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VARI Visible Atmospherically Resistant Index

VIN  Vegetation Index Number

XDDE Atmospheric Electrical Discharge Detection Network
Parameters

t Time-step of the model in [h]

Csess bi Price of the battery energy storageb connected to the nodei in [e /kWh]

Couy Mmg;it Price of buying energy to the external gridMG connected to the node at hour t in [e /kWh]

Cconv k Cost of the multiport converter terminal k in [e /kW]

Cen Average annual energy price in ¢ /kwWh]

Csell Mt Price of selling energy to the external gridMG connected to the nodei at hour t in [e /kWh]

Ecap bi Energy storage capacity of the batteryb connected to the nodei in [kWh]

f Number of buses in the system
k Weight to ponderate terms in the objective function
M Number of hazards included in the database

Ny Number of representative days

P(A) Probability of event A

P(B) Probability of event B

Poad xt Power demanded by the load located at bus< at time t
Fik Resistance of the line between nodegsk in [p.u.]
Sp Base power of the system in [kW]

w Number of power lines in the system

Wy Weight of each representative day in the year

T Amount of time steps

BESS Battery Energy Storage System

Variables

V  Voltage drop along the year in [p.u.]
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R Resilience Index

Cgess Battery energy storage cost in ]

Cms Cost of energy exchange with the external grid in ]
Cmpc Multiport converter cost in [ e]

Eiss annual line losses in [kWh]

F Function or variable that the MPC aims to improve
iikta Current of the line between nodesi; k at hour t of the day d in [p.u.]

It Aggregated element's impact

Mgess Minor term in the objective function

Pouy mcitda Active power bought from the external grid in [kW]

Pouy mcit Active power bought from the external grid MG connected to the nodei at hour t in [kW]
Pgita Active power provided by the generator g connected to the nodei at hour t of the day d in [kW]
Pampc ki Active nominal power of the multiport converter terminal k connected to the nodei in [kW]
Psell mcita Active power sold to the external grid in [kW]

Psel mc:it Active power sold to the external grid MG connected to the nodei at hour t in [kW]

Rt Total energy / power at risk in the system

Sampc ki Apparent nominal power of the multiport converter terminal k connected to the nodei in
[kVA]

Vs, 5 voltage di erence between the buses to which the MPC will be connected along the year in [p.u.]
Vitg  Voltage magnitude of nodei at hour t of the day d in [p.u.]
Pehar  bit Active charging power of the battery b connected to the nodei at hour t in [kW]

Paisch bit Active discharging power of the battery b connected to the nodei at hour t in [kW]
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1 Executive summary

Multiport Power Converters (MPC) are presented as a general power electronics solution for enhancing
power operation in the distribution networks. MPCs might integrate three or more applications into a
single device. In a context where the energy transition requires the introduction of converters in power
systems, MPCs emerge as a promising technology to facilitate its integration while keeping projects
economically feasible.

Until now, iPlug project explored various applications of MPCs in power systems and evaluated
its more convenient topologies and developed speci ¢ methodologies to size, locate, and operate these
converters. Based on the work of WP1, this document evaluated the MPCs inclusion in multiple real
networks. Thus, six speci ¢ use cases are investigated.

Three use cases are applied to buildings, where the MPC is integrated into the consumer's electrical
network. An energy-based optimization is applied to nd the nominal power of the MPC terminals
connected to PV, Battery Energy Storage System (BESS), Electric Vehicle (EV), other electric loads
and the main grid. Furthermore, a cost analysis is also performed to identify when the MPC will be
more cost-e ective than traditional solutions and when the BESS will be economically feasible.

One use case investigates the role of the MPC in a LV electrical network with di erent voltage levels
and potential to integrate PV and EV. A grid-based optimization is applied to nd the nominal power
of the MPC terminals and analyze the system performance. Dierent scenarios of MPC, PV and EV
penetration are also compared.

Another study case is focused on a MV network. The grid-based optimization is applied to introduce
the MPC into the network. In this case, a rst analysis is performed on a simple network and later a
real use case is analyzed. Several MPC scenarios are analyzed by changing the objective function and
loads of the system.

Finally, an MPC is investigated from a resilience perspective. This use case examines the base
resilience of an actual MV electrical network. This analysis requires accurate research about the hazards
that might impact the system and the system's vulnerabilities. Based on the results, it is explored the

most convenient application of the MPC to maximize resilience increase and risk reduction.

Deliverable D1.3 { Report describing the results of the case studies conducted Page 16 of 167



iPLUG project { Grant agreement No0.101069770

2 Introduction

The energy transition is transforming the power system. Modern power systems are evolving as decen-
tralized and power converters are becoming dominant. In that regard, MPC is an innovative technology
that might play a relevant role in contemporary power systems because of its ability to combine several
converters into one and manage several issues.

This work investigates how the MPC can improve real networks from both sizing and resilience
perspectives.

Optimal design of the MPC is important to avoid oversizing and obtain lower costs. Moreover,
the MPC can provide di erent services to improve the system operation, for example losses reduction,
integration of PV and Electric Vehicle (EV), improvement of voltage levels, and networks interconnection.
This topic is addressed in Section 3, where an optimization-based methodology that nds the nominal
power of the MPC and analyses the system operation is applied to several use cases. Section 3.1 analyses
three cases where the MPC is used to integrate di erent appliances in buildings, including PV, EV and
Battery Energy Storage System (BESS). Sections 3.2 and 3.3 analyse LV and MV use cases where the
MPC is used to interconnect two networks and improve their performance, also PV and EV can be
integrated in the MPC.

Finally, a resilience-driven use case explores the MPC from a resilient perspective. In recent years,
resilience emerged as a new concept in complex systems. Thus, resilience is becoming a relevant concept
in the future electrical network's planning and operation. This work considers that it is crucial to
investigate the concept and the technologies that could be signi cant in its improvement, even though
there are several de nitions of resilience and there are no standardized procedures for them. In Section 4,
this work presents a rural network connected to the main grid through a single connection point. The
population in the region is relatively low and the demand is limited. Although the economic impact of
outages in those grids is usually insigni cant, the network's strength is crucial to keep the population in
those territories. The work presented in this document examines the hazards that might a ect the system
and its vulnerabilities. From this initial investigation, the actual system's resilience is investigated. Then,
the MPC is integrated into the system to evaluate how it might contribute to risk reduction and resilience
increase. Among the various applications explored for the MPC, in the use case, the MPC is used to
interconnect two MW power lines, using two AC ports, and to integrate a BESS as a backup, through
an additional DC port.

Although each use case summarizes the main conclusions drawn from its investigation, Section 5

summarizes the most relevant highlights of this work.
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3 Use cases for MPC sizing analysis

3.1 Building use cases

The rst group of use cases involves household installations where MPC could improve power conversion
e ciency and reduce the integration cost of batteries, solar panels and some appliances. Three di erent

use cases are considered with hourly data from 2023 and 2024 provided by ICAT.

3.1.1 Use cases data

This section presents the detailed information of three di erent building use cases: Castelb d'Empries
health center, Garrotxa Regional Hospital, and ICAT headquarters.

Castelb d’'Empiries health center has a 12 kW PV installation for self-consumption with surpluses
compensation, meaning that the excess can be sold. The load pro le, PV generation and electricity prices
considered are shown in Figure 1, a constant sell price of 56/MWh is also supposed. Additionally,
this building includes an electric generator of 51 kW nominal power and 57.8 kW maximum power as

backup, but it is not considered in the current study.

Figure 1: Electric load, available PV and electricity buy price of Castelb d'Empuries health center from
February 2023 to January 2024

Garrotxa Regional Hospital (Olot) has a 220 kW PV installation that works as self-consumption
without surpluses compensation, therefore no power injections to the external grid are supposed. In
addition to the main electric load, this use case also has EV loads. The load pro les, PV generation and

electricity prices considered are shown in Figure 2. Also, this building has 4 generator sets of 780 kVA
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each as backup, but they are not considered in the current study.

Figure 2: Electric and EV loads, available PV and electricity buy price of Garrotxa Regional Hospital
from 2023 and 2024

ICAT headquarters also includes EV loads and 83 kW PV with surpluses compensation. The pro les
of the loads, PV generation and electricity prices considered are shown in Figure 3, and a constant sell
price of 37.5e/MWh is supposed. This building also has a genset of 458 kW as backup, but it is not

considered in the current study.
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Figure 3: Electric and EV loads, available PV and electricity buy price of ICAT headquarters from 2023

3.1.2 Optimization

After de ning the use cases, the sizing of the converters or multiport converter required is addressed.
To perform this analysis, the methodology mentioned in iPlug's Deliverable 1.2 Section 3 is applied.
This methodology (Figure 4) consists in an energetic optimization of the system, therefore, considering
only active power and no grid constraints. Where the 1-year historical data of the loads and renewable

sources is supposed to represent a perfect forecast for the years studied.

Figure 4: Flowchart of the energy-based MPC sizing methodology

The objective of the optimization in the building use cases, is to minimize the total cost of the
system in 30 years, including the cost of the multiport converter Cypc ), battery energy storage systems

(Cgess ), and energy from the external grid (Cyc ). Additionally, to avoid the battery charging and
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discharging at the same time, the minor termmggss is considered. These terms are expressed as:

X
Cupc =  Coov k Pnmpc ki 1)
k;i
X
Cgess = CBeEss bi Ecap bi (2)
k;i
X X
CMG = (Pbuy MG;iit Couy MG;it Psell MG;it Csell MG;i;t) t (3)
MG;i t=0
mpess =0:01 (Pchar it + Pdisch izt ) 4)
b;i t=0

where Phwpc ki IS the active nominal power of each multiport converter terminal k connected to the
nodei, cconv K IS the price of the multiport converter terminal k, Ecap b; iS the energy storage capacity
of the battery b connected to the nodei, czess b; is the price of the battery storage, Ppyy wmc;it and
Pse mcit are the active power bought and sold to the external gridMG connected to the nodei at
hour t, Couy mg;it and Csen mg;ix are the are the prices for buying and selling power to the external
grid, Pchar bit and Pgisch bt are the active charging and discharging powers of the battery energy
storage, tis the calculation period, which is 1 h, andT is the amount of time steps in the year, which
has a value of 8760.

Therefore, the objective function can be expressed as:
[min] Cupc + Cgess + Cwuc tife + Mgess (5)

wheretjt. is a factor to weight the capex and opex terms, supposed as 30 years, which is similar to the
multiport converter lifetime. The multiport converter weighting price is 150 e/kW for each terminal,
and the battery price is 750 e /kWh [3].

3.1.3 Results and discussion

This section focuses on the use of MPC to integrate several elements in a single device. Therefore 3

scenarios are de ned to compare di erent MPC connections (Figure 5):

" Scenario A: traditional approach that considers single converters instead of MPC. To adapt the
methodology to this scenario, the same inputs as scenario B are considered changing the cost to 0

for the terminal connected to the load and external grid.

" Scenario B: the AC loads and external grid connection are connected through the same MPC

terminal.

" Scenario C: the AC loads and external grid connection are connected through dierent MPC
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terminals.

Figure 5: Building use cases scenarios

The results of applying the energy-based multiport converter sizing optimization to the building use
cases are shown in Tables 3 to 5. As expected, the nominal power of terminals directly connected to
loads is the peak load, PV is usually a bit curtailed (less than 0.3 %), and battery energy storage is
always zero. Comparing the scenarios, the biggest di erence is found on the connection of the main
load and external grid. If there is no storage, the AC load is mainly supplied by the external grid
since the PV is comparatively small. Therefore, having the AC loads and the external grid in di erent
terminals leads to a much higher MPC nominal power than having them connected in the same MPC
terminal. Concluding that scenario C is more expensive than scenario B. Moreover, in Scenario B, the
PV is directly determining the nominal power of the terminal connected to the grid, as the EV load is

non-existent or signi cantly lower.

