on the incen-
tive rates of the reward-penalty schemes, we witnessed that the
selection of the reliability index and incentive rates in reward-
penalty schemes are essential in imposing an effective incentive
reliability regulation.
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Paper 0940 evaluates the techno-economic 
benefits of advanced PV forecasts for predictive 
congestion management at the distribution level. 
The effectiveness of predictive congestion 
management at the distribution level strongly 
depends on the congestion forecast accuracy, 
thus in PV dominated grid sections, especially 
on the PV forecast accuracy. Furthermore, the 
paper gives insights into the evaluation chain of 
PV-forecasting applications for distribution 
system operation. One important message is 
that the accuracy of (PV) forecasts must also be 
evaluated on the application effect. Four 
different performance indicators are proposed: 
PV forecast accuracy, congestion forecast 
accuracy, DER energy curtailment, and DER 
energy curtailment costs. 

 
Fig. 41: Flowchart of the predictive 
congestion management method for one-
time step (Paper 0940). 

Paper 0562 addresses the topic of finding the 
optimal phase for the connection of LV loads that 
could be adapted to the connection of PV and 
EV charging points. A recommendation 
algorithm is proposed that is based on the 
improvement in neutral current minimization.  
 
Sub block 4: EV Accommodation Planning 
This Sub-block focuses on specific planning 
problems related to the connection to the 
distribution grid of specific user typologies: 
electric vehicles and charging stations. Topics 
span from mobility analyses to load forecast to 
the optimal location of charging infrastructure to 
hosting capacity evaluation to integrated 
connection solution. 
 
Paper 0783 proposes a procedure to 

characterize charging stations based on 
relevant parts of their neighbourhood, defined as 
“service areas”. The procedure starts from the 
zoning plan of a German city to generate 
location-dependent features for several 
charging stations that allow a categorisation by 
the most dominant land use designation types in 
the neighbourhood. This categorisation is, in 
most cases, sufficient for analysing location-
based influences as distinct user behaviour and 
power consumption patterns can be found for 
different categories. 
Paper 1136 focuses on a specific charging 
process, i.e. work-based EV charging. The 
paper presents the results of a study about 
expanding EV charging at a 750-acre 
industrial/commercial site with over 5.500 
employees, 6.000 parking spaces, 
approximately 10 MW of peak power 
consumption and 4 MW of CHP generation. A 
load flow analysis has been performed on the 11 
kV distribution, and the impact of increased load 
from EV charging on the thermal limits of the 
main transformer has been investigated. Results 
show significant differences in EV charging 
capacity between peak winter and peak summer 
due to the lower availability of CHP during 
summer. Recommendations are also provided 
on how best to equip future distribution systems 
for increased EV charging. 
 

 
Fig. 42: EV charging scheme with DC fast 
charger as in Paper 1136. 

To simulate the mobility behaviour of both 
private and commercial electric vehicles, Paper 
1043 proposes two different stochastic models; 
each one of the two relies on available public 
databases containing mobility behaviours of 
individual private drivers and commercial 
vehicles. The models provide a simulation of 
realistic mobility profiles and the extraction of 
respective charging schedules; the results of the 
two simulations are then compared to obtain the 
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2 Simulation environment

The developed simulation environment was introduced in [3]
and is here briefly summarized. A real MV distribution grid
section (Vn = 20 kV) located in the south of Germany is
selected for the case study. The grid is characterized by a
high PV penetration level of approximately 124 % (installed
PV capacity over peak load). The grid includes two 40 MVA
HV/MV transformers that split the grid into two main sup-
ply areas. The industrial area has especially large commercial
PV systems but is still load-dominated. The residential area is
mainly PV-dominated, with a high share of small residential
PV systems.

The focus of the MetPVNet project is on the development
of improved PV forecasts and the evaluation of their benefits
for the distribution grid operation. For loads and other DERs, a
simplified forecasting approach by average seasonal (for DERs
and loads) and day type profiles (for loads with workday and
not workday) is applied. Different forecasting time series simu-
lations are developed using different PV forecast horizons and
approaches. Additionally, an observation simulation is imple-
mented as a reference for the forecasting simulations. The grid
forecasting simulations are the same as in [3]:

• CharDF: average seasonal day profiles for PV generators
are applied, based on PV measurements in the grid section.

• SDAF: Standard day-ahead PV forecasts (not optimized for
the grid section) are applied.

• ADAF10 & ADAF20: Advanced day-ahead PV forecasts
are applied. Here the forecasts are simulated by mixing
the forecasted irradiance from numerical weather prediction
models with 10% (ADAF10) and 20% (ADAF20) of irradi-
ance derived from satellites. For PV units with measurement
data, optimized slopes and orientations are applied.

• SIDF: standard intraday PV forecasts (not optimized for the
grid section) with a forecast horizon of one hour are applied.

The simulations are performed for a period of almost nine
months (1st January to 25th September 2017) with a resolution
of 15 minutes.

3 Methodology

This Section introduces the developed predictive congestion
management procedure and the applied congestion scenario.

3.1 Predictive congestion management procedure

The proposed methodology aims at solving the congestion
problem for operational planning. It evaluates the forecasted
grid’s condition on a 15-minute basis, identifies potential con-
gestions, and solves them using scheduled curtailment. The
congestion management method developed in this work is
inspired by the German BDEW smart grid traffic light concept
[4]. The idea behind this concept is to report the distribution
grid status by using one of the traffic light colours for each
time step. Specific rules are applied in the grid depending
on the colour. The flowchart of Figure 1 illustrates the oper-
ational congestion management procedure for one time step.

Fig. 1 Flowchart of the implemented predictive congestion
management method for one time step.

