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a b s t r a c t

COVID-19 pandemic has been a disruptive event from health, social, and economic points of view.
Besides that, changes in people’s lifestyles, especially during the 2020 lockdowns, also affected energy
networks. COVID-19 pandemic has resulted in a significant decline in electricity demand. The lockdown
measures applied to handle the health crisis have caused the most relevant energy impact of the last
years. In this paper, the local experiences of the distribution network of Milano, a city in northern
Italy, are reported. The analysis starts with a summary of the restrictions imposed during 2020 and
focuses on both active and reactive power flows, and faults. To this end, a comparison with 2019
data has been performed, highlighting the main differences with 2020. The outcome of the analysis
is a valuable tool to predict urban distribution networks behavior during times of disruption, helping
distribution system operators to prepare feasible short-term and long-term resilience plans.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Coronavirus SARS-CoV-2 emerged in Wuhan, a city in China’s
ubei province, in late 2019. Coronavirus disease 19 (COVID-
9) rapidly spread with confirmed cases in almost every country
orldwide and has become a new global public health crisis.

n Italy, the northern regions (Lombardia, Veneto, and Emilia-
omagna) have been the first areas most affected by the epi-
emic, with thousands of infected people and deaths. To slow
own the infection, the Italian government started a national
ockdown on March 9th, 2020, with enormous social and eco-
omic impacts on the entire country. During the lockdown, the
overnment imposed increasing preventive measures, which in-
olved closing schools and churches, shops, bars, restaurants,
on-essential firms, and industries.
Some studies on the effects of the COVID-19 pandemic on

ower systems have already been published. In [1], the authors
eview recent literature related to the effects of the COVID-19
andemic on energy systems and electric power grids. The paper
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points out the main challenges that the pandemic introduced by
presenting electricity generation and demand patterns, frequency
deviations, and load forecasting. Moreover, the authors suggest
directions for future research that may assist in coping with the
mentioned challenges. Data analyzed in [2] show that COVID-19
strongly affects global energy systems. Global power sector CO2
emissions have shown a substantial decline due to the COVID-19-
induced economic downturn and resulting reduction of electricity
demand. Authors in [3] show that the nation-and region-wise
lockdown imposed to reduce the COVID-19 has affected busi-
nesses, industries, and transportation, resulting in a change in the
electric load demand pattern. Due to the changes in work patterns
and lifestyles, residential electricity demand has increased. In
contrast, industrial and commercial load demand has reduced.
The study investigated various issues and challenges faced by
the utilities in the Indian power system, including the essential
measures taken to retain the grid frequency and voltage profile
within their recommended bands. In [4], high-resolution, disag-
gregated data are analyzed to measure the shifts in electricity use
related to Heating, ventilation, and air conditioning (HVAC) loads,
non-HVAC loads, and whole-home loads in a comparison of 225
housing units over the years 2018–2020. Key findings from the
analyses indicated increased electricity use during periods that
occupants would usually be away from home. The most percent

increases in non-HVAC residential loads occurred between 10
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.m. and 5 p.m.; HVAC loads increased in total daily consumption
ompared to the same average daily temperatures of previous
ears. Additionally, by dividing the data by household income,
oth lower- and higher-income households experienced the more
ignificant increases in consumption, while the middle-income
roups experienced smaller-scale shifts.
Considering east and middle-east countries, in [5], the im-

act of a reduction in load demand on renewable energy in the
apanese public power grid under a state of emergency declara-
ion, April to May 2020, is studied. COVID-19 caused reductions
n load demand of different magnitudes in 2020. The closure
f large factories and the limitation of people’s activity due to
he emergency declaration resulted in a considerable reduction
n working time. Moreover, electricity companies took counter-
easures to respond to the load reduction due to the pandemic.
hese measures include adjusting the traditional generation of
hermal nuclear power plants, the penetration of renewable en-
rgy power, and the utilization ratio of dispatch sectors, such as
umped hydro storage systems and transmission lines between
eighborhood regions. Photovoltaics (PV) penetration increased
ith the load demand reduction in the research areas. The overall

oad decline did not cause a decrease in PV power generation,
nd its penetration rate increased, improving the utilization rate
f PV. Finally, electricity spot trading prices decreased with the
ncreased proportion of PV power generation. PV power genera-
ion reshaped the distribution pattern of the grid load, impacting
he electricity trading price. In [6], the authors investigated the
mpact of the pandemic on the spatial patterns of electricity
onsumption in six socioeconomic sectors, i.e., residential, in-
ustrial, commercial, government, and productive farms, in the
tate of Qatar. The authors assessed the spatiotemporal patterns
f electricity consumption using various Geographic Information
ystems (GIS) and spatial statistical modeling before and during
he pandemic. The findings of this study showed that the in-
ustrial and commercial sectors were the most affected by the
andemic. There was a substantial reduction in electricity con-
umption in these sectors, indicating that the country’s economy
as been negatively affected by the pandemic and the associ-
ted measures taken to slow down the spread of the infection.
onversely, the production farms sector was not affected by the
pread of the disease. The electricity consumption in the residen-
ial and the government sectors witnessed a substantial increase
uring the summer months only during the pandemic year. To
etter detect the impact of the COVID-19 pandemic on energy
onsumption, paper [7] compared pandemic-free scenarios with
ctual (with COVID-19) energy consumption in 2020, rather than
omparing energy consumption between 2020 and 2019 in the
xisting studies. The approach used for scenario simulation com-
ined autoregressive integrated moving average (ARIMA) models
nd backpropagation neural networks (BPNNs). The proposed
imulation approach was run based on China’s electricity con-
umption from 2015 to 2019 to produce the simulated value
f China’s electricity consumption from January to August 2020
n the pandemic-free scenario. On average, the actual electricity
onsumption was 29% lower than the electricity consumption in
he pandemic-free scenario, which is greater than the decline rate
erived from the year-to-year comparison. In addition to this,
he results of the correlation analysis show the simulated decline
n electricity consumption is only positively correlated with the
umber of new cases of COVID-19 in January–March when the
OVID-19 outbreak in China.
At the European level, the paper [8] presents a systemic ap-

roach toward assessing the impacts of the COVID-19 pandemic
n the power sector. The analysis shows that the most imme-
iate consequences regarded the power demand profiles, the

