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Abstract: The worldwide spread of the COVID-19 pandemic in 2020 forced most countries to
intervene with policies and actions—including lockdowns, social-distancing and smart working
measures—aimed at mitigating the health system and socio-economic disruption risks. The electricity
sector was impacted as well, with performance largely reflecting the changes in the industrial and
commercial sectors operations and in the social behavior patterns. The most immediate consequences
concerned the power demand profiles, the generation mix composition and the electricity price
trends. As a matter of fact, the electricity sectors experienced a foretaste of the future, with higher
renewable energy penetration and concerns for security of supply. This paper presents a systemic
approach toward assessing the impacts of the COVID-19 pandemic on the power sector. This is aimed
at supporting decision making—particularly for policy makers, regulators, and system operators—by
quantifying shorter term effects and identifying longer term impacts of the pandemic waves on
the power system. Various metrics are defined in different areas—system operation, security, and
electricity markets—to quantify those impacts. The methodology is finally applied to the European
power system to produce a comparative assessment of the effects of the lockdown in the European
context.

Keywords: COVID-19; demand; electricity markets; renewables; pandemic; power system

1. Introduction

The World Health Organization (WHO) first reported a cluster of unknown origin
cases of pneumonia on December 31, 2019 in Wuhan, China. The new coronavirus disease
was named 2019-nCoV, and commonly referred to as COVID-19 as from February 11, 2020.
The first case of novel coronavirus outside China was confirmed in Thailand on January
13, 2020 and in the US on January 20, 2020, from that time on spreading rapidly through
Japan, South Korea, Iran, Europe, and Australia. The novel coronavirus started to spike
for the first time in Europe with cases in Italy on February 21, 2020 and a week later in
Spain, on March 3, 2020. COVID-19 was declared a worldwide pandemic on March 11,
2020, given the concerns both about the alarming levels of spread and severity, and about
the inaction in some countries [1]. Several countries imposed quarantines and restrictions
to prevent further spread of the pandemic and to avoid the collapse of their health system,
under pressure due to the increasing number of people admitted in intensive care. China
was the first to deploy such measures, quarantining Wuhan and the rest of Hubei province
starting from January 23, 2020, involving more than 760 million people. Italy declared
nationwide lockdown on March 9, 2020, followed by Spain, France, and the UK (March
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23). On March 25, 2020 nearly one third of the world population was on lockdown, later
reaching 4.2 billion people as of April 28th.

The international emergency due to the spread of COVID-19 and the implemented
procedures for its containment had an important impact on the whole economy, sociality,
habits, and activities [2]. Millions of people were quarantined in their homes, a great
majority working remotely, and students followed their classes online. Traditionally,
changes in the productive and social behaviors have direct effects on the electrical power
system performance [3]. Inevitably the COVID-19 pandemic and the relative adopted
restraining measures, affecting behaviors and activities, influenced the power system in
many respects [4].

Several studies and analyses started exploring the COVID-19 impact on the power
sector, both in the shorter and longer terms, nonetheless capturing the overall systemic
consequences requires accurate data and an adequate assessment framework [5].

As with what happened during the 2008-2009 subprime financial crisis, also the
2019-2020 events led to significant power sector investments downsizing, generation mix
shifting (with greater resort to conventional technologies in the former case and renewable
generation in the latter) and supply chains disruptions [6,7]. Nonetheless, electricity
markets reacted quite differently, with the more remarkable effects—starting from the
day-ahead prices fall—being recorded during the COVID-19 crisis.

From the demand point of view, in the USA, a reduction in the electricity consumption
across all US markets was observed, and it was correlated with the rise in the number of
COVID-19 cases, the size of the stay at home population, and the mobility in the retail
sector. In April and May, the demand decreased ranging from —4.44% to —10.71% [8]. In
Canada, a similar reduction occurred: in Ontario the electricity demand decreased by about
10% and by 5% in Alberta, British Columbia, and New Brunswick [9]. The descendent
trend was similar in Europe. The quarterly analysis released by ENEA (Agenzia nazionale
per le nuove tecnologie, I'energia e lo sviluppo economico sostenibile) showed the dramatic
energy demand reduction in Italy, around —7% in the first three months of 2020 compared
to the same period of 2019, altogether for oil, gas, and electricity. The impact on CO,
emissions, market prices and transport sector were also investigated [10]. The ENEA
analysis was extended to April 2020 and reported in [11]. The Industry Technical Support
Leadership Committee of the IEEE Power and Energy Society published a report on the
first response of the power industry on the pandemic [12], in which health, technical and
business impacts were analysed, as well as the approaches followed by utilities and system
operators to manage the new scenarios due to the COVID-19 pandemic. The change in
social habits resulted in demand power profile modifications, and the decrease of industrial
production lowered the electricity consumption [13,14]. A direct impact was observable
in the alteration of demand in terms of both absolute values and temporal arrangement,
affecting both energy consumption and power profiles. Besides this direct impact, indirect
effects were related to the market prices and the generation mix [15-17]. One example was
the increase in the share of renewable energy source (RES), which has led to market price
reduction and increased concerns in terms of system security [18-20]. The impacts were
different for each country, based on the electricity system’s structure (generation mix, share
of distributed energy sources, etc.) and the social and economic context. Other studies
highlighted also non-technical factors. For instance, EPRI carried out an extensive analysis
of EU, US and China, focusing mainly on the human resource management by the electric
utilities under the pandemic [21]. Many analyses have not investigated weather variations,
which could significantly contribute to load variations given the correlation with the power
profiles [22]. Such effects should be examined before assessing the impact of COVID-19 on
demand changes, granting that the shock on the power sector is undeniable. Weather effects
are usually modeled by expressing the load as a linear regression of meteorological factors
such as temperature, wind speed, humidity, etc. Although the extremely wide variety of
required weather variables, studies have shown that a few basic meteorological factors
usually account for the weather-dependent load and temperature [23]. Some institutions
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created websites to track the COVID-19 lockdown effects. In [24] an electricity tracker was
implemented to compare differences in electricity consumption between 2020 and 2019,
with an overview of what is occurring across Europe, with data updated daily as new
information emerges.