First, generation and consumption forecast profiles are used to
run a power flow calculation to predict the grid status. If no
congestion is forecasted, the grid is in the green phase, which
does not require any DER curtailment. In case congestion is
forecasted on a line or transformer, the so-called yellow phase
is entered. During the yellow phase, the curtailment is sched-
uled for the involved DERs to solve the forecasted congestion.
Using the new scheduled profiles of curtailed DERs and the
observation profiles of other DERs and loads (or only observa-
tion profiles in case of no congestion was forecasted), another
grid simulation is run to analyze the actual grid state. In the
case of remaining congestion in the observation simulation, the
grid is in the red phase, where ad-hoc curtailment is needed to
clear the remaining congestion. The ad-hoc DER curtailment is
a curative measure, which solves the remaining congestion in
the real-time or close to real-time grid operation.

3.2 Transformer congestion scenario definition

In this use case, the goal of congestion management is to limit
the reverse power flow at the HV/MV transformer. The con-
gestion use case is applied for the residential grid as it has a
higher PV penetration. The transformer is assumed to be con-
gested when the reverse power flow exceeds a threshold of 70%
of the maximum reverse power flow for the nine months sim-
ulation period. According to the Redispatch 2.0 procedure [1],
DERs with an installed capacity larger or equal to 100 kW as
well as smaller remotely controllable power plants are included
in the redispatch process. Therefore, all MV DERs with an
installed capacity larger or equal to 100 kW are considered for
curtailment in this case study.

Figure 2 shows the power flow forecast (SDAF) and obser-
vation at the HV/MV transformer (Figure 2.a) and the sched-
uled and ad-hoc curtailment (Figure 2.b) for a chosen day
as an example. On this day, the forecast scenario (SDAF)
underestimated the congestion and both, scheduled and ah-hoc
curtailment were required to solve the congestion.

2



   

 

desired coincidence factor. Results show that 
the proposed models can represent private and 
commercial mobility, respectively. The resulting 
coincidence factors show differences depending 
on the settlement structure; in particular, 
metropolitan regions show a lower coincidence 
factor than other areas. 

 
Fig. 43: Process of the simulation of 
individual charging profiles for private 
vehicles as in Paper 1043. 

Paper 0161 examines the impact on electrical 
networks of the connections of service areas in 
motorways to develop EVs, coming from a joint 
evaluation between French main DSO Enedis 
and French TSO RTE. The first evaluations 
focus on light vehicles. In the future, analysis on 
lorries and coaches’ needs will be developed; 
national roads will also be considered. 
Paper 0107 analyzes the different effects in 
network planning arising from developing a 
comprehensive model for the EV charging 
process compared to adopting a simplified one. 
Different assumptions were implemented in the 
two case studies, with specific reference to 
charging losses and the charging method for the 
battery. Results show that simplified models 
lead to a higher load than the comprehensive 
ones, suitable for worst-case scenario planning. 
In contrast, the application of comprehensive 
models in a specific planning exercise leads to a 
significant reduction of the estimated cost for 
grid enhancement. 
In Paper 0123, a probabilistic model is 
presented to estimate the primary substation 

load from the diffusion of electric vehicles. 
Authors analyze the differences between 
substations with mainly residential and working 
place/service type customers, determining 
charging peaks and energy patterns; the 
estimation is based on specific Helsinki data. 
Results show that residential charging load is 
more significant even if primary substations 
have relatively high service customers. 
Paper 0226 presents a detailed analysis of the 
impact of EV charging points on a real MV 
distribution network located in Northern Italy. 
The study considers different deployment 
scenarios and alternative charging strategies; 
such operating conditions are then simulated to 
identify the most impacted parts of the network. 
The most critical components happen to be the 
MV/LV transformers due to the high nominal 
power of fast charging points. 
Paper 0301 deals with estimating the load 
related to the charging process of vehicles for 
public transportation in 15 cities in Sweden. The 
study shows that the peak charging load is 
significant, eventually even bigger than the 
existing peak demand. Passenger cars and 
lorries account for most of it; the demand from 
electric busses is much less. To manage the 
network avoiding overloading conditions, a 
curtailment strategy has been defined. The 
hosting capacity of the grid for electric vehicle 
charging is then calculated based on the 
acceptable amount of curtailment in terms of 
hours per year to establish the need for new 
primary infrastructure. 
Paper 0470 introduces a methodology to 
determine the load increase in a distribution 
system due to the charging stations for EVs. The 
process described begins with the appropriate 
distribution of charging points in the different 
voltage levels depending on the characteristics 
of the existing grid. The demand factor for each 
charging point is then determined. Finally, the 
demand factors are used to calculate the load 
demand in an exemplary LV distribution system. 
Paper 1140 describes the results of Project 
PACE, delivered by SP Energy Networks, a UK 
Distribution Network Operator (DNO), together 
with the Scottish Government and local 
authorities. Project PACE is a pilot project 
demonstrating the benefits of DNO-led site 
selection and delivery of electric vehicle (EV) 
charging infrastructure for local communities. 
The project explores the strategic role a DNO 



   

 

can play in planning and delivering a public EV 
charging network. By a sophisticated site 
selection exercise, where optimum sites were 
identified, problematic sites were eliminated, 
and legal, planning and land rights agreements 
were agreed on upfront, optimum sites were 
identified, allowing significant time savings in the 
end-to-end delivery of the EV charging hubs. 
 

 
Fig. 44: The public charging infrastructure 
site selection process according to Paper 
1140. 