eneration mix composition, and the electricity price trends. The

2

decrease in electricity demand resulted in a reduction of the
conventional dispatched power. This led to an increment of re-
newable energy source (RES) generation over the total one. An
increase of the non-conventional generation amplifies the op-
erational challenges and the need for regulation capabilities to
keep frequency stability and procure resources for the voltage
regulation. The impact on the electrical market is twofold. On
one side, the load reduction eliminated the need for the most
expensive conventional power to balance the demand in the day-
ahead market, resulting in lower electricity market prices. On
the other side, transmission system operators had to promptly
dispatch conventional power generation units, whose services
are acquired from the ancillary service market, increasing the
cost for ancillary services. In [9], the authors assess the impact
of different containment measures taken by European countries
in response to COVID-19 on their electricity consumption pro-
files. The comparisons involved Spain, Italy, Belgium, and the UK
(countries with severe restrictions) and the Netherlands and Swe-
den (countries with less restrictive measures). The results show
that different lockdown measures in European countries and
their effects on population activities have considerably changed
the consumption profiles. For countries with severe restrictions,
such as Spain, Italy, Belgium, and the UK, weekday consump-
tion decreased and energy consumption profiles are similar to
pre-pandemic weekend profiles for the same period in 2019.
However, the reduction in power consumption was lower for
countries with less restrictive measures. As a matter of fact, for
Sweden, which did not impose a lockdown, the consumption,
if compared to the same period in 2019, increased at specific
moments. These outcomes imply that while lockdown measures
change the consumption profiles on the one hand, on the other
hand, these profile changes can also be a reflection of the ef-
fects of different approaches to dealing with the pandemic on
people’s activities. Authors in [10] described the changes in the
power system of the COVID-19 pandemic using the case study
of Great Britain. The changes were characterized with various
quantitative markers and compared with pre-lockdown business-
as-usual data. The outbreak of COVID-19 disrupted the patterns
in electricity consumption, challenging the system operations of
forecasting and balancing the supply and demand. The ripple
effects on the generation portfolio revealed a 5 to 10% higher
RES share and a decreased usage of conventional plants. The
system stability indicators suggest that the grid operated well but
was under stress. The indicators used in the paper include some
remarkable loss of load probability events and overall higher
system frequency. However, other contrasting findings show 3 to
5% more accurate day-ahead load forecasts. The energy market is
also greatly affected by the change in consumption patterns. The
wholesale market price decreased due to RES generators ranking
higher on the merit order. While the imbalance prices increased
due to the higher imbalance volume in the system, this increase
was compensated by the larger number of available generators
due to the decreased demand volume. Paper [11] focuses on
the effects of the first wave of the COVID-19 pandemic on the
electricity sector, in particular in Germany. The COVID-19 pan-
demic demonstrated that it is possible to integrate an increased
share of RESs into a changing electricity system at a continuously
high level of security of supply. From a market perspective, the
paper shows that the decreased electricity consumption and a
higher share of RES led to a lower price level on the day-ahead
market compared to previous years and an increased number
of hours with negative electricity prices. In [12], the authors
study the consequences of the economic shutdown on the Iberian
electricity market and discuss the timeline of events, the macroe-
conomic outlook, the financial status of the major electric utility

companies (before being hit by the COVID-19 health pandemic),
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he changes in load profile, the generation mix and, finally, the
lectricity market spot prices.
At the Italian level, the study’s goal presented in [8] is to

how the impact on the power industry of all the restrictions
nd lockdown of the activities in Italy and discuss the effects
f the COVID-19 outbreak on the bulk power system and the
ntire electricity sector. In particular, the consequences on load
rofiles, electricity consumption, and market prices in Italy, in-
luding the environmental aspects, are examined in the paper.
he study shows that the pandemic caused a reduction of con-
umption of 37% compared to the same time of the previous
ear. The reduction in consumption excluded part of the costly
hermoelectric generation, which is automatically taken out of
he market due to the production cost compared with renew-
ble generation. Consequently, wholesale energy prices decreased
bout 30% in the last weeks of March and in the first week
f April, and in some cases reached a value of 0 e/MWh. This
ircumstance had immediate consequences also on the reduction
f CO2 emissions. Authors in [13] investigate the impact of the
ockdown on load and production in the distribution system
f Terni. The data analysis reveals that, even if the emergency
elated to the COVID-19 pandemic brings no relevant issues for
he distribution network management, the lockdown globally
rings a consumption reduction compared to the previous years.
he consumption reduction upsets the typical demand pattern
n domestic customers’ behavior. Referring to primary substa-
ions power flows, the transmission system operator could find
nexpectedly intense reverse power flows, with a distributed
enerator’s production surplus and voltage profile issues. Pa-
er [14] analyzes the impact of the COVID-19 pandemic situation
n residential loads and local distribution transformers. The au-
hors observed an increase in energy consumption during the
ntire office hour or part of the office hour. As a result, the resi-
ential transformer gets vulnerable since the value of the power
ncreases. Moreover, the higher harmonic loss factor tightens
he range of power values for the transformer to operate safely.
astly, paper [15] treats the critical topic of energy insecurity.
he COVID-19 pandemic and associated changes in social and
conomic conditions affected the prevalence of energy insecu-
ity. The authors stress the essentiality of providing relief to
he growing number of energy-insecure households and protect-
ng them from even more dire circumstances caused by utility
isconnections and unpaid energy bills.
Based on the presented literature review, the main effects of

he COVID-19 pandemic on the electrical power systems were
change in electricity demand in terms of intensity and pat-

erns, a change in the power generation mix, in CO2 emissions,
nd in electricity market prices. In this paper, the local experi-
nces of the distribution network of Milano, a city in northern
taly, are reported. The analysis mainly focuses on active and
eactive powers and faults. For doing so, a comparison with
re-lockdown business-as-usual data has been performed, high-
ighting the main differences with 2020. The paper is organized
s follows: Section 2 briefly reports the 2020 timeline and related
ountermeasures. In Section 3, an overview of the data analyzed
s described. Section 4 shows the outcomes of analyzing Milano’s
ctive and reactive power data, while Section 5 shows up the
esults regarding network faults. Concluding remarks are given
n Section 6.

. Covid-19 lockdown: an overview of the policy responses

In the following discussion, we investigate possible COVID-
9 impacts on the Unareti Milan distribution grid. The analysis
s done in view of the main ministerial decrees and regional
rdinances of 2020, which imposed mobility, activity, and social
3

restrictions and therefore brought multitude disruptions to daily
life. For the sake of clarity, we have divided the whole 2020 year
into seven steps:

- Step 1 (1/02–22/02): no COVID-19 cases are still found in
Italy.

- Step 2 (23/02–9/03): after the first COVID-19 cases and local
closures, the ministerial decree of March 1st 2021 [16] (‘‘Ad-
ditional provisions implementing Decree Law No. 6 of February
23, 2020 on urgent measures concerning the containment and
management of the epidemiological emergency by COVID-19’’)
imposes restrictions in some regions of Northern Italy (Lom-
bardy, Veneto, and Emilia Romagna) and a limited number
of provinces in central Italy. The city of Milan is therefore
included in this first closure.

- Step 3 (10/03–3/05): the Ministerial Decree of March 9th
[17] establishes the first lockdown in the entire Italian coun-
try, starting from March 11th. It is allowed to go out only for
working or health reasons, and to go buying essential goods.
From March 22nd, all non-essential activities are limited.