Table 3: Nominal power of the MPC terminals of Castelb d'Empuries health center

Scenario A Scenario B Scenario C

Loads + grid 9.2 kW | Loads 52.95 kW
PV 9.38 kW PV 9.2 kW PV 9.39 kW

BESS 0 kw BESS 0 kW | BESS 0 kW

Grid  49.94 kw
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Table 4: Nominal power of the MPC terminals of Garrotxa Regional Hospital

Scenario A Scenario B Scenario C
Loads + grid 157.5 kW | Loads 1028.15 kW
EV 20.16 kw EV 20.16 kw EV 20.16 kW
PV 161 kw PV 157.5 kW PV 161 kw
BESS 0 kW BESS 0 kw BESS 0 kW
Grid 951.75 kW

Table 5: Nominal power of the MPC terminals of ICAT headquarters

Scenario A Scenario B Scenario C
Loads + grid  63.6 kW | Loads 301.8 kW
EV  20.33 kW EV 20.33 kW EV 20.33 kW
PV 65.2 kW PV 63.6 kW PV 65.2 kW
BESS 0 kw BESS 0 kw BESS 0 kw
Grid 295 kW

Since the MPC enables the operation of di erent elements, the change in its cost will have an impact
mainly on PV utilization. Converter cost changes will have a similar impact in terms of power in both
Scenario A and B, although the total cost will be di erent. Figures 6 and 7 shows how the MPC cost
weight a ects the sizing of the terminals in Scenario A and B respectively. Figure 8 shows the total MPC
or converter cost of Scenarios A and B according to their prices. These plots can be translated to quite

accurate regressions shown in Table 6, whereypc and c.ony are the MPC and converter prices.

Figure 6: Nominal power of the AC/DC converter connected to the PV of the building use cases in
Scenario A according to the weighting cost of the converters
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Figure 7: Nominal power of the MPC terminals connected to PV, external grid and loads of the building
use cases in Scenario B according to the weighting cost of the MPC terminals

Figure 8. Total cost of AC/DC converters (Scenario A) or the MPC (Scenario B) of the building use
cases according to their unitary cost

Table 6: Regressions of the Scenario A and B costs with respect to the power electronics unitary costs
for the building use cases

Scenario A Scenario B
Castelb dEmpuries health center 9:1457 Cgony +29:575 17759 cypc +81:07
Garrotxa Regional Hospital 17726 Ceony +517:53 32386 cypc +1502:4
ICAT headquarters 83:553 Ceony +267:25 14243 cypc +678:06

Comparing Scenarios A and B, it is clear that the MPC will have a higher total power than the sum
of all VSC from Scenario A. However, the MPC is expected to reduce the amount power electronics
and it can present alternative options to AC/DC con gurations that are expected to reduce cost. After
analysing the cost sensitivity in Scenario A and B, a cost relationship can be calculated to nd when
the MPC will be economically the best option. Figure 9 shows the costs relationships between MPC and
AC/DC converter costs, where the green area represents those cases where Scenario B will have lower
total costs than Scenario A. Therefore, the MPC cost should be between 43 and 55 % less than the
converter cost, depending on the case and for a range between 50 and 28(kW, to be economically
feasible. Comparing the three use cases, it can also be concluded that the MPC will become increasingly

economically better with more elements connected to it, specially if they have similar power range.

Deliverable D1.3 { Report describing the results of the case studies conducted Page 24 of 167



iPLUG project { Grant agreement No0.101069770

Figure 9: Relationship between MPC and AC/DC converter costs

An important consideration regarding this conclusion is that the methodology applied considers
separately the sizing of the di erent MPC terminals. Di erent results would be obtained if the inter-
connections between terminals would be considered in the sizing, such as the methodology presented
in [4].

The results show that battery energy storage is never cost-e ective. For that reason, a sensitivity
analysis with the parameters of Table 7 is performed on Scenario B to nd when the BESS will be
economically feasible. This sensitivity analysis considers di erent MPC and BESS costs, as well as an
escalating factor on the cost of energy from the external grid. Results show that the most relevant
parameters are the BESS and energy costs. In these use cases, the battery is only used to reduce
operational costs, and usually all the PV generation goes to supply the loads rather than injecting to
the external grid. In that sense, the available PV generation represents less than 16.4 %, 6 % and 14
% of the annual load in the ICAT headquarters, Garrotxa Regional Hospital and Castelb d'Empuries
health center respectively. Also, without BESS, ICAT headquarters would inject less than 3 GWh in a
year (up to 320 kWh in a single day) and Castelb d'Empuries health center would inject less than 200
kWh/year (up to 50 kWh/day), while Garrotxa Regional Hospital would never inject power. Therefore,
storage is more interesting with higher energy prices and lower BESS costs, as shown in Figure 10, where
those cases without BESS are not plotted. Further results on storage capacity and C-rate of the BESS,

as well as the nominal power of the multiport converter terminals are presented in Appendix D.1.

Table 7: Sensitivity analysis parameters

Parameters Start Step End
MPC cost [e/kw] 100 10 200
BESS cost B/kWh] 100 50 800
Energy cost factor 0.1 0.1 3
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Figure 10: BESS storage capacity of ICAT headquarters considering sensitivity parameters of Table 7

3.2 LV use case

The second group of study cases includes applications where MPC interconnect two or more networks
in order to achieve better power management. These LV distribution networks also have potential for
adoption of distributed renewable energy capacity. This section presents a case where the MPC is used

in the interconnection between multiple LV lines at di erent voltage levels.

3.2.1 System de nition

The following scenario considers the interconnection of two LV lines, operating at 400 V and 230 V.
Furthermore, the network has the potential to install up to 100 kW solar generation and some EV.

The topology of these LV networks is shown in Figure 11, with the loads provided by Anell. These
networks have a relatively big amount of buses and despite their radial structure, they present low
voltage drops in normal operation. For these reasons, the topology has been simplied to reduce the
computational requirements. The simpli ed topology shown in Figure 12 considers only the path between
the MPC and the MV grid, reducing the number of buses buses from 78 and 57 to 9 and 5 respectively,
and the loads have been aggregated to the buses in that path. These buses have been renamed as shown
in Table 8. Additionally, an extra load has been added to buses 2 and 11 that connect with the MV
grid to match the supervisors and meters data provided by Anell. In the resulting network, the buses
without loads have not been considered, and the simpli ed lines have an impedance equal to the sum
of the original lines, and maximum current equal to the minimum of the original lines. Tables 9 and 10
present the parameters of the simpli ed topology. The maximum current is supposed 344 A for all lines,

as the loads could not be supplied considering some of the maximum currents provided by Anell.

Deliverable D1.3 { Report describing the results of the case studies conducted Page 26 of 167



iPLUG project { Grant agreement No0.101069770

Figure 11: Complete topology of Anell LV grids with potential MPC

Figure 12: Simpli ed topology of Anell LV grids with potential MPC

Table 8: List of buses of LV use case

Deliverable D1.3 { Report describing the results of the case studies conducted

Bus id 2 3 4 5 6 8 9
Bus name || 62662 | 62914 | 63072 | 63197 | 63295 | 63334 | 63409 | 63692
Bus id 11 12 13 14
Bus name || 63590 | 63725 | 63922 | 63784
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Table 9: Line parameters of LV use case

From bus | Tobus | R[m] | X[m]
2 3 14.94 16.8
3 4 9.5 10.66
4 5 4.6 5.15
5 6 2.78 31
6 7 3.94 4.41
7 8 3.18 3.55
8 9 4.73 5.28
11 12 3.95 3.01
12 13 8.91 10
13 14 26.64 29.92

Table 10: Transformer parameters of LV use case

V2 [V] Ztr to V2 side [m] Srated [kVA]

400 8.7+j21.75 250
230 1.64+j5.39 400

In addition of interconnecting two networks, the MPC can also integrate di erent appliances. In this
case, the system has the potential to install up to 100 kW of PV, which would be connected to a DC
terminal of the MPC. The PV generation availability has been extracted from PVGIS [5] for the area
where the LV networks are located. Also, an EV charging station could be connected to the MPC. This
use case also aims to analyze the impact of including an EV charger to the grid. Anell provided data
from 2018 to 2021 of an example EV charging station, although all other system loads correspond to the
year 2023. However, the data shows a low usage of the EV charger. For this reason, a theoretical EV
pro le equal to the sum of the 4 years of available data is used, resulting in a maximum power of around

7 kW.

3.2.2 Methodology

In this use case, the sizing of the multiport converter is performed with a grid-based optimization,
mentioned in iPlug's Deliverable 1.2 Section 3. This methodology, similar to that of Section 3.1.2
including both active and reactive power and grid constraints. Performing this optimization for 1-year
data would be computationally infeasible to solve with the available resources. For this reason, only a
few representative days are considered.

The objective of the optimization in the LV use case is to size the multiport converter while improving

the grid operation. The objective function will include di erent terms:
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" Minimize the multiport converter cost ( Cypc ) Which is expressed as:
X
Cmpc = Conv k SnmpPC ki (6)

K;i

whereS,.mpc ki IS the apparent nominal power of each multiport converter terminal k connected

to the node i, and its cost is 150e /kVA.

Maximize annual PV generation, which is expressed as:

1 W X X
Eren = PT wg 365 Pg;i;t;d t (7
d=1 Wd g=1 t=0 gii

where Pg.rq is the active power provided by the generatorg connected to the nodei at hour t of
the day d, T corresponds to the 24 h in each dayNq is the number of representative days, andvy

is the weight of each representative day in the year.

Minimize the annual line losses Ejoss ) Which is expressed as:

1 K X X "
E|055 = Pﬁ Wy 365 Ii;k;t;d ri;k Sb t (8)
d=1 Wd g=1 t=0 ik

wherei..qg andrix are the current and resistance of the line between bug and k, and S, is the

base power of the system.

Minimize the voltage drop ( V) which is expressed as:

1 K X X
V= PN, wg 365 Vita Y )
d=1 Wd g=1 t=0 |

wherevitq is the voltage magnitude of nodei at hour t of the day d.

Additionally, to avoid exporting and importing energy from the external grids at the same time,

the minor term myg is considered, which is expressed as:

1 X X X
mme = 0:00001 PN Wy (Pouy mGiitd + Psell maiitd ) (10)
d=1 Wd g=1 MG:i t=0

where Ppyy wmaciitd and Psen wma;ita are the active power bought and sold to the external grid.

Therefore, the objective function can be expressed as:
[min] CMPC +(Eren Cen + Eloss + V) tIife + Myc (11)

where investment and annual terms are weighted considering an MPC lifetimet(se ) of 20 years,Ce, is

the average annual energy price, supposed as B0MWh
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The representative days' selection methodology proposes using the idea of clusters to reduce the
amount of data. In this report, an Autoencoder model for the clustering of time-series data is proposed.
However, several other clustering or classi cation algorithms and software could be considered to improve
the representative days' selection. The autoencoders are a method of unsupervised feedforward neural
network that can be applied to capture accurately the key aspects of the dataset provided to provide a
compressed version of the input data. The autoencoders are based on the same principles as arti cial

neural networks (ANNSs). The clustering methodology proposed is shown in Figure 13 and based in [6].

Figure 13: Flowchat of the Autoencoder-based methodology

3.2.3 Representative days selection

The available data provided by Anell includes all hourly pro les of the loads from May 2nd to August 31st
of 2023, excluding a few days. To reduce the computational requirements regarding the data resolution,
an unsupervised clustering methodology for time-series data [6] is applied. In this use case, 6 time series
are considered, including total active and reactive power load of each network, PV available generation
and EV load.