Paper 0832 introduces a methodology to 
identify potential locations for public charging 
infrastructure based on publicly available data. 
Information is derived from OpenStreetMap, and 
the quality of data is improved by neural 
networks, through which missing information is 
also predicted. The methodology allows 
determining location, capacity and individual 
suitability of georeferenced car parks. A 
simulation was conducted, based on a study 
case in Germany, in which approximately 
400.000 car parks were extracted from 
OpenStreetMap and evaluated in terms of car 
park capacity and suitability. 
In Paper 0724, the ‘Take Charge’ project is 
described, an initiative by Western Power 
Distribution to design and test a highly 
innovative standardized, pre-constructed and 
pre-packaged 33/11 kV compact connection 
solution to support large scale, high power, rapid 
EV charging at motorway service areas. In 
particular, the paper focuses on the 
methodology developed to identify a suitable 
site for the project trials and the process used to 
calculate the required electrical capacity for the 
new solution. 
In Paper 0025, a model for estimating the EV 
hosting capacity of a given MV/LV network 
considering weather conditions (namely, 
temperature) is presented. A deterministic 

approach was developed and applied in a real 
MV/LV distribution grid in northern Sweden to 
support network planning activities. Results 
show that considering temperature impact by 
introducing a K coefficient leads to an 
approximate 30% reduction in hosting capacity 
during colder months due to the fast discharge 
of the battery. 
 

 
Fig. 45: Hosting capacity of EVs for 24 hours 
and 12 months according to Paper 0025. 

Paper 1110 presents a model that estimates the 
investments needed to upgrade primary and 
secondary substations, reinforce MV and LV 
grids and connect new charging points, both 
normal and fast. The process starts from input 
data such EV as annual adoption curve, load 
peak values registered at DSO installations 
(primary and secondary substations) and a 
predefined set of parameterizable assumptions. 
Results show that EVs' full adoption and 
integration require an upgrade or reinforcement 
of around 20% of the entire MV and LV grid, 
representing around 18% of the required 
investment. The remaining share of 82% is 
associated with the new connections for 
charging points. A sensitivity analysis has also 
been performed, resulting in an estimated 
investment ranging from 19% higher or 5% 
lower. It must be noticed that smart charging 
technologies if used to support grid 
management and operation in real-time, may 
help to reduce such impact.  
 

 
The potential scope of the discussion 
 
The transition from deterministic worst-case analyses to probabilistic network planning has just started. 



   

 

Yet, it already seems that an accurate evaluation of network criticalities requires serial load flow 
calculations based on time series made available by, or determined through, Smart Meters’ 
measurements for both final and active customers. This implies new tools, new algorithms but, even 
before that, the huge amount of data to be managed and handled: is distribution ready for Big Data 
and Artificial Intelligence or, maybe better said, is Big Data “big” enough for the distribution business? 
Can data-driven models substitute system models? Is it possible to manage complexity with data 
analysis? What’s the role of AI and ML in planning?  
Is distribution planning going to be more and more influenced by the use of flexibility products? The 
first big revolution on distribution planning is the inclusion of operational options in planning. Is it now 
to model in planning the market of flexibility? What about TDSO and DSO integration? Integrated 
planning or coordinated? Priorities on flexibility usage? 
 
Table 3: Papers of Block 3 assigned to the Session 
Paper No. Title MS 

a.m. 
MS 
p.m. 

RIF PS 

0025: Estimation of electric vehicle hosting capacity of a distribution network 
based on ambient temperature 

   X 

0029:  Risk of negative net consumption during backup-generator operation 
of LV distribution with solar PV 

   X 

0046: Likelihood of overload due to connected solar PV    X 

0064: Integrated approach for expansion and reliability planning of radial 
distribution networks with island operation of distributed generators 

   X 

0107: Impact of different electric vehicle charging models on distribution grid 
planning 

   X 

0123: Prediction of primary substation demands with EV charging in urban 
city environment: Case study Helsinki 

   X 

0141: A time series based tool for capacity and flexibility forecasting in the 
power grid 

   X 

0157: Multi-dimensional method for assessing non-wires alternatives within 
distribution system planning 

X   X 

0161: Characterisation of long-term demand on French motorways for long-
distance mobility of EVs and evaluation of the impact on French distribution 
networks 

   X 

0167: Optimum coordination of SVC modules in mv distribution systems (a 
real case study) 

   X 

0170: Optimal planning and automation of distribution systems using a hybrid 
statistical rough set theory, and grasshopper optimization algorithm 

   X 

0190: A Bayesian approach for the optimal integration of renewable energy 
sources in distribution networks over multi-year horizons 

  X X 

0226: Evaluation of the future impact of electric vehicles on the distribution 
network of Brescia 

   X 

0257: Integrated network development and planning - from forecasting to grid 
screening and concepts 

   X 

0280: Optimal placement and sizing of distributed generation (DG) in a radial 
distribution system for resilience enhancement against volcanic eruptions 

   X 

0301: Risk of overloading and hosting capacity under charging load for nordic 
cities 

   X 

0322: Grid planning MV/LV by combining smart meter data with greenhouse 
gas reduction changers as EV, PV and heat pump conversion 

   X 

0333: Optimal distribution network switch planning considering malfunction 
of switches 

   X 



   

 

0347: “Integrated electrical and long-term analysis” for the medium and low 
voltage grids of KWH Netz 

   X 

0350: Study on non-mechanistic modelling in distribution network structure 
planning 

  X X 

0353: Research on patterns and planning method of autonomous web-of-cell    X 

0358: A robust approach for determining future projections for the distribution 
grid based on national projections 

   X 

0395: Development of an advanced planning tool for supporting the choice 
of optimal investments aimed at optimizing the infrastructure of power 
distribution systems in future scenarios 

   X 

0406: Expansion planning considering daily operation programming of 
distributed energy resources 

   X 

0459: A physic-informed machine learning approach for distribution network 
modeling: Application on optimal storage sizing and control 