- Step 4 (4/05–6/07): some commercial activities open again,
but social distance prescriptions and the ban of gatherings
are still in force. Between May and June, most activities can
start again: restaurants, cafes, cinemas, music halls, sports
centers, etc. . .

- Step 5 (7/07–12/10): after a summer without restrictions,
COVID-19 cases start their increase again in September.
However, schools open with new rules to limit infections.

- Step 6 (13/10–2/11): new Ministerial Decrees [18] try to
stem the second COVID-19 tide of infections. The closures
are gradual and start from conventions and fair trades;
finally, cultural and activities are limited again by additional
Ministerial Decrees [19–21].

- Step 7 (3/11–31/12): curfew is established in the entire
country from 10 pm to 5 am. During the Christmas holidays,
new lockdowns are established.

It is worth noticing that the urban area of Milan mainly has a
residential/commercial nature. The customers can be clustered
as follows: 905000 LV customers (with total contractual power
of 5400 MW), 1700 MV customers (with total contractual power
of 1625 MW), ten heavy-industrialized customers, which count
for 60MW, only 0.85% of the total contractual power. Therefore,
even if the restrictions were imposed on most activities, since
heavy-industrialized customers only represent a small part of the
power, we can reasonably argue that the changed operation of
the distribution network during the COVID-19 pandemic is not
strictly related to the change in behavior of this type of loads.

3. Input data of the analysis

The analysis reported in the paper is based on electrical mea-
surements and information about outages on the Unareti Milan
distribution network, combined with topological, geographical,
and meteorological data. The integration of different data sources
provided a comprehensive view of the Milan grid between 2019
and 2020. 2019 is considered a reference period to understand
which effects the COVID-19 pandemic brought on the Milan dis-
tribution grid in 2020. In the following, a description of available
data is given.

3.1. Electrical measures

Electrical measurements refer to real and reactive power sam-
pled with a time resolution of 15 min at the 37 High Volt-
age/Medium Voltage (HV/MV) transformers of the Unareti net-
work. Data availability is high, as most transformers have less
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Table 1
Faults database.
Primary
substation

HV/MV
transformer

MV
busbar

MV
feeder

Fault date
start

Fault date
end

Classifica-
tion

Power system
section

Power system
component

PS1 HV/MV1 Busbar1 Feeder1 02/01/2020
08:51:33

02/01/2020
09:21:48

Identified
origin

MV primary
network

HV/MV transformer
breaker

. . . . . . . . . . . . . . . . . . Unidentified
origin

MV secondary
network at 23 kV

HV/MV transformer

. . . . . . . . . . . . . . . . . . . . . MV secondary
network at
15/9/6.4 kV

MV feeders breaker

. . . . . . . . . . . . . . . . . . . . . . . . 15/9/6.4 kV cable

. . . . . . . . . . . . . . . . . . . . . . . . 23 kV cable

. . . . . . . . . . . . . . . . . . . . . . . . 23 kV secondary
substation
transformer

. . . . . . . . . . . . . . . . . . . . . . . . 15/9/6.4 kV secondary
substation
transformer

. . . . . . . . . . . . . . . . . . . . . . . . MV electrical cabinet

. . . . . . . . . . . . . . . . . . . . . . . . MV/MV transformer

. . . . . . . . . . . . . . . . . . . . . . . . Interconnection cables
breaker

. . . . . . . . . . . . . . . . . . . . . . . . Interconnection cables
than 5% missing data in 2019 and 2020. Table 2 reported in
Appendix A shows the percentage of missing data for each trans-
former separately for real power and reactive power. Only a
few transformers are critical. However, when comparisons be-
tween the two years are necessary, we have selected only those
timestamps for which data in 2019 and 2020 are available.

3.2. Outages data

Data are available from 2012 to 2020 in a format like that
eported in Table 1. It is worth noticing that, since most of the
aults affected the MV section [22], only outages related to the MV
etworks have been taken into account. For each outage, the pri-
ary pieces of information stored are: topological data, primary
ubstation, HV/MV transformer, MV busbar, and MV feeder sup-
lying the outage component; temporal data, outage starting and
nding timestamps; classification data, which could be either of
dentified or unidentified origin; location data, the network sec-
ion and the damaged component. Having the upstream HV/MV
ransformer for each damaged component makes it possible to
elate outages to the electrical measures. Table 2 shows the
umber of outages referred to each HV/MV transformer reported
or the years 2019 and 2020.

.3. Geographical and topological data

The electric network of Milan is represented using the stan-
ard IEC CIM [23,24]. Topological, asset, geographical, and dia-
ram information are saved in a semantic data store, queryable
sing the SPARQL language. Fig. 1 represents the secondary sub-
tations of the Milan Unareti network. The different colors indi-
ate the nominal voltage of the belonging feeders; the circle sizes
re proportional to the number of outages in each feeder in 2019
nd 2020.

.4. Meteorological data

For the scope of our work, we have limited the analysis to
emperature and rainfall measured at the meteorological station
f Milan - Juvara. This station is located in the city center of
ilan and belongs to the meteorological network of the Regional
4

Environmental Protection Agency (ARPA Lombardia) [25]. Behind
the choice of these meteorological data is the hypothesis of their
more substantial influence on the behavior of electrical variables
and outage occurrences [22]. Fig. 2 represents the monthly trend
boxplot of meteorological variables for the two years. The box-
plots show the maximum and minimum of the data set, the
median, the first, and the third quartile. Moreover, the monthly
average values are also reported using green and red lines. It is
evident a very steep increase of temperature from May to June
in 2019, while in 2020, this temperature rise is more gradual.
In the days between 26 and 29 June 2019, an especially no-
table heatwave has been recorded, with a minimum–maximum
temperature range within 27.6 and 38.9 ◦C. For what concerns
rainfalls, the highest value in 2019 was recorded in August, while
in 2020, the summer months were rainier, and the highest value
was recorded in July.

4. Covid-19 lockdown impact on electricity demand: active
and reactive power

This section reports the primary evidence returned from the
analysis of active and reactive power trends. The data of 2019
and 2020 are reported and compared considering the seven steps
presented in Section 2. Even if in the input database active and
reactive power records are available for each HV/MV transformer,
for the sake of simplicity, the charts report only the average
values computed over the data of all transformers.