The algorithm calculates how good is the clustering and then selects the amount of clusters that ts
best. However, for this case, it is interesting to have as many clusters as possible, to improve the quality
of the analysis, as long as there is no negligible cluster and the clustering is still good.

Comparing the weight distribution for di erent clustering numbers, 7 clusters were chosen. Finally,
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one day belonging to each cluster must be chosen to use in the optimization process. There are several

ways to do this, from simply picking the rst day of each cluster to choose the most average day inside

each cluster. However, in this case the day with the biggest EV load was chosen, as the EV pro les of

this use case are quite sparse. This results in the clusters, weights and representative days presented in

Table 11. The loads and available generation of the selected days are shown in Figure 14.

Table 11: Representative days of the LV use case

Class  Weight Date
Day1 17.98% 4th May
Day 2 29.01 % 18th June
Day 6 6.84 % 28th June
Day 3 11.97 % 29th June
Day 7 7.69 %  19th July
Day5 6.84%  21st July
Day 4 19.66 % 30th July

Figure 14: Electric loads for each bus, available PV and EV load of LV use case, where the seven
representative days have been presented consecutively

3.2.4 Results and discussion

This section analyzes the performance obtained from applying the grid-based multiport converter sizing

optimization to the LV use case. Moreover, several scenarios are considered to better understand the

e ects of the MPC, as well as the PV and EV, on the grid.
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The initial scenario only considers the 400 V and 230 V networks, without interconnection. Then
di erent scenarios with MPC installation are considered. First, a two-terminal MPC is introduced
connecting bus 8 to port 1 and bus 13 to port 2. In this scenario, the MPC operates similar to a SOP.
Later, a 100 kW PV generator and the EV shown in Figure 14 are introduced. In this scenario, a four-
terminal MPC is considered, where port 3 is connected to the PV and port 4 to the EV. Finally, two
scenarios with extreme PV and EV are analyzed, where PV is doubled and EV is four times the previous

one.

Initial scenario. Figure 15 shows that the 230 V network has an overall higher active power import of
energy and always imports reactive power, while the 400 V network sometimes imports and sometimes
exports reactive power. Figures 16 and 17 shows the line current and bus voltages, where the lines
colored from blue to green represent the 400 V network, whereas the red to yellow colors represent the
230 V network. The rst line of each network are carrying big currents, then the second line of each
network also has a signi cant current, and all the other lines have comparatively small currents. This is
expected, as the biggest loads are connected to the rst and second buses of each network. The voltages
range from 0.99 to 1 p.u. in both networks, although most of the time they are around 0.996 p.u. The
rst bus of both networks has a signi cant voltage drop, then the voltage drop is negligible from the
third bus of the 400 V network, whereas the 230 V network presents low voltage drops from the second

bus.

Figure 15: Active and reactive power import from the external grid for LV use case in the initial scenario

Figure 16: Line currents for LV use case in the initial scenario
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Figure 17: Bus voltages for LV use case in the initial scenario

Two-terminal MPC scenario (SOP). Results show that only a small converter is required in this
scenario, with around 2.3 kVA each terminal (Table 12). For this reason, the obtained results regarding
the network operation are similar to those of the initial scenario. Figure 18 shows that the MPC ows
power in both directions, although usually power goes from the 230 V to the 400 V network. Also,
both MPC ports provide reactive power usually in a constant way, and only port 1 absorbs some reactive
power a few hours on the rst day. As a result, the MPC slightly increases the voltages in both networks.

Further results of this scenario are presented in Appendix D.2.

Figure 18: Active and reactive power of the MPC terminals for LV use case in the two-terminal MPC
scenario

Four-terminal MPC scenario. Due to the incorporation of the PV, the 400 V network exports some
active power, although the 230 V network is importing at the same time (Figure 19). The PV generation
is injected to both networks through the MPC, for that reason the currents and voltage levels increase
signi cantly in the buses close to the MPC, specially on the 400 V network (Figures 20 and 21). The
MPC integrates e ciently the PV generation, as shown in Figure 22, by injecting twice as much power
to the 400 V network than to the 230 V network with the objective of minimizing the losses. The EV
is also e ectively integrated in the MPC, although it represents only a small load, most of the time
the EV is supplied by the PV. In this scenario, the MPC also has an important role in reactive power

management, as it provides around 1.5 kvar to the 230 V network, and can provide or absorve up to 6
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kvar to the 400 V network. Resulting in a MPC of around 136 kVA (Table 12), summing the nominal
power of each terminal. It can be concluded that the nominal power of the MPC terminals, except the
one connected to the EV, is directly related to the amount of PV connected to the MPC. In fact, some

PV curtailment appears in order to provide the best tecno-economic solution of the MPC.

Figure 19: Active and reactive power import from the external grid for LV use case in the four-terminal
MPC scenario

Figure 20: Line currents for LV use case in the four-terminal MPC scenario

Figure 21: Bus voltages for LV use case in the four-terminal MPC scenario
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Figure 22: Active and reactive power of the MPC terminals for LV use case in the four-terminal MPC
scenario

Extreme PV scenario. With higher PV penetration, the active power exportations increase in both
networks, also the currents and voltages increase in the same way as mentioned in the four-terminal
MPC scenario. Also as before, the PV power injected from the MPC to the 230 V network is around
half of the PV power injected to the 400 V network. As mentioned before, the nominal power of the
MPC is directly related to the amount of PV, but in this scenario the PV curtailment has increased as

observed in Figure 23. Further results of this scenario are presented in Appendix D.2.

Figure 23: Active and reactive power of the MPC terminals for LV use case in the extreme PV scenario

Extreme EV scenario. The EV load, even considering four times the base one, is small compared to
the PV generation. And the MPC is mainly sized according to the amount of PV connected, as seen in
the previous scenarios. Therefore, this scenario has similar results to those of the four-therminal MPC
scenario, with only slight di erences during the EV load peaks and mainly increasing the nominal power

of the MPC terminal connected to the EV. All results of this scenario are presented in Appendix D.2.

Indicators. In addition to the system operation, a few indicators have been considered. In particular
the nominal power of the MPC terminals and the di erent terms of the objective function are analyzed,

all these indicators are presented in Table 12. Without PV, the best tecno-economic solution is to have
only a small two-terminal MPC and connecting both networks does not make big di erences compared
to the initial scenario, as losses and voltage drop only decrease slightly. Introducing PV and EV loads

to the system is what makes the MPC an interesting solution. The nominal power of the MPC terminal
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connected to the EV corresponds to the peak load and the nominal power of the other MPC terminals
is directly related to the amount of PV, as mentioned before. In that sense, the four-terminal MPC
scenario has only 3 % of PV curtailment, compared with the almost 11 % of the extreme PV scenario.
This enables to reduce the nominal power of the MPC terminal connected to the PV around 20 % in
the four-terminal MPC scenario and around 37 % in the extreme PV scenario, resulting in the most
cost-e ective solution. Introducing the PV also increases the losses due to the export capacity of the
system. On the other hand, combining the PV and the MPC reduces the voltage drop of the system.
With increasing PV penetration, losses increase and voltage drop decreases further. Regarding the EV,
increasing its presence mainly provides that the nominal power of the MPC terminal connected to it
increases, while losses and the voltage drop increase slightly. In the four-terminal MPC scenario, the

MPC follows the speci cations shown in Table 13.

Table 12: Indicators for the di erent scenarios of the LV use case

Initial SOP MPC Extreme PV | Extreme EV

Eloss [KWh] 1607.8 | 1599.8 | 2150.84 4148.75 2179.44

\% 2311.14| 2271.73| 2081.04 1931.9 2110.21

Eren [MWh] - - 126.69 233.38 126.91
Port 1 nominal power [kVA] - 2.35 44.05 69.36 44.42
Port 2 nominal power [kVA] - 2.29 19.49 29.78 19.63
Port 3 nominal power [kVA] - - 64.26 101.2 64.79
Port 4 nominal power [kVA] - - 8.4 8.4 33.6
MPC nominal power [kVA] - 4.64 136.2 208.74 162.43

Table 13: Speci cation table of the MPC for the LV use case
AC Port 1
Ur (RMS) 400 V
I, (RMS) 635 A
Sy (RMS) 44  kVA
AC Port 2
Un (RMS) 230 V
I, (RMS) 502 A
Sh (RMS) 20 kVA
DC Port 3
P, 65 kW
DC Port 4
P, 9 kw
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3.3 MV use case

The third group of study cases includes applications where MPC interconnect two buses of a MV network
with load imbalances. This section presents a rst analysis of the general concept of subtransmission

grid, and a speci c use case provided by Anell.

3.3.1 Analysis of the general concept

The general concept of MV network is presented in Figure 24. This network can have two lines with same
or di erent voltage levels, and can be connected through a transformer or line. The MV network can
also be called subtransmission network if it is an intermediate link between distribution and transmission
networks, and operates at lower levels than the transmission network. The MPC is introduced in this
network to improve the power management and reduce the voltage drop di erences, moreover it can

integrate additional loads and renewable generation, such as EV and PV.

Figure 24: Subtransmission grid concept

To develop a rst analysis on this concept, the previous gure has been simpli ed to Figure 25. Ifz;
and z, were equal,L, and L3 would have the same power factor, and the objective was to balance the
load or minimize the voltage di erence between bus 2 and 3 through an interconnection of those buses,
then the best solution would be to introduce a two-terminal MPC that can transfer the amount of power
shown in (12).

Figure 25: Simple MV topology

L L
Pvpc = it B 5 3 (12)

The same network of Figure 25 can be considered to analsyse the impact that di erent objectives

can have on the sizing of the two-terminal MPC. In that sense, the methodology presented in iPlug's
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Deliverable 1.2 Section 3 has been applied. The network parameters considered are shown in Table 14.
Several combinations ofL; and L, loads are considered, with each load between 2 and 12 MW. These
loads are considered for a single time-step, therefore all hours of the year would be equal regarding the
optimization. Moreover, the need to incorporate an MPC to the network will be measured based on the

voltage di erence between bus 2 and 3 when there is no interconnection (initial con guration).

Table 14: Parameters of the simple MV use case

\% 20 kV
S base 25 MVA
Zq 0.016+1.92j
Z, 1.4028+2.0048;j
Z3 2.499+1.7934j
Loads PF 0.98

The objective function is de ned as:

[min] Cupc + F K tite (13)

where the MPC lifetime (tjite ) is 20 years,F is the function or variable that the MPC aims to improve,
Cupc is the MPC cost weight that follows (6), and k is a weight to ponderate the two terms of the
objective function.

In a rst scenario, the objective of introducing the MPC will be to reduce the power losses in the
lines, therefore F has the expression presented in (8). Figure 26 shows that the MPC nominal power
tends to increase linearly with higher voltage di erences between the buses before their interconnection.
In the second scenario, the objective is to reduce the voltage drop of all buses, therefofe has the
expression presented in (9). In this scenario, Figure 27 shows that there is no clear relationship between
the MPC nominal power and the voltage di erences between the buses before their interconnection, and
the weight factor of the objective function terms has a huge impact on the results. Further results on

these two scenarios are presented in Appendix D.3.1.
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Figure 26: Nominal power of the MPC with respect Figure 27: Nominal power of the MPC with respect
to the voltage di erence between the buses before to the voltage di erence between the buses before
their interconnection, for di erent weights on the ob- their interconnection, for di erent weights on the ob-
jective function, for the simple MV use case in the jective function, for the simple MV use case in the
rst scenario second scenario

In the last scenario, the objective is to reduce the voltage di erence between buses 2 and 3, to which

the MPC will be connected, thereforeF is expressed as:

1 KX X . .
F = Pﬁ wyq 365 JV2:t.d V3itd | (14)
d=1 Wy d=1 t=0

This scenario presents a linear trend between the voltage di erence between the buses before their
interconnection and the MPC nominal power, as Figure 28 shows that MPC nominal power increases
with a higher initial voltage di erence. Also, the MPC reactive power management is increasingly
important with lower initial voltages (Figure 29). If the weight factor k is high enough, such as 140,
then, as a result, buses 2 and 3 have the same voltage when the MPC is connected, but lower values of

k can lead to di erent voltages on bus 2 and 3.