   X 

0470: Demand factor identification of electric vehicle charging points for 
distribution system planning 

   X 

0472: Relevant operating points for future grid planning of urban low-voltage 
grids 

   X 

0483: Climate change and the lowest and highest temperatures to be 
expected in the next decade 

   X 

0518: DQN based dynamic distribution network reconfiguration for energy 
loss minimization considering DGS 

X   X 

0543: Using open data in planning the net zero distribution network    X 

0552: Grid Scope – an online platform for better distribution system planning X   X 

0565: Multi-criteria optimization in automated medium-voltage network 
planning 

   X 

0611: Achieving active distribution networks through operational and 
architectural aspects analysis: A methodology for long term planning 

   X 

0685: Automated cost estimation for new underground MV cable routes 
through geoanalysis 

   X 

0719: Flexibility as a cost-effective solution to postpone grid investment: 
request guidelines and ranking of proposals 

 X  X 

0724: Site selection and assessment of required system capacity for rapid 
EV charging at motorway service areas (take charge project) 

   X 

0752: Modelling of synthetic high voltage networks based on open data and 
integration into a modular synthetic distribution grid generator 

   X 

0757: Utilising forecasting time series data and flexibility services to manage 
distribution networks 

   X 

0777: Establishing HV cable requirements to develop an urban 150kV target 
grid 

   X 

0783: Analysis of the service area of public charging stations for electric 
vehicles in urban areas 

   X 

0793: Flexible planning of integrated energy systems under long term 
uncertainties 

   X 

0823: Sensitivity of LV grid planning to load modelling  X  X 

0832: Georeferenced determination of the potential of public charging 
infrastructure 

   X 

0867: Value of customer flexibility regarding reliability of supply in the rural 
area electricity distribution 

 X  X 

0940: Techno-economic assessment of PV forecast accuracy for a predictive    X 



   

 

 

Block 4: Methods and Tools 
 
Sub block 1: Load/Generation Modeling and 
Forecasting 
 
Paper 0033 presents a method to determine the 
individual demand of the average residential 
user using probability distribution functions to 
solve an LV network with Monte Carlo method 
scenarios. The statistical user demand 
characterization allows establishing LV 
distribution network power scenarios, 
considering various DG penetration levels, and 
carrying out electric current calculus, network 
node voltages, electric losses, and obtaining 
results with a statistical distribution. 
An aggregate load model is presented in paper 
0084, considering the peculiar characteristics of 
210 European regions hourly along one year 
from the perspective of the high, medium, and 
low voltage levels. The proposed load model is 
used to understand better the influence of 
regional characteristics on voltage recovery 
during a short-circuit event, as well as the static 
point of voltage collapse. The conducted study 
demonstrates that regional differences in the 
composition of demand highly impact local 

voltage stability 
 
Paper 0126 presents a stochastic modelling 
approach based on Markov chain Monte Carlo 
simulation to model the aggregated EV load 
profile and calculate the overloading probability 
of the distribution transformers. Historical data of 
seven different charging stations have been 
used to develop the model. The DSOs could use 
the proposed methodology for planning their 
network development. 
The charging behaviour at public charging 
stations regarding temporal and location-based 
dependencies is examined in Paper 0082. Load 
profiles for typical days of the week and 
characteristic land uses have been created for 
public AC charging stations. The application of 
these load profiles is suitable to estimate the 
impact of a larger number of charging stations 
on medium and high voltage grids. Moreover, 
the distribution of plug-in events can provide 
input data for stochastic models valid at the LV 
level. 
Three different charging location types were 
analysed with regards to charging flexibility and 
simultaneity factors in Paper 0247. According to 
the simulation results, due to the high level of 

congestion management at the distribution level 

0956: Quantitative assessment of the role of flexibility measures in the 
integration of renewables using the upgraded METIS platform 

 X  X 

0975: Multi-period optimal power flow in low voltage grids for a high degree 
of self-sufficiency 

 X  X 

0976: Planning of distribution networks considering flexibility of local 
resources: how to deal with transmission system services 

 X  X 

1040: Techno-economic approach of appropriate flexibility portfolio for 
distribution system operators (DSO) 

   X 

1043: Simulation of private and commercial e-mobility charging behavior to 
reassess diversity factors for distribution grid planning 

   X 

1059: New method for evaluating the stable operation of inverters in the 
planning phase using impedance-based stability criterion 

   X 

1071: Evaluation of potential impact of load flexibility on LV network’s 
operation as a part of distribution network planning 

 X  X 

1110: Modelling the impact of electric vehicle in power distribution grids from 
a DSO perspective 

   X 

1126: IEC 62559-2 use case template-based smart grid architecture 
analytics 

   X 

1136: Expanding EV charging capacity in distribution networks: a case study 
for charging EVs at work 

   X 

1140: DNO-led site selection for public electric vehicle charging infrastructure    X 



   

 

flexibility, the use of charging management 
systems seems to be more effective for 
locations of the types “Courier and Parcel 
Service” and “Employees Parking Area” than 
“Shopping Centre” one. 

 
Fig. 46: Average daily load profile for a 
charging station concerning (a) the day of 
the week, (b) dominating land use type, 
according to Paper 0082. 

Paper 0326 proposes a method to analyze the 
smart meter data collected for each customer 
and the attribute information to calculate 
representative profiles. Then machine learning 
is performed to generate a regression tree that 
allows estimating the maximum power in the 
connection point. This makes it possible to 
design LV distribution with higher accuracy than 
the conventional method. 
 