4.1. Active power

The 2021 Unareti Development Plan [22] compares the Milan
grid’s electrical consumptions between 1/01/2019 and
31/05/2021. The main observation is a significant decrease in
demand in 2020, around −8.6%, and a further increase in 2021,
+23.9%, compared to 2020. However, the power demand does
not reach the value registered in 2019. Still, it is −1.9% compared
to 2019. This behavior depends on the city’s commercial load
profile and the diffuse resort to remote working and remote
university lectures. Fig. 3 shows the average HV/MV transformer’s
real power trend in 2019 and 2020. Seven vertical lines are also
drawn to mark starting and ending dates of the steps defined
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Fig. 1. Map of the secondary substations of Milan Unareti network. The feeder nominal voltage is indicated using a different color. At the same time, the size of the
circles representing the secondary substations is proportional to the total number of outages that occurred in the corresponding feeders . (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 2. Boxplots of temperature and cumulative rainfall variables for 2019 and 2020. Data are collected at the ARPA meteorological station of Milan – Juvara with a
time resolution of 10 min. The solid line indicates monthly average values (excluding 0 mm measurements for rainfall).
in Section 2. Furthermore, the monthly average active power is
shown to highlight the changes recorded in 2020 compared to
2019.
5

On the one hand, the 2019 curve has the traditional layout
of five business days and two lower demanded weekend days.
Moreover, a seasonal trend clearly shows up: in wintertime, the
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Fig. 3. Average HV/MV transformer’s real power in 2019 and 2020.
ower demand is slightly higher than in spring and autumn; due
o the usage of air conditioners, the demand starting to increase
rom May, reaching the peak in July; a valley in the middle of
ugust identified the usual summer vacations. On the other hand,
he 2020 load profile has been affected by the consequence of the
OVID-19 pandemic. The comparison between the two years is
etter outlined in Fig. 4. It emerges that:

• Even in the first months of 2020, it is evident a slight
reduction of active power, which is however lower than 5%
Step 1 (1/02–22/02) and Step 2 (23/02–9/03). The reduction
is mainly related to two factors: (i) the different calendar of
working and weekend days; (ii) as shown in Fig. 2, February
2020 ranked globally as the second warmest month since
1880. Therefore, the higher temperatures recorded in winter
2020 make the demand lower than in 2019;

• A higher reduction of active power starts from the close of
businesses at the beginning of March and reaches values of
18% in Step 3 (10/03–3/05);

• Power demand reduction continues in Step 4 (4/05–6/07),
where the variation between the two years is around 21%.
From May, the demand increases in both years and reaches
its maximum values in the summer months due to the
highest consumptions linked to the use of air conditioning
systems;

• In Step 5 (7/07–12/10), the power demand in 2020 is, on
average, lower than 2019 by 5%. The reduction is concen-
trated in July, while September and August do not show any
remarkable variation;

• In the remaining months, Step 6 (13/10–2/11) and Step 7
(3/11–31/12), the variation between the two years becomes
lower, but consumptions in 2020 never reach the one of
2019.

Papers [26,27] have already investigated changes not only in
erms of demand intensity but also of load profiles on the Unareti
rid. Authors considered consumptions on specific MV feeders
espectively for the case of Milan and Brescia, for the first half
f 2020. In this paper, we extend this kind of analysis to the
ntire year 2020, focusing on aggregated data and not on single
V feeders. On the one hand, the main observations for a typical
usiness day are shown in Fig. 5:

• In the first two steps Step 1 (1/02–22/02) and Step 2 (23/02–

9/03), the average demand profile of 2020 has the exact

6

shape of the demand profile of 2019, with the highest peak
around 10 am, followed by a valley in the central hours of
the day and a further increase in evening hours;

• Step 3 (10/03–3/05) shows a reverse pattern instead, with
the highest peak in the evening. This profile has the shape
of a typical residential user, confirming the closure of most
industrial/commercial activities and the more prominent
presence of people at home;

• In Step 4 (4/05–6/07) and Step 5 (7/07–12/10), air condi-
tioners affect the trend. The two-peaks behavior of previous
months disappeared, due to the use of air conditioning also
in the central hours of the day;

• In Step 6 (13/10–2/11) and Step 7 (3/11–31/12), the daily
pattern comes back to business two-peaks typical profile.

On the other hand, it is interesting noting that, during week-
ends, the average demand profile keeps the same shape, with the
typical two daily peaks shown in Fig. 6.

It is worth noticing that the trends reported in Figs. 5 and 6 are
computed as the hourly average of the data related to the step,
fromMonday to Friday for business days and concerning Saturday
and Sunday for the weekend.

The changing demand and load profile shape recorded in
Milan well pictured the national effect of COVID-19 on the power
system operation and the electricity market. As declared in the
2020 Annual Report of the Electricity Market Operator (GME)
[28], the exceptional economic situation resulting from the pan-
demic is also reverberating on the Italian MGP (day-ahead mar-
ket), causing, among others: (i) a drop in prices and volumes,
which have fallen to their historical low, compared to liquidity
which is, on the contrary, at its greatest; (ii) a reduction in zonal
differentials, (iii) slight changes of market shares by source, to
the advantage of renewable generation, (iv) an unprecedented
level of alignment of quotations at the border, with a consequent
reduction to an all-time minimum in the net trade balance with
foreign countries. These dynamics reach their maximum intensity
in the central part of the year, affected by the first wave of COVID-
19 and by highly restrictive measures adopted at the national
level for its containment.

Regarding volumes and liquidity, the effects of COVID-19 on
the electricity system emerge strongly in the data relating to the
energy demand measured by Terna, the Italian TSO, which fell to
302.8 TWh (−5.3%). To better understand the dimensions of this
shock, it is enough to observe that one must go back to 2000 to
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Fig. 4. Average real power measured in each of the seven steps. 2019: green; 2020: red. In blue is the variation . (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
Fig. 5. Business days real power profiles in the seven steps for 2019 (in green) and 2020 (red line). . (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
find a lower consumption. Moreover, annual reductions of this
magnitude were recorded exclusively in 2009, the last intense
economic crisis, and the second post-war period. Within this
scenario, the overall trade on the MGP also reached an all-time
low of 280.2 TWh (−5.5%). The decreases mainly affect the period
arch–July, in which about 85% of the overall annual decline

s concentrated. Opposite dynamics for liquidity, which instead
eaches the highest value ever (74.9%, +2.8 percentual points). As
consequence, the PUN (single national price) reaches the lowest
alue ever recorded since the start of the electricity exchange,
qual to 38.92 e/MWh (−13.41 e/MWh, −25.6%), following a
ynamic that (i) is common to all the primary European electric-
ty quotations; (ii) reflects the significant reductions in market
olumes and the cost of the gas raw material (10.55 e/MWh,
35.2%); is it related to the high availability of renewable offer;

iii) compresses the ‘‘clean spark spread’’ on values lower than
019 (9.7 e/MWh, −22.1%) – but similar to 2018 – effectively