Figure 28: Nominal power of the MPC with respect

to the voltage di erence between the buses before Figure 29: Power factor of the MPC according to the
their interconnection, for di erent weights on the ob-  Vvoltage of the buses before their interconnection, for
jective function, for the simple MV use case in the the simple MV use case in the third scenario

third scenario
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3.3.2 Anell MV system

The following scenario considers the interconnection of two MV lines operating at 40 kV. The topology of

this network is shown in Figure 30, with the loads provided by Anell. Based on the line parameters, and

supposing that the switch between buses 4 and 6 is open, the topology can be simpli ed as Figure 31, with

the parameters presented in Table 15, to reduce computational requirements. The MPC is introduced

in this network to reduce the voltage di erence between two buses.

Figure 30: Topology of the MV grid use case provided by Anell

Figure 31: Simpli ed topology of the MV grid use case provided by Anell

Table 15: Line parameters of LV use case

Line | R[] X1 Imax [KA]
Lo | 0.7758| 7.7584 18.73
Ly 1.1832| 1.3517 0.315
L, | 2.4329| 2.7595 0.315
L; | 2.5865| 3.0808 0.315
L, | 3.225 | 3.8381 0.315
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The available data provided by Anell includes hourly pro les of the loads for 80 days between Novem-
ber 1st of 2023 and September 9th of 2024. As before, the clustering methodology of [6] is applied to
reduce computational requirements. In this use case, 8 time series are considered, including total active
and reactive power of each load. This results in the clusters, weights, and representative days presented

in Table 16. The loads and available generation of the selected days are shown in Figure 32.

Table 16: Representative days of the MV use case

Class  Weight Date

Dayl 3.75%  1st November 2023
Day 2 5% 2nd November 2023
Day 3 31.25% 13th November 2023
Day4 27.5% 15th November 2023
Day 5 25 % 18th November 2023
Day 6 8.75% 21st August 2024

Figure 32: Electric loads of MV use case, where the six representative days have been presented consec-
utively

In this use case, the sizing of the multiport converter is performed with a grid-based optimization,
mentioned in iPlug's Deliverable 1.2 Section 3. This methodology, similar to that of Section 3.2.2. The
objective of the optimization in the MV use case is to size the multiport converter while improving the

grid operation. In that sense, the objective function can be expressed as:

[min] Cupc +(Ejoss + V + V4 5 K) tife + Muc (15)
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1 X X -
Vy 5= PN, — Wq 365  jVatd Vsitd] (16)
d=1 Wd d=1 t=0

where investment and annual terms are weighted considering an MPC lifetimet(se ) of 30 years,V; 5
represents the voltage di erence between the buses to which the MPC will be connected, ankl is its
additional weight factor, supposed as 1.

The results of applying this methodology to the MV use case are presented below, considering that
the switches are in the positions shown in Figure 31. First, a scenario without the MPC is evaluated,
and then a second scenario introducing the MPC is analyzed to understand the impact of the MPC on
the network. Furthermore, a sensitivity analysis on the objective function weights has been performed,

and an extreme load case has been analyzed.

Base case. The initial scenario, without the MPC, represents a radial topology. In this scenario, there

is no current owing from bus 2 to bus 4, therefore they have the same voltage. Also, Sant Pere load is
very small, comparatively, therefore the voltage at buses 3 and 5 is very similar and the current between
those buses is very low (Figure 36). Higher di erences can be observed in Figure 33 between bus 2 and
3 voltages due to the di erent loads and line parameters. These di erences mainly occur when the Patel
load is at its peak and the Pujoh load is almost zero (Figure 34). However, as the network is oversized,
the minimum voltage of the system is 0.993 p.u. and the maximum voltage di erence between the buses

to which the converter will be later connected is 0.0041 p.u..

Figure 33: Bus voltages for the MV use case in the Figure 34: Voltage di erence between bus 4 and 5
initial scenario for the MV use case in the initial scenario
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Figure 35: Active and reactive power import from
the external grid for the MV use case in the initial
scenario

Figure 36: Line currents for the MV use case in the
initial scenario

When the MPC is introduced, active power ows from bus 5 to bus 4, increasing signi cantly the
currents of those lines (Figure 40). As shown in Figure 41, the MPC also provides reactive power to
both sides, specially to bus 4. Comparing Figures 35 and 39, it is observed a reduction of reactive
power imported from the HV network, which is equal to the total reactive power provided by the MPC.
Altogether, the voltages tend to increase, except at bus 4 that decreases, with a minimum voltage of the
system of 0.994 p.u. (Figure 37). The voltage di erence between the buses to which the converter is

connected is also reduced, with a maximum of 0.0015 p.u. (Figure 38).

Figure 37: Bus voltages for the MV use case in the Figure 38: Voltage di erence between bus 4 and 5
MPC scenario for the MV use case in the MPC scenario
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Figure 39: Active and reactive power import from
the external grid for the MV use case in the MPC

scenario

Figure 40: Line currents for the MV use case in the
MPC scenario

Figure 41: Active and reactive power of the MPC terminals for MV use case in the MPC scenario

The nominal power of the MPC terminals and the objective function terms are considered as indicators

and presented in Table 17. In this use case, the nominal power of the MPC terminals is small compared

with the loads, but it manages to slightly reduce the losses on the lines and the voltage di erence between

the buses to which it is connected while increasing the overall voltage levels. In this case, the MPC follows

the speci cations shown in Table 18.

Table 17: Indicators for the MV use case

Initial MPC

Eloss [MWh] 217.8 202.3

\% 155.1 141

Vs 5 23.91 15.84

Viin 0.993 p.u. | 0.994 p.u.

Port 1 nominal power [kVA] - 484.7
Port 2 nominal power [kVA] - 468
MPC nominal power [KVA] - 952.7
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Table 18: Speci cation table of the MPC for the MV use case

AC Port 1
U, (RMS) 40 kv
I, (RMS) 7.07 A
S, (RMS) 490 kVA

AC Port 2
Uy, (RMS) 40 kv
I, (RMS) 7.07 A
Sy, (RMS) 490 kVA

Sensitivity analysis. As seen before, introducing the MPC reduces the voltage di erence between the

buses to which it is connected, but there is still some voltage di erence. To analyse how the MPC size
impacts this voltage di erence, a sensitivity analysis has been performed on thé parameter from the
objective function, as it indicates the importance of the voltage di erence in the overall optimization.
Higher values ofk will lead to lower voltage di erences and higher nominal power of the MPC terminals,

as shown in Figure 42.

Figure 42: Nominal power of the MPC, as the sum of the nominal power of all terminals, and the voltage
di erence between the buses to which the MPC is connected, with respect to the k values of the colormap,
for MV use case in the MPC scenario

Extreme load case  The previous scenarios have high voltage levels in general, and the Sant Pere load
does not play a signi cant role in the overall system. For this reason, the previous analysis has been
repeated increasing the Sant Pere load by a factor of 500, so it will be on the same order of magnitude
than Patel and Pujoh loads. In this case, k parameter is supposed as 0.

The initial scenario of this case presents signi cant voltage drops in buses 3 and 5, reaching up to
0.96 p.u. (Figure 43). And the maximum voltage di erence between the buses to which the MPC will be
connected reaches 0.036 p.u. at the peaks of the Sant Pere load (Figure 44). Also, an important increase

of the currents between buses 1 and 5 is observed in Figure 46.
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Figure 44: Voltage di erence between bus 4 and 5 for
the MV use case in the initial scenario with increased
Sant Pere load

Figure 43: Bus voltages for the MV use case in the
initial scenario with increased Sant Pere load

Figure 45: Active and reactive power import from
the external grid for the MV use case in the initial
scenario with increased Sant Pere load

Figure 46: Line currents for the MV use case in the
initial scenario with increased Sant Pere load

Introducing the MPC enables to manage the power of the two sides so that currents now tend to be
below 200 A (Figure 50). In this case, the MPC allows a signi cant active power ow mostly from bus
5 to bus 4, and provides important amounts of reactive power to bus 5 (Figure 51). This results in the
voltages of the two sides getting closer, with a maximum voltage di erence of 0.013 p.u. between the

buses to which the converter (Figure 48) and a minimum voltage of 0.977 p.u. in the system (Figure 47).
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Figure 48: Voltage di erence between bus 4 and 5 for
the MV use case in the MPC scenario with increased
Sant Pere load

Figure 47: Bus voltages for the MV use case in the
MPC scenario with increased Sant Pere load

Figure 49: Active and reactive power import from
the external grid for the MV use case in the MPC
scenario with increased Sant Pere load

Figure 50: Line currents for the MV use case in the
MPC scenario with increased Sant Pere load

Figure 51: Active and reactive power of the MPC terminals for MV use case in the MPC scenario with
increased Sant Pere load

As before, the nominal power of the MPC terminals and other indicators are presented in Table 19.

In this case, the nominal power of the MPC terminals has the same order of magnitude than the system
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loads, and the MPC provides signi cant improvements in both the voltage levels and the losses. In this

case, the MPC follows the speci cations shown in Table 20.

Table 19: Indicators for the MV use case with increased Sant Pere load

Initial MPC
Eloss [MWh] 772.05 508.44
\% 358.28 274.5
Vs 5 131.91 7.07
Vhin 0.96 p.u. | 0.977 p.u.
Port 1 nominal power [MVA] - 3.089
Port 2 nominal power [MVA] - 3.261
MPC nominal power [MVA] - 6.350

Table 20: Speci cation table of the MPC for the MV use case with increased Sant Pere load

AC Port 1
Uy (RMS) 40 kv
I, (RMS) 47.6 A
S, (RMS) 3.3 MVA
AC Port 2
Uy (RMS) 40 kV
I, (RMS) 476 A
S, (RMS) 3.3 MVA

Deliverable D1.3 { Report describing the results of the case studies conducted

Page 48 of 167



iPLUG project { Grant agreement No0.101069770

4 Resilience driven use case

In this section, the methodology outlined in Deliverable 1.2 for assessing the resilience of electrical
networks is applied to a speci c distribution network. This approach, developed as part of the iPlug
project, is summarized in Appendix B.1.

As described in the methodology, resilience assessment can be performed on any electrical network
or a portion thereof. Resilience is not solely a technical, social, or economic matter; rather, a thorough
analysis must incorporate multiple perspectives. An accurate resilience analysis must consider data from
multiple sources and institutions, each providing information on events that may impact the system or
the system's characteristics. The primary challenge in resilience analysis is that each institution or source
presents data in a unique format and reports di erent types of information. Therefore, a critical stage
is establishing e ective communication and integration between these diverse data sets.

In this case study, the resilience of a part of an electrical distribution network owned and operated
by Anell is analyzed. The methodology considers both the inherent vulnerabilities of the system and
the potential hazards that may a ect it. Hazards are external events that may impact the system, while
vulnerabilities refer to its intrinsic characteristics.

A detailed characterization of the system is provided in Section 4.1. Sections 4.1.1 and 4.1.2 present
a summary of the system's topology and the main incidents that a ected it, while Section 4.1.3 develops
a hazard database speci c to the distribution network. The hazards considered in this analysis include
both the technical speci cations of the system and the geographical attributes of its location. Finally,
Section 4.1.4 examines the system's vulnerabilities in relation to each identi ed hazard.