A method to model households and commercial 
loads on the level of individual buildings is 
presented in Paper 0428. Geo-referencing, 
building footprints, points of interest, and land 
uses for the area under investigation are 
combined to georeferenced socioeconomic 
data. Then consumers are allocated to individual 
buildings, and load time series are assigned. 
The calculated loads are aggregated to match 
the supply area of a German distribution grid 

operator to compare the modelled data with the 
measured load time series. 
Paper 0454 proposes demand and generation 
forecasting models for distribution systems, 
each employing a different artificial neural 
networks architecture. The models have been 
developed on real data of an Austrian 
distribution system. The adaptability of the 
models to the changes in demand during the 
Covid-19 lockdown is investigated. 

 
Fig. 47: Evolution of forecasting errors 
during the lockdown, according to Paper 
0454. 

An approach to model the forthcoming electrical 
flexibility and energy demand of electric vehicles 
and to analyze future grid loads and the potential 
of different types of load management is the 
Paper 0508 focus. The basis of this approach is 
the detail of load and driving profiles. The energy 
demand is derived from historical user data. The 
plausibility of the generated load profiles is 
demonstrated in a real application. 
The widespread deployment of DER provides 
challenges in both real-time operational and 
long-term planning situations, some of which 
can be mitigated using time-series data 
collection and forecasting. In the Paper 0528 
investigation, three artificial intelligence 
forecasting methods, AutoRegressive 
Integrated Moving Average (ARIMA), Holt-
Winters Exponential Smoothing (HWES) and 
Box-Jenkins Adjusted ARIMA (BOXJ), are 
evaluated for their relative effectiveness in real-
time and long-term situations using various 
datasets from UK electricity industry innovation 
projects. 
Paper 0510 deals with EV charging 
infrastructure modelling. The model is based on 
mobility behaviour and predicts charging 
processes. For scenarios with more than 20 
charging points, parameters of the grid load (e.g. 
simultaneity factor, load profile) are predicted to 



   

 

be used in the planning process of charging 
infrastructure in cities and suburbs. 
 

 
Fig. 48: Determination of simultaneity factor 
of grid load including EV contribution, 
according to Paper 510. 

The research conducted in Paper 0520 shows 
significant errors for power forecasts on the 
distribution level. The study also quantifies the 
effect of various influencing variables on 
forecast accuracy. The forecast horizon and 
aggregation level dependence on the forecast 
quality is evident, and forecast errors could be 
significant. If neglected, they can lead to an 
underestimation of the probability of critical 
situations. 
Paper 0532 applies interval optimization to 
schedule a multi-carrier system while 
considering the uncertainty of photovoltaic (PV) 
energy generation, represented by a predicted 
interval obtained from a non-parametric 
distribution. At the same time, the quantile 
function is estimated to predict the distribution. 
The proposed method is applied to the data set 
of an industrial site. The simulation results show 
that the forecasting is reliable to obtain predicted 
intervals for a PV system. 
The assessment of the changes in electricity 
consumption when a residential customer 
switches to a heat pump and the evaluation of 
the relevant impact on the distribution grid is the 

Paper 0556 goal. A data-driven approach was 
adopted. The hourly load measurements of 
5.000 customers for three years from a 
suburban area and of 14.000 customers for six 
years in a rural area were used for the study. 
 

 
Fig. 49: Load rate at suburban distribution 
transformers, as in Paper 0556. 

Paper 0581 presents a method for decoupling 
the injected power by photovoltaic systems in an 
LV network from the total load measured at the 
transformer. This makes use of solar irradiance 
information and provides the injection profile and 
the actual power consumption in a given 
feeder/phase. Based on uncorrelated series, 
this method allows forecasting these decoupled 
profiles and using them for network planning and 
management. 
Paper 0631 considers deep neural networks 
with convolutional and recurrent layers to 
investigate the inclusion of various data types as 
inputs to a load forecasting model by evaluating 
24-hour ahead predictions of electricity demand. 
Using two case studies in Durham, UK, this 
paper evaluates the benefits of including 
temporal and meteorological data and proposes 
a novel approach to incorporating social media 
data into a load forecasting model. 
A methodology based on spatial regression 
associated with transport modelling to obtain 
databases and heat maps with flow information 
of EVs and their State Of Charge (SOC) is 
presented in paper 0621. With the results 
obtained, the streets with the highest flow of the 



   

 

lowest SOC can be superimposed to determine 
places with greater attractiveness and the need 
to install public charging stations. 
 

 
Fig. 50: Spatial distribution for global 
penetration EV iEv40: (a) 7%; (b) 65%, 
according to Paper 0621. 

A domestic electricity demand forecasting model 
based on detailed physical model simulations 
has been presented in Paper 0636. In this study, 
key factors that influence household electricity 
consumption in the UK have been investigated. 
The simulation model maps occupant activities 
to appliance use. The study results are used to 
analyse the impact of energy efficiency schemes 
and demand response on the grid and the 
planning and operation of district-level low-
voltage grid considering the flexibility offered by 
the houses. 
The authors of Paper 0690 implemented an 
automated algorithm that enables an 
individualized forecast for undeveloped areas, 
considering the current load and customer 
density of each building zone as indicators for its 
future development. The new automated 
approach increases the forecast's accuracy, 
providing reliable input for the automated 
planning of the medium voltage network and a 
useful tool for the daily business of operative 
asset management and engineering. 
Paper 0848 presents a generic agent 
architecture aiming at holistic modelling of 
human activity based on cognitive ergonomics 
work. This architecture, applied to residential 
energy consumption simulations, allowed the 
generation of coherent load curves at both 
individual and aggregated levels. This model 
was extended to simulate EV use and charging 
profiles for each EV present in a given 
population. This EV model still lacks validation 
with a good data set, but its ability to reproduce 
aggregated data from an emergent bottom-up 
perspective has been verified. 