liminating it between April and May; iv) it happens throughout

7

the year, assuming considerable intensity between January and
August. Concerning this last point, it is interesting to highlight
that, starting from March, the share of variation of the PUN
does not explain by generation costs increases, differently from
the previous months of January and February when the price
trend appeared almost entirely attributable to generation costs.
A historical minimum level for the PUN has also been recorded
in the individual groups of hours, for a peak/off-peak work ratio
that stands at 1.2 on an annual basis (+0.03), and which records
reversals in April and May, resulting slightly lower than the unit
as only sporadically happened in the past. The peculiar dynamics
observed during 2020, as well as their increased interdependence
on a European basis, show their impacts on the variability and the
minimum and maximum hourly values of the PUN, favoring: (i)
a return of volatility close to the highest level of the last decade
(12%), especially between March and June (18%–22%); (ii) hourly
minima at 0 e/MWh in 5 h (in April), occurred only twice in the

past; (iii) an hourly peak of 162.57 e/MWh recorded at 8 pm
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Fig. 6. Weekend real power profiles in the seven steps for 2019 (in green) and 2020 (red line). . (For interpretation of the references to color in this figure legend,
he reader is referred to the web version of this article.)
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f September 15th 2020 as a reflection of mainly extranational
ynamics, located in France (increase in demand, low level of
uclear production) and Germany (low level of wind production),
t the same time characterized by quotations at 190 e/MWh.
The dynamics observed on the MI (Intraday Market) confirm

heir close relationship with the day-ahead market, showing, in
articular, a consolidation of the support function carried out by
his market for the definition of efficient programming of the
lants. In this sense, the propensity to trade in sessions close to
eal-time strengthens, with a simultaneous progressive increase
n the price range with the MGP. In the emergency context
hat characterized 2020, these elements emerged with particular
mportance in the central part of the year, when the uncertainty
nduced by the first phase of the health emergency accentuated
he need to postpone as much as possible the adjustment of the
rograms.
Concerning the Ancillary Services Market (MSD), on April 7th,

020, the Italian Regulatory Authority for Energy, Networks, and
nvironment (ARERA) published the technical report titled ‘‘tem-
orary economic enhancement of imbalances in the presence of
he epidemiological emergency from COVID-19’’ [29]. The report
egards the resolution 121/2020/R/eel [30], which temporar-
ly modified the current regulation to determine imbalance fees
onsidering the effects of the epidemiological emergency. The
esolution tried to face the effects of the suspension of activi-
ies throughout the national territory which causes a significant
eduction in electricity consumption and, therefore, a reduction
n the prices of the sales offers accepted on the MGP, and an
ncrease in the difficulty of programming the dispatching points
n withdrawal, which causes a greater overall imbalance cost. In
ddition, the significant reduction in electricity consumption in
context characterized by a non-negligible production of elec-

ricity from non-programmable renewable sources may lead to
ore significant difficulties in the safe operation of the national
lectricity system. Moreover, in this situation, it appears that, in
he MSD, for real-time balancing, purchase offers or offers for sale
ith prices significantly different from the prices that are formed
n the MGP in the same period, offers that can be associated with
ovements other than those necessary to compensate for the
ctual imbalances. Therefore, the resolution introduces elements
hat allow limiting the variability of the imbalance price, also for
he prices of the sales offers accepted on the MGP while maintain-
ng adherence to the service costs as far as possible. In particular,

o calculate the imbalance prices to be applied to dispatching

8

units not compulsorily enabled, the prices of the offers to buy or
sell accepted on the MSD shall be modified so that they fall within
a range between a minimum value and a maximum value, defined
on a conventional basis. The intervention has been applied from
March 10th, 2020, i.e., from the day the first measures to contain
the COVID-19 epidemic that has significantly affected electricity
consumption were effective throughout the national territory.

Finally, regarding the power generation, the reduction in pur-
chases of 2020 is entirely reflected in sales of thermoelectric
plants (140.5 TWh, −8.8%), also due to the growth of renewables,
whose volumes are lower only than the maximum of 2014 (95.9
TWh, +0.4%). For traditional sources, the most significant impacts
in percentage terms concern coal (7.1 TWh, −47.9%), also in
orrespondence with emission costs practically aligned with the
aximum of 2019, and other traditional thermals (13.3 TWh,
14.2%), while gas-fired plants maintain their volumes lower in

he last nine years only than those of 2019 (120.1 TWh, −5.3%),
partially offsetting the decline in the external balance. Among
renewables, the growth of hydroelectric generation (+1.6%), con-
centrated in the North in the first five months of the year, and that
of solar (+5.7%) stand out, which counterbalance the decrease in
wind volumes (−8.1%), lower however only to the maximum of
last year. In terms of mix, the share of the gas market remained
at around 43%, while that of renewable sources rose to 34% (+4
p.p.), half of which was the prerogative of hydroelectric plants
(17.2%, +1.2 p.p.), pushed by the results recorded between April
and June (maximum peak at 48% in May). The contribution of im-
ports to cover national needs was substantially stable at around
15% but fell between April and June to shallow values between
7% and 10%.

4.2. Reactive power

The changes in people’s lifestyles have also reverberated on
the distribution network’s reactive power. Fig. 7 shows the aver-
age HV/MV transformer’s reactive power trend in 2019 and 2020.
As for real power, seven vertical lines are shown to mark starting
and ending dates of the steps defined in Section 2. Moreover,
the monthly average reactive power is drawn to highlight the
changes recorded in 2020 compared to 2019. The reactive power
at the point of common coupling between distribution and trans-
mission networks depends on several contributions: the reactive
power either withdrawn or injected by the customers, the reac-

tive power consumed by the cable’s inductance, and the reactive
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Fig. 7. Average HV/MV transformer’s reactive power in 2019 and 2020.
ower produced by the cable’s capacitance. Since the distribution
etwork of Milano is mainly made of underground cables, which
ubstantially contributes to producing reactive power at the dis-
ribution level, in the following, we concentrate on the reactive
everse power flow.

Similar to what was found for active power, on the one hand,
he 2019 curve has a layout of five business days and two lower
eekend days. Moreover, the same seasonal trend clearly shows
p: in wintertime, the power demand is slightly higher than in
pring and autumn; due to the usage of air conditioners, the
eactive demand starting to increase from June, reaching the peak
t the end of June; a valley in the middle of August identified
he usual summer vacations. It is worth noticing that the reactive
ower value is always negative, i.e., there is a reverse reactive
ower flow from the distribution to the transmission network,
part from the summer period, from June to September. Out
f the summer, the capacitive contribution of the power cables
vercompensates the reactive request of customers and cable’s
nductances. On the other hand, the 2020 load profile has been af-
ected by the consequence of COVID-19. The comparison between
he two years is better outlined in Fig. 8. Fig. 8 reports the reactive
ower values and their variation. The middle graph considers the
eactive power variation while the lower one the absolute value.
s a general consideration, it is evident that, in 2020, the flow of
eactive power increases; in particular, the reverse reactive power
low is more predominant. Only in a few days of July, the average
eactive power is positive, i.e., it is flowing from the transmission
o the distribution network. Moreover, it can be noticed that:

• In the first months of 2020, it is evident a significant increase
of reverse reactive power flow, which increase around 100%
in Step 1 (1/02–22/02), Step 2 (23/02–9/03), and Step 3
(10/03–3/05). The reactive power flowing on the distribu-
tion network increases, reaching its yearly maximum in Step
3;

• Like the active power, the highest variation is recorded in
Step 4 (4/05–6/07), where the absolute variation between
the two years is more than 150%. It is worth noticing that,
apart from the considerable variation, from June to July,
no reactive reverse power flow was measured in 2019 so
that the net value in the step results positive, while in
2020, the reactive power flows from the distribution to the

transmission network. The behavior is highlighted by the

9

considerable variation, more than 300%, of the correspond-
ing bar depicted in the middle graph. Starting from May,
the slope of the curves increases, but the reactive reverse
power flow remains, except for a few days of July. The
increasing trend in both years is due to the highest reactive
demand linked to the use of air conditioning systems which
compensate, in 2019 overcompensates, the reactive power
produced by the cable’s capacitance;

• In Step 5 (7/07–12/10), the reactive power at the point of
common coupling is reduced, on average, by 50%. The re-
duction is concentrated in July, while September and August
have more similar values to 2019. As for Step 4 (4/05–6/07),
it is worth noticing that, apart from the variation, from July
to September, no reactive reverse power flow was measured
in 2019 so that the net value in the step results positive, no
reactive reverse power flow was measured in 2019, while in
2020 is recorded.

• In the remaining months, Step 6 (13/10–2/11) and Step 7
(3/11–31/12), the variation between the two years becomes
lower, with a reverse power flow that increased within 25%
and 50% of the 2019 ones.

By comparing Fig. 4 with Fig. 8, it can be seen that there
is a greater increase of the reverse reactive power flow with
respect to active power variations. On the one hand, the capaci-
tive contribution of cables, which depends on the voltage square,
could be considered almost constant. However, on the other hand,
reducing the power demand lessens the reactive power with-
drawn by the customers and, consequently, the reactive power
consumed by the cable’s inductance. Since the latter contribution
depends on the current square, its reduction changes more sig-
nificantly than the reduction in power demand. Moreover, the
overamplification of the reverse reactive power flow could also
highlight a change in the load types, from industrial/commercial
to residential, which typically have a less inductive power factor.
To better understand this active–reactive behavior, an example of
Boucherot’s theorem applied on a 3-phase medium voltage feeder
is reported in Appendix B.

Fig. 9 summarizes the relationship between active and reactive
power using the power factor. For the sake of clarity, four colors
have been used to distinguish power flows from the transmission
to the distribution network (Q > 0) from power flows from the
distribution to the transmission network, i.e., reverse power flow

(Q < 0). Two are the primary outcomes: the reverse power flow
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Fig. 8. Average reactive power measured in each of the seven steps. 2019: green; 2020: red. In blue is the percentage variation . (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 9. Average power factor in the seven steps for 2019 (green Q < 0 and blue Q > 0) and 2020 (red Q < 0 and orange Q > 0). . (For interpretation of the
eferences to color in this figure legend, the reader is referred to the web version of this article.)
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uddenly falls starting fromMarch 10th, 2020, while its trend was
ore stable in 2019; during 2020 summer months, the power

actor of the Milano distribution network was almost 1, i.e., the
istribution grid has been seen by the national grid almost as a
ure resistor.
As in the case of active power, Figs. 10 and 11 show the

eactive power trend for business days and weekends. However,
nlike the active power, in both cases, the shape of the two curves
oes not show significant changes. Concerning 2020, while in
usiness days, the reactive flow is from the transmission to the
istribution network in Step 5 (7/07–12/10), this does not happen
n weekend days, when only reactive power reverse power flow
as recorded. The behavior could confirm that the reduction of
he industrial/commercial activities in favor of the residential one
mplifies the capacitive behavior of the distribution network, a
 t

10
ign of a more inductive feature of industrial and commercial
oads.

As for real power, it is worth noticing that the trends reported
n Figs. 10 and 11 are computed as the hourly average of the data
elated to the step, from Monday to Friday for business days and
oncerning Saturday and Sunday for the weekend.
Finally, Figs. 12 and 13 report the relationship between active

nd reactive power using power factor as a proxy measure for this
elation. In 2019, the power factor was exceptionally flat with a
nitary value during business days. Its value falls (Q < 0) during
ight hours and in summer months due to the increased load (Q
0). Similarly is for 2020, except for Step 3 (10/03–3/05). The

vident drops during night hours cause a substantial increase in

he average reverse power flow, already shown in Fig. 8.
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Fig. 10. Business days reactive power profiles in the seven steps for 2019 (in green) and 2020 (red line). . (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of this article.)
Fig. 11. Weekend reactive power profiles in the seven steps for 2019 (in green) and 2020 (red line). . (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
The changing in the reactive power flow at the point of com-
on coupling between high and medium voltage networks has
een under the attention of ARERA since 2016. Therefore, the ef-
ect of COVID-19 on the reactive reverse power flow well fits this
ramework. With the consultation paper 420/2016/R/eel ‘‘Tariff
egulation of reactive energy for high and extra-high voltage
etworks and distribution networks’’ [31], ARERA illustrates its
uidelines aimed at updating the regulatory framework on reac-
ive energy, concerning the withdrawals and inputs of reactive
nergy into high and very high voltage networks by end cus-
omers and distribution system operators (DSOs), through the
ntroduction of fees as close as possible to the costs. The Reg-
lating Authority considers appropriate changes to make final
ustomers—which include DSOs—responsible for reactive power
ontrol. Considering the current regulatory framework, the doc-
ment calculates the costs incurred by Terna on the MSD to
nsure proper network operation according to the flows of re-
ctive energy and voltage constraints in the various nodes. Thus,
he document sets out the Authority’s general guidelines about
11
the optimal power factor levels. On the one hand, it proposes to
modify the minimum power factor level of the reactive energy
withdrawals, considering, during daylight hours, a limit power
factor of 0.95. On the other hand, it proposes to introduce a
minimum power factor of the reactive energy input equal to 1, to
limit its input into the network for all daylight and night hours.

Moreover, the document illustrates specific guidelines for dis-
tribution companies, providing that inputs and withdrawals of
reactive energy by DSO could be controlled through initiatives
in terms of: installation of reactive energy control systems in its
networks; input to end-customer facilities connected to medium-
voltage distribution networks; input to distributed generators
connected to medium voltage distribution networks, or inter-
nal to end customers’ plants, with a nominal power exceeding
100 kW. Furthermore, concerning the inputs of reactive energy
by end customers and medium and low voltage distribution com-
panies, the Authority intends to evaluate the possibility of in-
troducing price signals. In this way, the reactive power inputs
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Fig. 12. Business days factor in the seven steps for 2019 (green Q < 0 and blue Q > 0) and 2020 (red Q < 0 and orange Q > 0). . (For interpretation of the
eferences to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 13. Weekend factor in the seven steps for 2019 (green Q < 0 and blue Q > 0) and 2020 (red Q < 0 and orange Q > 0). . (For interpretation of the references
o color in this figure legend, the reader is referred to the web version of this article.)
ees could be defined according to the costs associated with the
anagement of reactive energy in MSD.
The change in reactive power flows can also affect the grid

rotection concepts, especially distance and overcurrent relay.
or instance, paper [32] investigates the effect on the grid protec-
ions of the energy transition, where large thermal power plants
re gradually being taken off the transmission grid, and a large
umber of renewable sources are being added to the distribution
rids. The paper reports that both the increase and the change of
he reactive power flow can lead to false tripping of the protective
evices.