Following the system characterization, Section 4.2 will assess the baseline resilience of the network.
In addition to evaluating the overall resilience, the analysis will identify which components and elements
are most at risk. Based on these insights, Section 4.3 will explore how an MPC solution could enhance

the system's resilience and mitigate the energy at risk.

4.1 System de nition

This study considers a distribution network owned by Anell, a local DSO . The distribution network is
in a rural area in Catalunya, Spain.

The distribution network presents two nominal voltages, a Medium Voltage level of 5 kV and a
Low Voltage level of 400 V. The distribution network is connected to the main grid through a 20/5 kV
substation in the northwestern regions. From this point, the 5 kV network supplies various MV to LV
transformers, which, in turn, supply several Low Voltage loads. The 5 kV network manages the long
distances between the consumption points. The low voltage distances are relatively low. In that context,
from a resilience perspective, the Medium Voltage grid presents more challenges than the Low Voltage
part. Thus, this analysis considers the aggregated consumption in each MV to LV transformer and the
Medium Voltage infrastructure, i.e., the Low Voltage infrastructure is not evaluated in this case study.

This section presents the distribution network's main characteristics. First, Section 4.1.1 evaluates
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the topology, the network's technical characteristics and the consumption pro les. Second, Section 4.1.2
evaluates all incidents registered by Anell in the last decade to characterize the system's strengths and

weaknesses.

4.1.1 Electrical Network

Figure 52 shows the Medium Voltage distribution network considered in this case study. The image
depicted three types of nodes in three di erent colors. First, nodes where more than two lines intersect
(purple). Second, nodes that contain an overhead to underground power line conversions (yellow).
Third, the end buses, where consumption loads might be located (orange). Not all end buses have power

consumption, only those named in Figure 52 are currently registering electrical consumption.

BUS: more than two lines intersecction POWER LINES
BUS: end node
BUS: overhead to underground conversion

Figure 52: MV Distribution Network - A case study. Types of buses. Map scale: 1 : 75 000.

Anell, as the DSO, provided the aggregated LV active and reactive consumption in the corresponding
MV point. As the data considered contains information from multiple LV meters, having accurate and
reliable data is a complex task. In that context, for most of the buses, accurate and reliable data from
September 2023 to March 2024 is available. However, in some cases, there are some data gaps along the
mentioned period. Figures 91a to 91y show the average daily pro le for active and reactive power per

season in each bus with consumption. From this analysis we can conclude:

1. Spring consumption curves are not available for any bus.
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2. Although the DSO identi ed Bus 30203 and Bus 103924 as consumption points, the meters are
not currently reporting data, i.e., no consumption registered in the considered period, Figures 91h
and 91y.

3. Summer daily pro les only consider data from September 2023. As a result, the pro le might not

be representative of the whole season.

4. The available data is very limited for Bus 30025. Only partial data from September 2023 is
registered, Figure 91g.

5. In Bus 31977 only data from January and February 2023 is available, i.e., only an average daily

pro le for winter is built, Figure 91m.

6. In Bus 33427 the is no available data for September and October 2023. Consequently, no average

daily consumption curve is built for summer, Figure 91q.

7. In Bus 32486 a PV system is identied. The PV system is connected at some point in the LV
distribution network. However, from the MV point, we can observe a consumption decrease during
the solar hours. As the reactive power prole do not varies during solar hours, we can expect
that the PF facility is only generating active power or with a power factor close to 1. It is worth
mentioning that the PV system is currently supplying its surplus to the distribution network,

Figure 91o0.

In that context, we can conclude that the daily pro les obtained for winter and autumn are represen-
tative and accurate. However, the summer pro les should be carefully managed in all cases, as only one
month is available. Given that, although the methodology and the hazard database allow a resilience
analysis for all seasons, the authors consider focusing on autumn and winter due to the consumption
pro les' accuracy for those seasons. It is worth mentioning that a whole year's evaluation would provide
a deeper understanding of the system's risks and the MPC's potential for resilience increase. Thus, the
possibilities and capacities of resilience analysis should encourage data collection.

Meanwhile, the DSO informed us about a planned PV facility that will be connected to the dis-
tribution network in the coming months. The planned PV facility would be connected at the LV level
supplying its energy to the MV Bus 27200. The projected nominal power of the PV system is 100 kWAt .
As the PV system is not already built, no generation data is available. In that context, this work cal-
culated the potential PV generation through the PVGIS database [5]. The PV generation calculations
performed by PVGIS are described in [7].

The PV potential generation considers the solar radiation in the following point:

" Latitude: 41.82361%
" Longitude: 2.291667

which, in Universal Transversal de Mercator, corresponds to:
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" ETRS89 ZONE 31
" Latitude: 441175.62 m E

" Longitude: 4630434.75 m N

This analysis has considered the solar radiation data for the period 2005 - 2023. Additionally, the

following characteristics are considered:

"~ DC PV Power: 125 kWpc
" Slope: 1%
© Azimuth: 0°

~ Performace Ratio: 79,24 %

The Performance Ratio is based on [8], where the authors evaluated the average performance ratio
of a 50 MW PV facility located in Spain after 12 operation years.
Figure 53 shows the average generation PV pro le per season. As the average performance ratio is

considered, in the rst operational years a higher generation should be expected in all seasons.

Figure 53: PV expected generation pro le per season

Overhead and underground power lines are present in the system. The cabling material can be used
to accurately identify the power line type. We have identi ed two cabling materials in the power lines
information: aluminum and aluminum steel-reinforced. Aluminum steel-reinforced is mostly used in
overhead power lines. These cables present good conductivity-to-weight and strength-to-weight ratios,
[9]. In turn, aluminum power lines are typically underground. Surprisingly, no copper power lines are

identi ed in the region. The lack of copper in the system is positive from a resilience perspective,

Deliverable D1.3 { Report describing the results of the case studies conducted Page 52 of 167



iPLUG project { Grant agreement No0.101069770

especially in light of the copper thefts that result from rising worldwide prices [10]. Figure 54 shows the

overhead and underground power lines identi ed in the region.

POWER LINE: overhead BUSES
POWER LINE: underground

Figure 54: MV Distribution Network - A case study. Types of power lines. Map scale: 1 : 75 000.

Additionally, for each power line, the DSO provided the resistance, the reactance, the capacitance,
and the maximum admissible current. This data is essential to evaluate the characteristics of the system.

For a better understanding, an AC Optimal Power Flow is used to characterize the system state
during a winter average day. The AC OPF is used because allows the modeling of reactive power and,
consequently, voltage level variations. The analysis is performed in winter because a higher consumption
than in autumn is registered. Consequently, the system will present a more critical operation condition.
The Optimal Power Flow methodology, both DC and AC, is also used to determine the impact that
each element, i.e., bus or power line, might have on the system. In this case, the AC OPF considers the
system with all elements connected and without being a ected by any disruptive event.

Figures 55 and 56 show the voltage level and Figure 57 the loading percentages vary along the
distribution network on an average winter day. Considering both variables, we can conclude that the
operation of the system is not critical. The voltage level is higher than 0,99 pu in all hours and the

loading percentage never exceeds the 5,1 %. The results are reasonable considering the following:

1. The distribution network supplied residential consumers at the LV level. Consequently, the region's

total consumption is relatively low.
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2. There are no industrial consumers in the area.

3. The consumers are dispersed and the topology of the regions is steep. Consequently, an MV network
is more convenient than an LV grid. However, if it were not for the system topology, a LV network

would be su cient for this demand.
Notwithstanding, some variations can be observed along the winter average day.

1. As the system is connected to the main grid through a single point, those buses farther to that

point record lower nominal voltages.

2. The lowest nominal voltages are obtained from 11 am to 1 pm and from 5 pm to 8 pm in the

western and eastern feeders, respectively.

3. Due to all consumption being supplied by a single point, a higher loading percentage is observed

in the power lines that connect initial buses.

4. The lower loading percentages are observed from 10 am to 1 pm.

Figure 55: Per unit voltage level in each demand bus along winter day average.
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Figure 56: Per unit voltage level in each bus along winter day averageMap scale:
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Figure 57: Loading percentage in each power line along winter day averagélap scale:
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4.1.2 Incidents Database

The local DSO recorded the incidents in the region since 2010. The database includes various types of
incidents that have been a ecting the system. Additionally, those incidents caused by maintenance tasks
are also included. Over the last decade, the database has been improved. Nonetheless, it still does not
include 100 % of events and the accuracy of the data varies from one event to the other, i.e., not the
same information is recorded for all events.

In light of that, this work performs a deep database analysis to identify the main system's vulnera-
bilities. In the period 2010 - 2024, 257 incidents were recorded in the system. All events are classi ed
into 5 main categories as per Figure 58. 50 % of incidents are caused by the system's failures, 26 %
are due to planned discharges, 11 % are due to telecommunication issues, 9 % are faults in customers'
installation and 2 % are caused by a third party. Only 2 % of the events cannot be classi ed into one of

the previous categories.

Figure 58: DSO Incidents Database classi cation. The percentages are calculated considering the 257
events recorded during the 2010 - 2024 period.

Planned discharges and system failures cause more than 2/3 of total incidents. Additionally, the DSO
is directly responsible for these events. Thus, these two categories are investigated in more detail.

Figure 59 show that 30 % of the system's failures are caused by failures in MV power lines. This
percentage accounts for 38 incidents. For most of the incidents, detailed information is not available.
However, considering the available detailed information, 5 incidents are caused by circuit breaker dis-
connection, which, in two cases, have been disconnected during storm events. A non-speci ¢ number of

events recorded in MV power lines are related to the vegetation present in the area.
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Figure 59: DSO Incidents Database classi cation. The percentages are calculated considering the 129
events classi ed in the category "'Own failures" recorded during the 2010 - 2024 period.

The planned discharges include various maintenance tasks as per Figure 60. 18 % of planned dis-
charges are related to pole replacement work. The DSO considers that wooden poles are a relevant
weakness in the infrastructure due to the higher maintenance, lower resistance, and higher ring risk.
Notwithstanding, after the wooden pole replacements included in the database, the remaining wooden

poles in the system and their location are unknown.

Figure 60: DSO Incidents Database classi cation. The percentages are calculated considering the 68
events classi ed in the category 'Planned discharge$ recorded during the 2010 - 2024 period.

The third-party events are all related to machinery circulating or operating close to the system.
The hazard database is developed to include all hazard that might a ect the system according to this

section insights.
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4.1.3 Hazards

Hazards are not universally objective; they are highly context-dependent and in uenced by the specic
characteristics of the system under consideration. For example, the theft of a particular material may
pose a hazard in the context of high market prices, but only if that material is utilized within the system.
Similarly, gusts of wind constitute a hazard when aerial components of the system are vulnerable to such
conditions.

In this context, the hazard database is constructed based on the analysis of the electrical network
presented in Section 4.1. The database includes six primary hazards: machinery, vegetation, storms, wind
gusts, wild res, and heatwaves. While vegetation and heatwaves are not direct hazards to an electrical
network, they may contribute to system damage when combined with other factors. For instance, wind
may cause direct damage to the system, or it may exacerbate the risk by interacting with vegetation.

Information regarding each hazard is sourced from specialized institutions, though the data provided
often requires supplementation from additional literature. Figure 61 illustrates all the institutions and
data sources that contributed to the construction of the hazard database. Six speci c data sources are
directly used to compile the hazard information along with the literature.