 
A model for forecasting disruptive events, such 
as the COVID-19, is described in Paper 0895. 
As there is no historical data, the authors 
propose a novel source of information: media 
monitoring, complemented by observation of 
other countries' load evolution. The complete 
model uses a customized collaborative 
technique (Multi-Task Learning) designed for 
lack-of-data problems. Test results show that 
this approach successfully captures consumer's 
perceptions before their actions, anticipating the 
impact of abrupt moves and offering precise and 
reliable forecasts. 

 
Fig. 51: Brazilian COVID19 Response, errors 
% with reference to the model described in 
Paper 0895. 

Paper 0968 deals with Enedis methods to 
update the French estimation method of 
thermosensitivity for the mass market using the 
smart meters and “dynamic” load profiling. 
Accurate estimations will greatly affect 
forecasts, network planning and markets. 
France enforces a capacity market as an 
incentive for electricity production investments 
since 2017. Its purpose is to reduce the risk of 
failures during peak loads. 
Within Paper 0971, the authors present an 
econometric analysis to improve the 
understanding of the development of distributed 
power sources (DPS) over time and across the 
different French territories. Four different 
segments were defined and studied, focusing on 
solar and wind energies and distinguishing them 
overpower and voltage ranges. With such 
forecasting models, Enedis had the opportunity 
to improve regional planning of DPS connection 
activities. 
 



   

 

 
Fig. 52: Power capacity evolution from 2020 
(left) to 2050 in a standard scenario (centre) 
and very favourable scenario (right) for low-
voltage PV (top row) and large PV (bottom 
row) as in Paper 0971. 

Smart-meters data and, more generally, IoT 
devices are now widely deployed and can 
enable techno-explicit models for long term 
forecasting, which are the focus of Paper 0994. 
Indeed, these models allow for studying 
sensitivity under a single parameter change. 
Furthermore, they are explainable and can 
account for the effects of rapid transitions of any 
type. This is especially useful to assess politics 
and public funding. 
Paper 1045 presents the solutions on 
renewable energy forecasting proposed by the 
Horizon2020 Project Smart4RES. They are 
based on the latest progress in meteorology and 
original use of data science (combination of 
multiple data sources, data-driven approaches 
for trading and grid management). Solutions 
such as flexibility forecast of distributed 
resources and data markets are oriented 
towards value for power system stakeholders.  
 
Sub block 2: Network Modeling and 
Representation 
 
Paper 0039 gives a detailed analysis of the 
radiation terms in the heating balance for 
overhead conductors. The terms in the radiation 
balance determine the rating of an overhead line 
for use in dynamic line rating schemes. These 
radiation terms are often not considered since 
there is a relatively big uncertainty. The 
available knowledge and the different 
uncertainties are summarized, for radiation from 
the environment reaching the conductor, for 

thermal emission from the conductor and 
heating of the conductor due to direct and 
indicated solar irradiation.  
The analysis of the behaviour of an Active 
Distribution Network and the analysis of the 
properties of common equivalent model types 
and procedures for their parameterization using 
operational measurement data is carried out in 
Paper 0452. In determining equivalent models, 
the properties and conditions for the 
parameterization of the quasi-stationary 
nonlinearity are discussed in the most common 
equivalent model types in literature, the black-
box models based on artificial neural networks 
(ANN) and the grey-box models based on 
parametric models. 
Paper 0560 presents a method to find the 
corresponding LV substation, phase and feeder 
of a given Energy Box using only its voltage and 
active power series, along with measurements 
from a sensor at the substation. The method has 
been applied to two real Portuguese LV 
networks, for which a preliminary analysis of the 
energy balance is also shown. 
A methodology for assessing the share between 
the flexibility used by the LV system and the 
residual flexibility available for other uses is 
presented in paper 1093. It has been assumed 
that the LV networks are equipped with an 
energy management system to assess the 
flexibility needed and available. The energy 
management system is a multi-agent system 
capable of handling the small resources’ 
flexibility with a master-client scheme that 
mimics a possible aggregator-client link. An 
exemplary Italian LV distribution network is used 
to test the procedure. 
In Paper 0952, a comparison of the needed 
network reinforcements of a distribution grid 
considering the static seasonal and the dynamic 
current ratings for overhead lines was carried 
out. For this purpose, the different current 
ratings for the lines of a real high-voltage 
distribution grid have been calculated in network 
planning. Synergies between the static seasonal 
and the dynamic current ratings and dynamic 
curtailment, and an economic evaluation of the 
different combinations have been presented. 
 



   

 

 
Fig. 53: Comparison of the line loading in (n-
1)-state using the nominal (left), static 
seasonal (middle) and dynamic (right) 
current ratings as in Paper 0952. 

Sub block 3: Load Flow and Short-Circuit 
Calculations 
Sub block 3 deals with the real core of network 
planning: electrical calculation performed to 
determine the load conditions and all other 
relevant parameters of the state estimation, 
such as load factors, voltages, currents, etc. 
Two main focuses may be outlined for the 
papers presented: the Smart Meter data use and 
the deepening of the knowledge of LV grids. 
Paper 0412 proposes a methodology to 
combine two different ways to analyze 
distribution systems: a system study software, 
OpenDSS, and a real-time simulation 
environment, named RTDS. OpenDSS covers a 
wider range of study subject areas in more 
detail, while RTDS allows more detailed 
attention to the smaller portion of the study 
subject area. The connections between the two 
environments were established through various 
inter-process communication methods, namely 
COM interface and TCP socket communication. 
The effectiveness of the proposed method was 
tested on two example circuit simulations, the 
first one representing a trivial circuit for the 
purpose of proof of concept, the other being the 
IEEE 13 Node Test Feeder System. The 
maximum error was less than 0.2%, showing the 
method achieved acceptable performance. 
In Paper 0127, a calculation approach to 
calculate peak powers and diversity factors in 
unbalanced three-phase four-wire LV grids is 
presented. Worst-case scenarios are 
investigated for under- and overvoltage, loading 
of lines and utilization of MV/LV transformer, and 
maximum voltage unbalances. In the case of 
under- and overvoltage, additional power flow 
calculations were needed. The results, that have 
been validated against probabilistic simulations, 
show that the assumption of a balanced power 