. Covid-19 lockdown impact on faults

Distribution grids reliability is an essential issue for DSOs.
n order to increase the quality of service, a Performance-Based
egulation (PBR) was introduced by ARERA in the resolution
46/2015/R/eel (Integrated text of the output-based regulation of
lectricity distribution and metering services for the period 2016–
023) [33]. The PBR relies on the System Average Interruption
requency Index (SAIFI) and the System Average Duration Fre-
uency Index (SAIDI). SAIFI is calculated considering short (from
s to 3 min) and long (more than 3 min) interruptions under

he responsibility of DSOs, while SAIDI only considers long inter-

uptions. The expected goal is to increase the quality of service,

12
stimulating DSOs to be more efficient in their investments. In a
PBR regime, rewards and penalties are linked to specific targets.
DSOs providing high-quality service will receive awards, while
penalties are given to DSOs that provide low-reliability services.
SAIFI and SAIDI do not take into account force majeure events. On
the one hand, those events are becoming more and more frequent
with increased impact in terms of the number of interrupted
users and duration. On the other hand, if these events were con-
sidered, reliability indices would not reflect the actual reliability
of the distribution network. However, it is not easy to identify the
minimum conditions to link the interruptions to a natural hazard
rather than DSO responsibility. Some criteria for identifying Major
Event Days (MEDs) are given in [34,35]. The increasing number
of MEDs has led the Authority to include the concept of network
resilience into the regulatory framework and allocate resources
to incentive DSOs in increasing networks resilience.

As shown in the Unareti development and resiliency plan [22],
doing an in-depth analysis of the type of fault element in the
last five years, the cable joint is the leading cause of failure on
the medium voltage distribution network. However, the evidence
from the field shows that the criticality is not intrinsic in the
cable joint but instead in the coupling between the joint and
the cable insulation layer, especially for the joints that com-
bine different types of cables. The presented analysis investigates

whether COVID-19 pandemics affected the outages occurrence in
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Fig. 14. Number of outages in each month of 2019 (in green) and 2020 (in red) on the Milan Unareti distribution network. The gray band shows the minimum–
aximum range of outages within the period 2012–2020 . (For interpretation of the references to color in this figure legend, the reader is referred to the web
ersion of this article.)
020. In particular, the investigation focuses on the number of
nterruptions, which is historically the most affecting the quality
f service for the Milan distribution network. Fig. 14 shows the
umber of faults on the MV Unareti grid in 2019 and 2020 and
he monthly maximum fault range in 2012–2020. Apart from the
ummer months, looking at Fig. 15, which focuses on April and
ay, it is worth noting that the highest number of failures was

ecorded in 2020. However, these numbers are still of the same
rder of magnitude as the previous years and do not justify a
articular effect linked to the COVID-19 pandemic. As reported
n [22], Unareti already includes in his network development plan
everal investments to increase the reliability of the Milan distri-
ution network. The main planned projects are the construction
f new primary substations; the increase in the number of remote
ontrols and network automation; the renewal and development
f the MV ad LV networks; the installation of Petersen coils
n primary substations; the renewal of protection systems; the
reventive diagnostics of MV cables; the renewal of secondary
ubstations. All the mentioned actions will positively affect the
uture quality of service.

A different approach has to be used for comparing the summer
onths. The data reported in Figs. 14 and 15 show a substantial

ailure increase in June and July, with significantly more faults
n 2019 with respect to 2020. As reported in [22], the events of
ost significant impact on the Milan Unareti electricity distribu-

ion network reliability and resilience correspond to situations of
ntense and persistent heat (heat waves) and exceptional rainfall
water bombs). During heat waves, which typically occur in the
ummer months, the network components work under stress.
n the one hand, the increase in ambient and soil temperature
s directly reflected in the electrical components. On the other
and, additional components heating is related to the increase in
he energy demand, the consequence of the massive use of air
onditioners. The phenomenon of the components overheating is
mplified by the fact that the temperatures remain outside the
alues of the seasonal averages even during the night hours for
everal consecutive days. Comparing Figs. 2 and 3, during the
019 heatwave, there was an increase in the electrical load corre-
ated with the increase in the ambient temperature. As shown on
13
the right-hand side of Fig. 15, in 2019, the phenomenon reflected
in the number of faults: the exceptional number of failures in June
2019 is, therefore, linked to the intense heatwave that affected
Milan between 26th and 29th June 2019.

To better investigate the relationship between temperature
increase and the number of failures, in Fig. 16, the temperature
is divided into 21 bins, from −2 ◦C to 39 ◦C. The upper graph
represents the temperature frequency per bin, the middle graph
the number of outages begun within the temperature bin, and the
lower graph shows the percentages of outages begun within the
temperature bin, out of the total number of temperature samples
in the bin. It is evident that the outage percentages increase with
increasing temperatures and that above the threshold of 34 ◦C,
the percentage of beginning outages overcomes 2%. However,
this threshold is never reached in 2020, while in 2019, it clearly
identifies the June heatwave. All considered, the analyzed data do
not justify a particular effect linked to the COVID-19 pandemics
also during the summer months.

6. Conclusion

The paper presents the lessons learned from analyzing the
Milan distribution networks data during the COVID-19 pandemic.
The analysis considers active and reactive powers and faults
information comparing 2019 and 2020. On the one hand, re-
garding active power, the Milan distribution networks recorded
a reduction of the power demand within the range of 5%–20%
and a change in the load profile shape. March and April 2020
load profiles show a pattern with the highest peak in the evening,
the shape of a typical residential user, confirming the closure of
most industrial/commercial activities and the more prominent
presence of people at home. Thus, a shift to a more diffuse work
from home brings power demand down and changes the daily
load to a more residential-related trend. Consequently, the day-
ahead market would be affected by a drop in prices and volumes,
a reduction in zonal differentials, slight changes of market shares
by source, to the advantage of renewable generation, an unprece-
dented level of alignment of quotations at the border, with a
consequent reduction to an all-time minimum in the net trade
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Fig. 15. Number of outages in April, May, and June on the Milan Unareti distribution network. Data are available for the years 2012–2020.