This section details the methodology for incorporating each hazard into the database. As various
sources provide dierent types of information, all hazards are qualitatively classi ed based on their
potential intensity and frequency of occurrence. Although the results are qualitative, they are grounded
in objective data from multiple institutions. The analysis is conducted per each season of the year. The
potential intensity considers how the hazard is given in the analyzed region, Table 21. The occurrence
frequency evaluates how often the hazard is expected to be recorded, Table 22. These classi cations are

based on a thorough evaluation of each hazard.

INTENSITY SCORING FOR HAZARDS
Very Low  Barely noticeable with minimal or no e ect on the analyzed system.

Low Low severity with minor potential impact on the analyzed system.
Moderate  Noticeable with limited interaction and e ect on the analyzed system.
High Severe with signi cant interaction a ecting the analyzed system.

Very High Critical with a substantial e ect on the analyzed system.

Table 21: Categories to classify the hazard intensity in a certain region

PROBABILISTIC SCORING FOR HAZARDS

Hardly ever Very rare event.

Sometimes  Expected at least once in twenty years.
Often Expected at least once in ve years.
Usually Expected at least once per year.

Table 22: Categories to classify the hazard intensity in a certain region

The qualitative analysis is utilized to numerically characterize each hazard, as outlined in Table 23,
ensuring that all hazards are ultimately comparable.

Some hazards may occur simultaneously, compounding their e ects. This section also examines the
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HAZARD INDEX

Level _ Frequency
Hardly ever ~ Sometimes Often Usually
Very Low 0,05 0,10 0,15 0,20
Low 0.10 0,20 0,30 0,40
Moderate 0.15 0,30 0,45 0,60
High 0.20 0,40 0,60 0,80
Very High 0,25 0.5 0,75 1,00

Table 23: Hazard index

relationships between hazards, with each combination forming a new layer in the database. The hazard
index of the primary layers is used to determine the hazard index of the combined hazards. Finally, the

database contains 4 simple hazards and 6 composite hazards, resulting in 10 hazards overall.

Figure 61: Resilience analysis network.

The resilience of the network is continually evolving due to system modi cations and changing bound-
ary conditions. As a result, the hazard database must be regularly updated to incorporate emerging risks

and ensure that existing hazards are accurately aligned with the network's current state.

Landcovers: machinery and vegetation hazard

Based on the analysis of recorded events in the distribution network examined in this study, two
hazards related to land cover have been identi ed.
First, several incidents involve machinery either operating or moving through speci c areas. The

presence of such machinery is closely linked to land cover. In regions where tall machinery operates or

Deliverable D1.3 { Report describing the results of the case studies conducted Page 60 of 167



iPLUG project { Grant agreement No0.101069770

moves, such as on roads or in wooded areas, overhead power lines are often at risk of damage. Conversely,
underground power lines in agricultural areas may be vulnerable to damage from farming activities. This
analysis begins by identifying the di erent land uses and examining the machinery operating or moving
through each area. Finally, the hazard for the system associated with each machinery type will be
assessed. As a result, two layers will be generated: one related to machinery that could damage overhead
power lines, and another associated with machinery that might cause damage to underground power lines.
As two main types of machinery are explored|one performing aerial operations and the other operating
underground|a single layer is insu cient. Notwithstanding, as described in Section 4.1.4, the analysis

of power line vulnerabilities considers that each type of power line presents speci ¢ vulnerabilities to one
hazard while being immune to the other.

Second, tree falls have caused signi cant damage to the network. Analyzing the vegetation in each
region enables a more precise characterization of this hazard. Areas with dense vegetation and tall trees
present a greater risk than those with sparse vegetation or open meadows.

The Institut Cartoga ¢ i Geobgic de Catalunya (ICGC) has conducted a detailed study of the
various land covers in the region [1]. Within the case study area, the ICGC identi es 24 distinct land
cover types: seven types of forests, three types of crops, nine human-altered environments, and ve types
of meadows and other native non-forest vegetation.

Figure 62 illustrates the distribution of these land covers across the case study region.
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Figure 62: Ladcovers obtained from ICGC [1]. Map scale: 1 : 125 000.

Machinery

As mentioned, machinery working or circulating near to the network is identi ed as a relevant hazard
for the system. In the case study region, the Grup de Recerca de Geobofinica i Cartograa de la
Vegetaco (GEOVEG), a research group from the University of Barcelona, conducted a detailed and
accurate evaluation of the land covers present in the area during the period from 2015 to 2020 [11]. A
notable aspect of the work performed by GEOVEG is the inclusion of precise eldwork. This research
is available online and can be downloaded as a shape le. While the ICGC layer includes 24 landcovers,
the GEOVEG work encompasses 116 di erent taxons. Although the GEOVEG work is more precise and
accurate, it has lower resolution since land covers with an area smaller than 0,2 ha are reported as points
instead of polygons. Thus, the information provided by GEOVEG is analyzed along with the land cover
classi cation performed by the ICGC [12]. The following paragraphs detail the steps taken to develop
the machinery hazard layers.

First, to evaluate the machinery accurately, the various categories included in the aforementioned
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studies should be simpli ed. Second, each simpli ed category is thoroughly investigated. As a result,
what types of work, how often, and when are performed are investigated. This analysis will explore what
types of work are performed, how often, and when. The types of machinery used will also be evaluated
to determine the hazard intensity. The frequency of each type of work will establish the frequency of the
hazard. Finally, the timing of certain tasks will dictate the season in which the hazard is most probable.
Areas with small surface areas are not represented as polygons in the GEOVEG analysis; therefore,
data from the ICGC should be considered. The regions detailed in Section 4.1.3 from the ICGC classi -
cation will be directly assessed from this layer. These surfaces are extracted from the GEOVEG layer to
avoid double analysis. The nine regions identi ed will be classi ed into three simpler categories according

to Section 4.1.3, which are deemed su cient for evaluating the types of machinery involved.

REGION TAG

Ponds NA

Isolated Buildings in Rural Areas NA
Reservoirs NA

Lakes and Lagoons NA

Bare Urban Saoil Industrial
Road Network Industrial
Sports and Leisure Areas Industrial
Industrial, Commercial, and/or Service Zones Industrial
Green Areas Green Area

Table 24: Simpli ed categories from ICGC layer

The total area considered in those 3 categories amounts to 49,70 according to Section 4.1.3.

TAG Area (ha)

NA 14,02
industrial 16,38
green areas 19,30

Table 25: Area included in simpli ed categories from ICGC layer

Regarding the forest areas or regions with crops, the analysis provided by the ICGC is insu cient
to determine the types and frequency of required work. In that context, the GEOVEG layer is used to
characterize those regions. In the areas not included in the previous classi cation, GEOVEG identi ed
109 di erent land covers. Notably, 51,07 % of the area is occupied by montane evergreen oak forests on
siliceous terrain, Catalan-Occitan. The 109 categories detailed by GEOVEG are classi ed into 22 simpli-
ed categories based on the predominant vegetation, along with an additional category that encompasses
all areas that cannot be classi ed into the previous 22 categories. Table 26 summarizes the 23 simpli ed

categories along with each total areas. The detailed classi cation is available in Appendix B.2.
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TAG AREA (ha)
evergreen oak 2 036,77
meadows 162,20
scrub 204,62
common beech 84,49
herbaceous crops 84,56
sessile oak 81,87
Populus or similar 29,71
thicket 29,75
others 20,80
pine 38,15
chestnut 6,86
aspen 4,70
ash 2,77
rocky areas 2,88
common hazel 1,81
grey willow 0,81
aguatic environment 0,50
tall fruit crops 0,24
cypress 0,12
elms 0,05
deciduous trees 0,03
cedar 0,02
platanus 0,01

Table 26: Area covered by di erent types of landcover based on GEOVEG work

In the end, 26 simpli ed categories are examined. Table 27 summarizes the evaluation performed.
For each category the following variables are investigated: type of works performed, the most probable

season of the year, the power lines that may be a ected (underground / overhead), and frequency of the

work.

Deliverable D1.3 { Report describing the results of the case studies conducted Page 64 of 167



iPLUG project { Grant agreement No0.101069770

WORK DESCRIPTION SEASON FREQ. INFRASTR. REF
industrial maintenance tasks trucks, excavators all annually underground PL
Industria circulation high machinery and trucks ~ all annually overhead PL
green areas gardening lawnmower all annually overhead PL
NA interaction with the net-
work not expected
others interaction with the net-
work not expected
rune ver high  machinery, sprin 2 - 5 years overhead PL
evergreen oak P y 9 Y. spring y [13{15]
trucks
cut down high machinery, trees spring every 20 years overhead PL
falling, trucks, tractors
aquatic envi- interaction with the net-
ronment work not expected
chestnut speci ¢ works not required [13,14]
thicket speci ¢ works not required [16]
. rune ver high  machinery, winter 2 - 5 years overhead PL
deciduous trees P y 9 Y 4 [16]
trucks
cut down high machinery, trees winter 6 - 10 years overhead PL
falling, trucks, tractors
common hazel cut down high machinery, trees winter 6 - 10 years overhead PL [16]
falling, trucks, tractors
d clearing tractors with plows spring 2 - 5 years underground PL 17
cedar cut down high machinery, trees spring 15 years overhead PL (17]
falling, trucks, tractors
till tractors with plows various 10 years underground PL
tall fruit crops prune very high  machinery, spring 1-2years overhead PL [18,19]
trucks
cut down high machinery, trees various 15 years overhead PL
falling, trucks, tractors
herb till tractors with plows various annually underground PL 8
€rbaceous crops  gather tractors, harvesters various annually underground PL  [18
common beech cut down high machinery, trees winter 20 years overhead PL [14,20]
falling, trucks, tractors
ash speci ¢ works not required [14]
grey willow speci ¢ works not required [14]
scrub interaction with the net-
work not expected
elms speci ¢ works not required [14]
pine cut down high machinery, trees spring 6 - 10 years overhead PL [13,14]
falling, trucks, tractors
platanus cut down high machinery, trees winter 20 years overhead PL [18]
falling, trucks, tractors
clearing tractors with plows spring 1- 2 years underground PL
populus or similar prune very high  machinery, spring 1- 2 years overhead PL [21]
trucks
cut down high machinery, trees spring 12 years overhead PL
falling, trucks, tractors
meadows interaction with the net-
work not expected
rocky areas interaction with the net-
work not expected
sessile oak cut down high machinery, trees winter 6 - 10 years overhead PL [13,14]
falling, trucks, tractors
aspen interaction with the net- [22]
work not expected
clearing tractors with plows spring 1- 2 years underground PL 17
cypress cut down high machinery, trees spring 15 years overhead PL (17]

falling, trucks, tractors

Table 27: Machinery hazard evaluation

based on landcover
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Based on the information reported in Table 27, Tables 28 and 29 determine the machinery hazard for
overhead and underground power lines for each season of the year. The hazard level is contingent upon

the type of machinery used; consequently, it remains constant throughout all seasons.