flow may lead to significant errors, the adoption 
of new approaches like the one exposed may 
increase accuracy in grid planning processes. 
Paper 0626 benefits from smart meter data to 
deal with the typical distribution problem of LV 
feeder mapping, implying the knowledge of the 
connectivity model, i.e. the whole set of 
connections between consumers and their 
corresponding transformer feeder. The paper 
proposes Feeder Mapping (FM) algorithms 
developed to resolve the connectivity model 
based on AMI time series data. Algorithms that 
exploit energy conservation, such as Mixed 
Integer Linear Programming, Genetic 
Algorithms and the Colony of Ants, have been 
developed and evaluated. A Load-Flow model 
using the derived connectivity models and 
based on the Backward-Forward Sweep is 
proposed, integrating the Fortescue transform 
for handling load imbalance. Results proved 
very accurate through a limited number of 
iterations with the load on each line, the losses 
through the neutral wire and the voltage drop in 
each node. 

 
Fig. 54: Methodology proposed in Paper 
0568. 

Paper 0568 describes a methodology to 
automatically detect the customer phase 
grouping in a given PV-rich LV feeder without 
the need for prior knowledge. The approach is 
based on time-series voltage magnitude data 
extracted from single-phase smart meters and 
relies on the Principal Component Analysis 
(PCA) method and an unconstrained !!-means 
clustering technique. The approach has been 
tested on a realistic Australian LV feeder hosting 
29 single-phase customers, with PV 
penetrations ranging from 0 to 100%. Results 
show the effectiveness and accuracy of the 
proposed phase grouping approach in allocating 



   

 

the customers to their correct phase group 
without or with PV (even with 100% of PV 
penetration). It must be noted that the time 
series of smart meter data needed to perform 
the grouping proved to be limited both in terms 
of history and in terms of hours per day. 
Paper 0499 summarizes the results of several 
research projects performed in Salzburg Netz, 
describing a GIS-based system for analyzing 
low voltage grids using real-time data provided 
by measurements in secondary substations, 
Smart Meters and digital switching records. The 
system allows better integration of technologies, 
like charging stations, heat pumps and PV 
systems, in the LV grid. By managing in an 
integrated manner all measurements provided 
through different sources, state estimation is 
provided, filtering the collected data and 
excluding irrelevant ones, such as the load and 
voltage data of unsupplied customers. The 
resulting information is used to supplement 
traditional grid calculations to rank more 
accurately priorities and pain points in voltage 
quality and load criticalities. 

 
Fig. 55: The Smart Grid real LAB described 
in Paper 0423. 

Paper 0423 presents a monitoring concept 
developed by ewz, the distribution operator of 
Zurich, to observe and possibly control the state 
of the low voltage grid. Starting from voltage and 
current measurements in a low voltage network 
of the city, temporal aggregation on the 
accuracy of the approximation of the measured 
data was first analyzed. Then the accuracy of 
power flow calculations was evaluated through 
a comparison with real measurement data. 
Finally, the optimal location of measurement 

equipment and the data resolution needed to 
determine the state of the grid were defined 
effectively. The analysis showed that: a 15 min 
resolution is sufficient for monitoring 
applications; a 1 min resolution is a reasonable 
compromise for control applications; the results 
from the power flow calculations were close to 
real measurements.  
In Paper 1036, the results of power flow 
simulations and actual measurement data from 
a well-monitored suburban distribution grid area 
of EKZ, the Electric Utility of the Canton of 
Zurich, are analyzed to determine how varying 
measured variables and sensor locations impact 
the result accuracy. Results show that 
satisfactory power flow calculation accuracies 
can be achieved with a smart meter coverage of 
around 80 % of residential customers. It is also 
shown that an effective algorithm for load profile 
synthesis is key to achieve high-quality results 
with incomplete measurement coverage. 
Voltage and power at the transformer stations 
proved to be the most important single 
measurement for power flow calculation 
accuracy. 
 
Sub block 4: Energy Losses 
Facing a consumption reduction due to COVID 
impact on the world economy, it seems that 
efficiency in network operation through losses 
reduction has somehow lost its priority within 
DSOs. Most papers included in Sub block 4, 
devoted to losses, mainly relate to Non-
Technical ones, introducing algorithms to 
evaluate, identify and reduce them. 
Paper 0041 presents a methodology for 
detecting Non-Technical Losses (NTL) of 
electrical energy in power utilities using machine 
learning classifiers. It enhances data-oriented 
analysis and high hit ratio along with less cost 
and workforce requirements. This approach 
implies three steps: firstly, a non-supervised 
clustering of consumption profiles based on a 
hybrid algorithm using Self-Organizing Maps 
(SOM) and Discrete Cosine Transform (DCT) is 
performed. Secondly, further classification is 
operated based on location, infrastructure, and 
consumption profile. The final steps include 
supervised classifiers to detect NTL in the 
customers. The proposed t approach was 
trained and tested with real data from Ceará-
Brazil (149.000 customers). Results show, 
among others, an average overall performance 



   

 

of 85% in the detection process of NTL. 

 
Fig. 56: Structure of methodology proposed 
in Paper 0041. 