Fig. 16. Upper graph: number of temperature samples per temperature bin. Middle graph: number of outages begun within the temperature bin. Lower graph:
percentages of outages begun within the temperature bin over the total number of temperature samples in the bin.

14



A. Bosisio, F. Soldan, A. Morotti et al. Sustainable Energy, Grids and Networks 31 (2022) 100755

b
i
t

h
v
d
c
n
c
a
b
d
n
f
r
r
l
A
f
r

a
t
a
p
i
o
g
i

C

M
i
S
v

D

c
t

A

A
m

i
s
u
i
t
d
o

a

alance with foreign countries. It can be assumed that an increase
n the energy demand for electrification of end-users may have
he opposite effects.

On the other hand, the Milan distribution network recorded a
igher flow of reactive power. In the first semester of 2020, the
ariation is within the range of 75%, 150%. Moreover, a more pre-
ominant reactive reverse power flow was recorded at the point
ommon of coupling between the transmission and distribution
etwork. Both these consistent changes are a consequence of the
apacitive nature of the Milan MV distribution cables mixed with
reduction in the user’s reactive power demand. The capacitive
ehavior is also highlighted by the leading power factor pre-
ominantly recorded in 2020. In urban underground distribution
etworks, active power reduction greatly impacts reactive power
lows: the more the active power reduction, the more the reactive
everse power flow from the DSO to the TSO. The changing of
eactive power flows also reflects on the ancillary service market,
eading to additional costs to ensure proper network operation.
gain, it can be assumed that an increase in the energy demand
or electrification of end-users may have the opposite effects,
educing or even inverting the reverse reactive power flows.

Finally, the paper investigates whether COVID-19 pandemics
ffected the outages in 2020. Based on the analysis’s outcomes,
he recorded faults in 2020 are of the same order of magnitude
s the previous years, so no link to the effects of the COVID-19
andemic shows up. However, it is worth noting that an increase
n energy demand for end-user electrification can have seri-
us consequences on the reliability and resilience of distribution
rids, which must be managed primarily with heavy investments
n grid infrastructure.
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ppendix A. Input data

See Table 2.

ppendix B. Boucherot’s theorem applied on a 3-phase
edium voltage feeder

To better understand the active–reactive behavior presented
n Section IV, let consider studying the simplified 1-phase repre-
entation of a 3-phase medium voltage feeder shown in Fig. 17
sing the Boucherot’s theorem. The models of cables selected
nclude the PI-type equivalent model of lumped parameters. Sec-
ion D is the MV side of HV/MV transformer, while the feeder’s
istributed load is considered a lumped load connected at the end
f the feeder, corresponding to section A.
Medium voltage feeders are radial lines and therefore are rel-
tively easy to work with by applying Boucherot’s theorem. The

15
Fig. 17. PI equivalent model of distribution lines.

Boucherot’s theorem allows the resolution of AC circuits, impos-
ing the balance of powers between sources and loads. Considering
the power flows on the connecting lines between the generator
and loads, we can define a section in the circuit, represented by
a red line in Fig. 17, where the transit of power coming from
the loads must be balanced from the one from the generators.
Therefore:
NS∑
k=1

Pk =

NL∑
n=1

Pn

NS∑
k=1

Qk =

NL∑
n=1

Qn

The balance is valid in terms of complex power S and in terms
of active power P and reactive power Q. Reactive power can have
a positive (inductive) sign or a negative sign (capacitive). This fact
is significant because the term to the right-hand side

∑NL
n=1 Qn

could be equal to zero even if the individual terms are not
due to the compensation of positive reactive powers (inductive)
with negative reactive powers (capacitive). However, the same
thing is not possible for the active powers of the loads that are
always expressed by positive numbers. One of the advantages
of the Boucherot’s theorem is that the electrical quantities are
the root-mean-square value of phasor quantities, making the
computations easier.

Considering Fig. 17 and the following assumptions:

• The system is 3-phase, symmetrical, and balanced;
• The load at the end of the line is a R–L load working at

nominal voltage.

Let us apply Boucherot’s theorem considering: PL = 2 MW;
cosϕL = 0.95;VL = 23 kV; r = 0.17 �/km; xL = 0.15 �/
km; c = 0.15 µF/km; g = 0; L = 5 km; f = 50 Hz. PL is the
power demand of lumped load L; cosϕL is the power factor of
the dumped load L; r is the resistance of the power line; XL is the
inductive reactance power line; g is the conductance of the power
line; C is capacitance the power line; L is the length of the feeder,
f is the system frequency. The selected inputs are the typical data
of a 23 kV medium voltage feeder of Milano.

Section A_A

QL = PL tanϕ = 0.66 MVar
PA_A = PL = 2 MW

QA_A = QL = 0.66 MVar

VA_A = VL = 23 kV

SA_A =

√
PA_A2 + QA_A

2
= 2.11 MVA

IA_A =
SA_A
VA_A

= 91.53 A

Section B_B

V = V = 23 kV
B_B A_A
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Q

Table 2
Percentage of missing electrical data and number of recorded outages.
Q

PG = gLVB_B
2

= 0

C = −

⎛⎝ VB_B
2

1
2π f cL

2

⎞⎠ = −0.187
S

16
PB_B = PB_B + PG = 2 MW

B_B = QB_B + QC = 0.47 MVar

=

√
P 2

+ Q 2
= 2.05 MVA
B_B A_A A_A
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Table 3
Power flow, voltage, and current at the point of common coupling with the
transmission network.
PL [MW] cosϕL PD_D [MW] QD_D [MVar] VD_D [kV] ID_D [A]

2 0.95 2.01 0.29 23.08 87.81
1 0.95 1 −0.04 23.04 43.52

IB_B =
SB_B
VB_B

= 89.33 A

ection C_C

C_C = IB_B = 89.33 kV

R = rLIC_C 2
= 0.007

L = xLLIC_C 2
= 0.005

C_C = PB_B + PR = 2.01 MW

C_C = QB_B + QL = 0.47 MVar

C_C =

√
PB_B2 + QB_B

2
= 2.06 MVA

VC_C =
SC_C
VC_C

= 23.08 V

ection D_D

D_D = VB_B = 23.08 kV

G = gLVB_B
2

= 0

C = −

⎛⎝VD_D
2

1
2π f cL

2

⎞⎠ = −0.188

D_D = PC_C + PG = 2.01 MW

QD_D = QC_C + QC = 0.29 MVar

SD_D =

√
PD_D2

+ QD_D
2

= 2.03 MVA

ID_D =
SD_D
VD_D

= 87.81 A

As shown in Table 3, the active and the reactive powers at
he point of common coupling with the transmission network
PD_D and QD_D) are both positive. That is not the case when the
ower demand PL decreases, for instance, from 2 MW to 1 MW.
he reactive power produced by the cables overcompensates the
oad’s reactive demand, which generates a reactive reverse power
low from the distribution to the transmission network.
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