Intensity Probabilistic Scoring
scoring summer autumn winter spring
_ ) Very Low Sometimes  Sometimes  Sometimes  Sometimes
industrial Very High Usually Usually Usually Usually
green areas Low Usually Usually Usually Usually
NA Very Low  Hardly ever Hardly ever Hardly ever Hardly ever
others Very Low  Hardly ever Hardly ever Hardly ever  Hardly ever
Very High  Hardly ever Hardly ever Hardly ever Often
evergreen oak Moderate  Hardly ever Hardly ever  Hardly ever Sometimes
aguatic environment Very Low  Hardly ever Hardly ever Hardly ever Hardly ever
chestnut Very Low  Hardly ever Hardly ever Hardly ever Hardly ever
thicket Very Low  Hardly ever Hardly ever Hardly ever Hardly ever
_ Very High  Hardly ever Hardly ever Often Hardly ever
deciduous trees Moderate  Hardly ever  Hardly ever Often Hardly ever
common hazel Moderate  Hardly ever Hardly ever Often Hardly ever
Very Low  Hardly ever Hardly ever Hardly ever Often
cedar Moderate  Hardly ever Hardly ever Hardly ever  Sometimes
Very Low Often Often Often Often
tall fruit crops Low Hardly ever Hardly ever  Hardly ever Usually
Low Sometimes  Sometimes ~ Sometimes  Sometimes
Very Low Usually Usually Usually Usually
herbaceous crops Very Low Usually Usually Usually Usually
common beech Moderate  Hardly ever Hardly ever  Sometimes  Hardly ever
ash Very Low  Hardly ever Hardly ever Hardly ever Hardly ever
grey willow Very Low  Hardly ever Hardly ever Hardly ever Hardly ever
scrub Very Low  Hardly ever Hardly ever Hardly ever Hardly ever
elms Very Low  Hardly ever Hardly ever Hardly ever Hardly ever
pine Moderate  Hardly ever Hardly ever Hardly ever Often
platanus Moderate  Hardly ever Hardly ever Sometimes Hardly ever
Very Low  Hardly ever Hardly ever Hardly ever Usually
populus or similar Very High  Hardly ever Hardly ever Hardly ever Usually
Moderate  Hardly ever Hardly ever Hardly ever  Sometimes
meadows Very Low  Hardly ever Hardly ever Hardly ever Hardly ever
rocky areas Very Low  Hardly ever Hardly ever Hardly ever Hardly ever
sessile oak Moderate  Hardly ever Hardly ever Often Hardly ever
aspen Very Low  Hardly ever Hardly ever Hardly ever Hardly ever
Very Low  Hardly ever Hardly ever Hardly ever Usually
cypress Moderate  Hardly ever Hardly ever Hardly ever  Sometimes

Table 28: Intensity and Probabilistic Scoring Overhead power lines
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Intensity Probabilistic Scoring
scoring summer autumn winter spring
_ ) Very High Sometimes  Sometimes  Sometimes  Sometimes
industrial Very Low Usually Usually Usually Usually
green areas Very Low Usually Usually Usually Usually
NA Very Low  Hardly ever Hardly ever Hardly ever Hardly ever
others Very Low  Hardly ever Hardly ever Hardly ever  Hardly ever
Very Low  Hardly ever Hardly ever Hardly ever Often
evergreen oak Very Low  Hardly ever Hardly ever Hardly ever Sometimes
agquatic environment Very Low  Hardly ever Hardly ever Hardly ever  Hardly ever
chestnut Very Low  Hardly ever Hardly ever Hardly ever  Hardly ever
thicket Very Low  Hardly ever Hardly ever Hardly ever  Hardly ever
_ Very Low  Hardly ever Hardly ever Often Hardly ever
deciduous trees Very Low  Hardly ever Hardly ever Often Hardly ever
common hazel Very Low  Hardly ever Hardly ever Often Hardly ever
Moderate  Hardly ever Hardly ever  Hardly ever Often
cedar Very Low  Hardly ever Hardly ever Hardly ever  Sometimes
High Often Often Often Often
tall fruit crops Very Low  Hardly ever Hardly ever Hardly ever Usually
Very Low Sometimes  Sometimes  Sometimes = Sometimes
High Usually Usually Usually Usually
herbaceous crops Low Usually Usually Usually Usually
common beech Very Low  Hardly ever Hardly ever  Sometimes  Hardly ever
ash Very Low  Hardly ever Hardly ever Hardly ever Hardly ever
grey willow Very Low  Hardly ever Hardly ever Hardly ever Hardly ever
scrub Very Low  Hardly ever Hardly ever Hardly ever Hardly ever
elms Very Low  Hardly ever Hardly ever Hardly ever Hardly ever
pine Very Low  Hardly ever Hardly ever Hardly ever Often
platanus Very Low  Hardly ever Hardly ever Sometimes  Hardly ever
Moderate  Hardly ever Hardly ever Hardly ever Usually
populus or similar Very Low  Hardly ever Hardly ever Hardly ever Usually
Very Low  Hardly ever Hardly ever Hardly ever Sometimes
meadows Very Low  Hardly ever Hardly ever Hardly ever Hardly ever
rocky areas Very Low  Hardly ever Hardly ever Hardly ever Hardly ever
sessile oak Very Low  Hardly ever Hardly ever Often Hardly ever
aspen Very Low  Hardly ever Hardly ever Hardly ever Hardly ever
Moderate  Hardly ever Hardly ever  Hardly ever Usually
cypress Very Low  Hardly ever Hardly ever Hardly ever Sometimes

Table 29: Intensity and Probabilistic Scoring Underground power lines

Figure 63 illustrates the machinery hazard for overhead and underground power lines across the
di erent seasons of the year. Given that most of the region is occupied by forests, a higher hazard level
is identi ed for overhead power lines compared to underground ones. For overhead power lines, spring
emerges as the most critical season, as this is when the majority of work is conducted. Furthermore,
the road traversing the region from northwest to southeast reports the highest hazard level for overhead

power lines, as all machinery operating in the area must utilize this road.
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Figure 63: Machinery hazard for overhead and underground power lines.1l) overhead - winter, a.2)
hazard for overhead power lines in spring,a.3) overhead - summer,a.4) overhead - autumn, b.1)
underground - winter, b.2) underground - spring, b.3) underground - summer, b.4) underground -
autumn. Area evaluated: Case study region.Map scale: 1 : 200 000.
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Vegetation

As mentioned, vegetation itself is not a hazard for an electrical network. However, its presence,
particularly when combined with other hazards, can impact the system. In this context, this section
investigates the vegetation hazard in the case study region.

Characterizing vegetation across large areas can be challenging. As shown in Figure 62, forests are
the predominant land cover in the case study region. However, using a generalized forest classi cation
to quantify hazards is insu cient. Forests are dynamic ecosystems that undergo constant changes, with
their density varying signi cantly from one area to another. Additionally, these characteristics may
evolve over time.

Given this context, monitoring vegetation has become increasingly important. The potential of aerial
imagery for this purpose has attracted researchers' attention since the launch of the rst Earth resources
satellite in 1972 [23]. While aerial images can still be captured by satellites, several other technologies
are now available, including aircraft, airborne platforms, and consumer drones. Aerial photos obtained
through these technologies often contain errors due to perspective distortion or camera tilt. Orthophotos
address these errors through an orthorecti cation process, ensuring that all data are spatially accurate
and aligned with actual world features [24].

In the latter half of the 20th century, various methodologies were developed to analyze vegetation
using aerial images or orthophotos. Researchers focused on identifying an optimal vegetation index. An
ideal vegetation index should be "highly sensitive to vegetation, insensitive to soil background changes,
and onlyslightly in uenced by atmospheric path radiance." [25]. By 1995, over 40 vegetation indices
were reported [23]. Vegetation indices rely on spectral re ectance produced by vegetation. Chlorophyll
absorbs red light, while leaf cellular structures re ect near-infrared radiation. Consequently, combining
red and near-infrared bands can provide valuable insights into a given area's photosynthetic activity,
vegetation type, and density.

The rst vegetation indices were introduced in 1972 by Pearson and Miller, including the "Ratio
Vegetation Index" (RVI) and the "Vegetation Index Number" (VIN) [23]. A year later, the "Normalized
Di erence Vegetation Index" (NDVI) was proposed, which has since become one of the most widely used
indices [26,27]. The NDVI is calculated as follows:

NIR R

It is important to note that aerial imagery is not always readily available. In such instances, consumer
drones can be utilized to capture images; however, these typically only capture the visible spectrum.
As a result, indices based on the RGB bands, such as VARI or GLI, may be more relevant in these
scenarios [28].

For the current case study, the ICGC periodically conducts aerial surveys of the Catalan regions. The
cameras used in these surveys capture the three visible color bands (red, green, and blue) in addition to

the near-infrared band, with a resolution of 25 cm per pixel. The red and near-infrared channels are used
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NVDI Vegetation information
<0 Water, arti cial covers, etc.
0.0-0.2 Bare soil and/or dead vegetation
02-04 Sparse and/or weak vegetation
0.4 - 0.6 Abundant and/or vigorous vegetation
> 0:6 Very dense and very vigorous

Table 30: NVDI vegetation analysis proposed by [2]

to calculate the NDVI. The images are orthorecti ed using a 5-meter resolution Digital Elevation Model
(DEM), and the nal orthophoto is produced with a resolution of 1 meter. Each pixel in the orthophoto

is assigned a value between -1 and 1, representing the NDVI. The ICGC has categorized NDVI values
into ve classes described in Table 30.

To evaluate the vegetation density across di erent segments of the network considered in this case
study, the orthophoto must be polygonized. This process involves transforming the raster layer into
a polygon layer, where each polygon provides information about the NDVI value. By doing so, the
geometry of the network can be e ectively compared to the geometry of the NDVI during the resilience
analysis.

However, polygonized layers are signi cantly more complex than raster layers, making them more
challenging to manage, especially over extensive areas. Therefore, the following steps will be undertaken

to convert the raster containing NDVI information into a manageable polygonized layer:
1. The pixel resolution is reduced from 1x1 meters to 10x10 meters.

2. The NDVI raster, now with a 10-meter resolution, is polygonized. Each 10x10 meter pixel is con-
verted into a 10x10 meter polygon, resulting in 293 113 features, i.e., 293 113 polygons. Evaluating
intersections between these features and the network will require substantial computational time

during resilience analysis.

3. Based on Table 30, an integer value from 0 to 4 is assigned to each polygon in a new attribute
named \CLASS".

4. All 10x10 meter polygons are dissolved by \CLASS" value. Non-adjacent geometries with the
same CLASS value are also merged into the same polygon. This process reduces the layer to ve

polygons.

Despite this processing step reduces the resolution provided by the ICGC, the nal resolution is
considered su cient, as the vegetation density is captured at 10x10 meters pixels resolution. Besides,
the reduction in computational time o ers signi cant advantages. Although vegetation might vary
considerably from season to season, the data available from ICGC is updated annually. Therefore, this
project assumes that the vegetation hazard remains constant throughout the year, as the vegetation
density variation is relatively limited. However, it is essential to update the hazards layer annually to

ensure an accurate resilience analysis.
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In this case, both the intensity and probabilistic score are based on the vegetation density. Table 31

shows the qualitative categories assigned to each region.

Intensity Probabilistic
scoring scoring - all seasons
Water, arti cial covers, etc. Very Low Hardly ever
Bare soild and/or dead vegetation Low Hardly ever
Sparse and/or weak vegetation Moderate Sometimes
Abundant and/or vigorous vegetation High Often
Very dense and very vigorous Very High Often

Table 31: Intensity and Probabilistic Scoring Vegetation density

As a result, Figure 64 displays the vegetation hazard layer. In this case, only one season is shown,
as all seasons are assumed to have the same hazard intensity and probability. The area is identi ed as
having a moderate to high hazard level. As indicated in Figure 62, forests dominate the region, leading

to dense vegetation throughout the landscape.

Hazard Index:

> 08and 1.0 power lines

> 06and 0.8 buses

> 04and 0.6 case study region
> 02and 04

> 0.0and 0.2

Figure 64: Vegetation Hazard index for all seasonsArea evaluated: Case study region. Map scale:
1 : 200 000.

Storms hazard

Based on the analysis of recorded events, storms caused some circuit breaker disconnections that
resulted in supply interruption for some customers. In that context, electrical storms are considered
a relevant hazard. According to [29], lightning monitoring provides information about the probability,
location, and evolution of storms.