Paper 0659 presents a data mining 
methodology to identify correlations and 
patterns associated with living conditions in rural 
areas, considering meteorological and power 
consumption data in the irrigation period. 
Results obtained in a case study, where 
situations of NTL were simulated, show great 
recognition capacity after the application of data 
mining and reduction of the considered 
variables. Discrepancies of 10% or higher are 
detected for all considered rural customers, 
showing that irrigation activities have a relatively 
high potential in NTL. 
Paper 0564, by the same authors, also presents 
a methodology to detect NTL in rural consumers 
with irrigation-based crops using fuzzy logic, 
artificial neural network and deep learning. 
According to reference data, consumption 
forecasting is performed in four clusters: 

Satellite images, Weather data, Crop data and 
Historical power consumption data. According to 
the forecasted consumption, the methodology 
suggests proper indicators of NTL and efficiency 
that will assist utility company decision making. 
Based on data from three harvests of rice crops 
in southern Brazil from 2011 to 2014, results 
achieved showed a percentage less than 10%, 
which was ranked as a tolerable risk according 
to the limits defined. 
 

 
Fig. 57: Artificial neural network developed 
in Paper 0564. 

 
 
The potential scope of the discussion 
 
Smart Grids imply flexibility and adaptability are brought into distribution networks. The new paradigm 
of distribution management is based on the capability of the network to understand operational 
conditions and modify them according to predefined guidelines. However, to get the full benefits of this 
evolution, we must consider the expected, and possibly the unexpected, flexibility patterns. How can 
we represent the adaptive strategies a Smart Grid can pursue to make optimal use of them in planning, 
avoiding unnecessary oversizing of equipment? How can be obtained reliable profile of EV 
consumption? What is the expected level of confidence? 
 
Table 4: Papers of Block 4 assigned to the Session 
 
Paper No. Title MS 

a.m. 
MS 
p.m. 

RIF PS 

0033: Demand statistical characterization of low voltage users in Argentinian 
distribution networks for distributed generation studies purposes 

   X 

0039: Uncertainties in radiation modelling for overhead lines and their impact 
on ampacity 

   X 

0041: NTL detection: A intelligent system using a non-supervised clustering 
of consumption profiles 

   X 

0082: Time-dependent and location-based analysis of power consumption at 
public charging stations in urban areas 

   X 

0084: Modelling the aggregate load behaviour of European regions and its 
influence on dynamic and static voltage stability 

   X 

0126: A stochastic modelling of electrical vehicle load and its impacts on a  X  X 



   

 

Swedish distribution network 

0127: Calculation of peak load and diversity factors in unbalanced low 
voltage grids 

   X 

0247: Standardization of electric vehicles' charging behavior via load-
simulation of charging parks 

   X 

0326: Forecasting method of newly-connected customer’s load curve on LV 
distribution by means of regression tree utilizing smart meter data 

   X 

0412: Co-simulation of OpenDSS and RTDS to realise the real-time 
simulation of large distribution networks 

 X  X 

0423: Verification of a low-voltage monitoring concept using high-resolution 
measurements in the distribution grid of Zurich 

   X 

0428: Spatial modelling of electrical loads in distribution grids based on 
socioeconomic data 

   X 

0452: Challenges in deriving equivalent models of active distribution grids 
from operational data 

 X  X 

0454: Very short to medium-term demand and generation forecast: A study 
case in Austria 

   X 

0499: Digital (low voltage) grid - using new technologies to optimise planning 
and operational processes 

   X 

0508: Modelling of location and time dependent charging profiles of electric 
vehicles based on historic user behaviour 

   X 

0510: Load prediction tool for EV charging infrastructure    X 

0520: Accuracy of load and generation forecasts for the operational planning 
of power distribution systems 

 X  X 

0528: A comparison of artificial intelligence time-series data analysis 
techniques for load demand forecasting 

  X X 

0532: Interval optimization to schedule multi-energy systems considering PV 
power generation uncertainty 

   X 

0556: Grid impact of heat pump integration in the residential sector    X 

0560: Meter mapping & energy balance    X 

0564: Methodology to identify non-technical losses in rural grids using 
artificial neural networks and deep learning 

   X 

0568: Using smart meter data for phase grouping in PV-rich LV feeders    X 

0581: Injection visibility & forecast    X 

0621: Load estimation to the planning for electric vehicle public charging 
stations in urban zones using spatial analysis and traffic simulations 

   X 

0626: Feeder mapping and load flow algorithms for LV distribution grids    X 

0631: Short-term load forecasting using artificial neural networks and social 
media data 

   X 

0636: A bottom-up approach for district-level domestic energy demand 
forecasting 

   X 

0659: Data mining applied to features selectivity for a non-technical loss 
detection model in rural distribution grids 

   X 

0690: Automated load forecast through geoanalysis    X 

0848: Multi-agent simulation of human activity for residential electrical load 
and demand forecasting and its application to electric mobility 

  X X 

0895: COVID-19 Demand response outlook: predicting the unknown  X  X 



   

 

 

0952: Weather-dependent current ratings of overhead lines in the 
probabilistic high voltage distribution grid planning 

   X 

0968: Thermosensibility estimation of mass market with smart meters in 
France 

   X 

0971: Improving renewable integration at local scale: an econometric 
approach 

   X 

0994: A techno-explicit model implementation for long term electrical load 
curve prospective 

   X 

1036: Assessing the accuracy of distribution grid analysis for various 
combinations of grid measurements 

   X 

1045: Smart4RES: Next generation solutions for renewable energy 
forecasting and applications with focus on distribution grids 

   X 

1093: Synthetic models of LV networks for the estimation of aggregated DER 
flexibility 

 X  X 