Meteorological institutions monitor lightning across various territories. The geospatial data related to
lightning o ers insights into where and when storms occur. Currently, both private and public institutions

monitor their lightning geospatial data. The territory monitored varies depending on the source. Some
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data providers evaluate and monitor lightning on a global scale, which results in lower resolution, while
others focus on a national level or speci ¢ regions, achieving higher resolution data.

The accuracy of global providers may not su ce for evaluating lightning probabilities in the case
study areas; thus, high-resolution data providers are considered. In Spain, the Agencia Estatal de
Meteorologa (AEMET) is a public meteorological institution responsible for monitoring lightning across
the country [30]. Additionally, there are regional institutions that perform similar tasks. In the Catalan
region, Meteocat oversees the monitoring of lightning both onshore and o shore [29].

Meteocat started the lighting monitorization in 2003 through the Atmospheric Electrical Discharge
Detection Network (XDDE), which is an acronym derived from its designation in Catalan. This network,
composed of four monitoring stations, measures the data in real-time, allowing for the determination of
lightning locations with a precision ranging from 500 to 1 000 meters. For each lightning strike recorded,
an uncertainty region is established based on the station's location.

Currently, Meteocat provides a daily lightning data update through its Application Programming
Interface (API). The API allows communication and data transfer from two di erent programs. In
the case study, a Python code has been developed to download the data from the Meteocat API in a
JSON format. Although the JSON data provided by Meteocat contains the coordinates of each lighting
recorded, the data should be reorganized to meet the GeoJSON format. The GeoJSON format can be
read by GIS softwares that map the data. Figure 65 shows the data reorganization to build a GeoJSON
from the JSON le provided by Meteocat.

Figure 65: Meteocat JSON le obtained from Meteocat APl and GeoJSON le created in Python to
make information readable for GIS sofwtare
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The Meteocat API received daily updates. However, only the 6-month data before the current day is
available on the API. Additionally, the data available has not been processed due to these fast updates.
As a result, the API might include lightning ashes with a peak current of 0 kA, or almost 0. Those
lightning strikes are discarded during the processing stage.

The API service is a relevant tool for keeping the resilience analysis updated. However, this work
considers that 1-year data is required as a starting point. In a 1-year dataset, the seasonal variation can
be observed. In that context, Meteocat provided a 1-year of processed data. The data corresponds to
the lightning strikes received during 2023, which ascend to 110 262.

As the current case study does not encompass the entire Catalan electrical network, an area of
60 000 hectares is established to evaluate the ashes of lightning that might a ect the network. The
area considered is illustrated in Figure 66. In the considered region, 2 690 lightning strikes have been
recorded during the analyzed period.

Meteocat provides not only information about the location and timing of lightning strikes but also
data on the peak current of each strike. A negative peak current indicates that the negative electrical
charge is concentrated in the cloud, while the positive charge resides on the ground, causing electrons to
ow from the cloud to the earth. Conversely, when a positive peak current is recorded, electrons move
from the ground to the cloud, resulting from positive ions accumulating in the cloud's upper regions,
which creates a more negatively charged earth. This phenomenon is less common; only 14 % of lightning
strikes are classi ed as positive during the period from 2016 to 2021. However, positive lightning strikes
are typically more critical, as they often occur during severe storm conditions and tend to follow a simpler
path, with electrical loads having a single route [29].

In this context, the hazard is not solely determined by the probability of occurrence; the intensity
of the lightning is also relevant. Various levels of protection against lightning are available for electrical
networks. IEC 62305-1 establishes four Lightning Protection Levels (LPL) [31]. These levels include
various categories, but this study focuses on the peak current threshold to evaluate how hazardous
lightning could be for electrical networks, as higher peak currents necessitate a higher LPL. For the rst
positive impulse, LPL | protects up to 200 kA, LPL Il up to 150 kA and LPL Il and IV up to 100 KA.

In turn, for the rst negative impulse, LPL | protects up to -100 kA, LPL Il up to -75 kA and LPL Il
and IV up to -50 KA.

Table 32 shows the distribution of recorded lightning strikes in the area over the year. Most of the
lightning presents a relatively low pic current, and high-current lightning events are rare. Additionally, a
seasonal pattern can be identi ed. Lightning strikes are much more probable during spring and summer

than autumn and winter, when no ashes of lightning were recorded.
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Category Jan. Feb. Mar. Apr. May Jun Jul. Aug. Oct. Nov. Dec.

Ipeak - 100 kKA 0 0 0 0 1 2 0 1 0 0 0

-100 KA <lpeak -75kA 0 0 0 0 0 2 0 0

-75 kKA <lpeak -50 kA 0 0 0 0 10 20 0 1 0 0 0

-50 KA <lpeak -5 kA 0 0 0 19 1126 1206 26 129 1 0 0
5 kA <lpeak 5 KA 0 0 0 1 8 17 1 3 0 0 0

5 KA <lpeak 100 kA 0 0 0 1 47 47 6 12 0 0 0
100 KA <lpeak 150 kA 0 0 0 0 1 1 0 1 0 0 0

150 KA <lpeak 200 KA 0 0 0 0 0 0 0 0

200 KA <l peak 0 0 0 0 0 0 0 0 0 0 0

Table 32: Lightning recorded per month and pic current.

Based on that, Table 33 qualitatively characterize the ashes of lightning. As no lightning strikes

were recorded during winter and autumn, a Hardly Every probabilistic score is considered for all peak

currents in these seasons.

Intensity Probabilistic scoring

scoring WINTER SPRING SUMMER AUTUMN
lpeak - 100 kA Very High = Hardly ever Often Often Hardly ever
-100 KA <lpeak -75 kA High Hardly ever Often Often Hardly ever
-75 KA <lpeak -50 kA Moderate  Hardly ever Usually Often Hardly ever
-50 KA <lpeak -5 kA Low Hardly ever Usually Usually Hardly ever
-5 KA <lpeak 5 KA Very Low Hardly ever Usually Sometimes  Hardly ever
5 KA <lpeak 100 kA Low Hardly ever Usually Sometimes  Hardly ever
100 KA <lpeak 150 KA Moderate Hardly ever  Sometimes Often Hardly ever
150 KA <lpeax 200 kA High Hardly ever Hardly ever Hardly ever Hardly ever
200 kA <l peak Very High  Hardly ever Hardly ever Hardly ever Hardly ever

Table 33: Intensity and Probabilistic Scoring Lighting

Considering previous evaluation, Figure 66 shows the hazard index per season in the case study

region.
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Hazard Index:
> 0.8and 1.0 > 0.2and 0.4 case study

> 0.6and 0.8 > 0.0and 0.2 buses
> 04and 0.6

Figure 66: Lightning Hazard index a) winter, b) spring, ¢) summer, d) autumn. Area evaluated:
Case study region.Map scale: 1 : 750 000.

Wild re hazard

No incidents related to wild res are identi ed in the data facilitated by the DSO of the region.
However, land cover analysis reveals that forests dominate the area. Additionally, the vegetation analysis
indicates the presence of dense vegetation within the case study region. Considering these factors and
the potential for wild res to cause signi cant damage to the electrical network and disrupt the electricity
supply, an assessment of wild re hazard is deemed essential in this context.

Wild res are in uenced by multiple variables and are challenging to predict in advance. Therefore,
this analysis will utilize two data sources.

First, the hazard intensity is based on the vulnerability analysis performed by the Civil Protection
Catalan Department. The institution assigns to each municipality a vulnerability level on a scale from
1 to 5. The vulnerability level is determined by analyzing vulnerable elements found within forested
areas or within a 500-meter radius and considers factors such as population, the presence of hazardous
materials, infrastructure, protected natural areas, and fuel models [32]. The analysis is provided in a
shape le. In addition to the vulnerability index, the le contains supplementary information, including
the municipality code, total area, and total rural area of each municipality. As detailed in Table 34,

the vulnerability level is assimilated to the hazard intensity, as it provides insight into the severity of
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potential wild res in each municipality.

INTENSITY SCORING FOR WILDFIRE HAZARD
Very Low  Low vulnerability identi ed by regional civil protection department

Low Moderate vulnerability identi ed by regional civil protection department
Moderate  Average vulnerability identi ed by regional civil protection department
High High vulnerability identi ed by regional civil protection department

Very High Very high vulnerability identi ed by regional civil protection department

Table 34: Intensity Scoring Wild re

Second, the probabilistic score is established based on the historical data. This analysis considers
wild res that occurred in the Catalan region from 2011 to 2023. The statistical data is collected and
provided by the Catalan Department of Agriculture, Livestock, Fishing and Food through the Dades
Obertes application [33]. Although this data is presented in a spreadsheet format, it can be easily
geolocated using the numerical code assigned to each municipality. From this dataset, the average
forestal area burned per year and municipality is determined. In municipalities where a high percentage
of the area is burned each year during the wild re season, a greater probability of wild re occurrence is

inferred. Based on this analysis, Table 35 reports four probabilistic qualitative scores for wild res.

PROBABILISTIC SCORING FOR WILDFIRE HAZARD
Hardly ever Average forest area burned during the season per year since 20110,025 %/yr
Sometimes  Average forest area burned during the season per year since 210,025 %/yr
and 2,5 %lyr

Often Average forest area burned during the season per year since 20%12,5 %/yr
and 5 %l/yr
Usually Average forest area burned during the season per year since 20215 %l/yr

Table 35: Probability Scoring Wild re

As a result, Figure 67 illustrates the hazard index in each season per municipality. The overall hazard
index is relatively low throughout the territory since wild res are infrequent events. However, a slight
increase in the hazard index is observed in regions closer to the Mediterranean Sea during the spring
and summer months. Notably, a municipality exhibits a very high hazard index during the summer.

It is important to highlight the medium hazard index reported in the northwest Catalan region. This
area has been identi ed by the Civil Protection Department as highly vulnerable due to the characteristics
of the forests present in the Pyrenees. Furthermore, signi cant wild res have been identi ed in the region
during winter months. For instance, the municipality of Alt Aneu experienced a wild re in February
2011, while Naut Aran in January 2017 and 2019. Additionally, Pont de Suert recorded several during
February and March 2012, 2014, 2016, 2017, and 2021 and during January 2017 and 2020 [33].
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Hazard Index:
> 0.8and 1.0 > 0.2and 0.4 case study

> 0.6and 0.8 > 00and 0.2 regional administrative region
> 04and 0.6

Figure 67: Wild re Hazard a) winter, b) spring, ¢) summer,d) autumn. Area evaluated: Case study
region. Map scale: 1 : 7 500k.

Wind hazard

Incidents related to wind gusts are not directly recorded in the DSO's database. However, incidents
involving fallen trees may be associated with wind presence, making it necessary to evaluate this hazard.

Typically, damages associated with wind occur during episodes of high wind gusts; regular winds
should not impact infrastructure if it is properly operated and maintained. Thus, the focus of the wind
hazard assessment is on evaluating wind gusts across Catalonia.

The Meteocat Annual Report provides data on the maximum wind gusts recorded at each meteoro-
logical station on a monthly basis. This study utilizes the 2023 Annual Report to perform the hazard
intensity score [34]. The minimum geographical unit considered is the county, as not all municipalities
have a meteorological station. The data provided by Metecoat is imported in a spreadsheet, where
the highest wind gust per season and county during 2023 are identi ed. Based on this data, a hazard
intensity is assigned to each county according to Table 36.

The Regional Civil Protection Institution provides a shape le that includes the number of days per
year when a wind gust superior to 20 m/s is recorded [35]. This information is utilized to determine the
probabilistic score for wind gust occurrences in each municipality of Catalonia. Since the data is not

segmented by season, the probabilistic score remains consistent across all seasons.
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