This paper describes the immediate COVID-19 impacts on the power systems and
markets across Europe with a focus on the most affected countries, from the beginning of
March 2020 until June 2020. The direct effect of the pandemic on the electricity demand
are studied, and different situations that arose in the EU through are compared a set of
metrics. Then the indirect impacts are discussed both on power systems, under a technical
perspective related to operations and security, and on electricity markets, focusing on the
Europe-wide Day Ahead Market (DAM) price, given that most of the electricity exchanges
in organized markets take place in the day-ahead timeframe. By comparing the responses
and the performance of several European power systems, lessons and recommendations
are extrapolated to make them more resilient to future pandemics and/or comparable
disrupting events. Section 2 provides the conceptual framework for the analysis which is
applied in Section 3 to assess and compare the impacts across the EU. Section 4 concludes
the paper, summarizing key findings and future developments.

2. Analyzing the Effects of Pandemic on Electricity Systems

The COVID-19-related lockdown measures significantly affected the electricity de-
mand and the generation mix, as the increase in the residential consumption could not
compensate the drastic reductions in industrial, commercial, and tertiary activities. The
demand drop depended on the measures adopted, their severity and duration. The share of
Renewable Energy Sources (RES) on the generation mix raised, while the fossil generation
fell down. According to the International Energy Agency, the reduction in the demand will
affect the whole 2020, with 5% and 10% yearly reductions in different regions [7].

The direct and measurable impacts of the pandemic on electricity systems are dis-
played in the evolution of the electricity demand. The demand variation can be measured
both in terms of power profile and energy consumption. This variation is evaluated com-
paring power profiles with corresponding past periods without pandemics using a set of
metrics able to quantitatively capture the variation.

The immediate indirect effects are related to (1) the technical operation of electricity
systems and (2) electricity markets. On the technical side, the change in demand led to a
change in the energy mix, with higher shares of RES that imply lower inertia and more
problematic frequency stability and issues in voltage regulation. In addition, the power
interchanges among the Member States were affected due to the need to keep each national
system feasible and secure with a minimum number of traditional generators.

2.1. Direct Impact on Demand

Different metrics are defined to evaluate the impact on power demand and profile
under pandemic. First, the demand trend is analyzed considering the time lag of the
pandemic among different countries. The energy demand variation (D) in the year yy
of pandemic with the previous year yy_; is reported in percentage as:

Dyn — Dyn-1

Doar = -100 1)

Dyn-—1

where Dyn and D,y are the total demand in the examined timeframe of the year yy
and yy_1. The demand is plotted with calendar adjustment between the years yy and
yn-1- The ratio Dyn(h)/Dyn—1(h) is computed per each calendar-adjusted time step 1 and
plotted as a duration curve. The maximum (Pyy ), minimum (Py,;, ) and average (Paye)
power demanded and the load factor ({), defined as the ratio between Py and P4y, are
evaluated and compared among the year yy of pandemic with the previous year yy_1 in
the examined timeframe.
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The temperature effect on the demand variation is analyzed for a selected number of
countries. The temperature of air two meters above the surface of land, sea or inland waters,
is taken from Copernicus Land Monitoring Service 2020, by the European Environment
Agency [25]. Figure 1 shows a typical correlation between the values of temperature and
energy demand. It is possible to see the demand increase in full winter and summer,
where lower and higher temperatures impose the need for more electricity, respectively for
heating and cooling. In the mid-season instead, a variation of 1°C of temperature affects
less the demand.
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Figure 1. Typical correlation between temperature and energy demand.

Given the demand temperature dependency in the form
E(T)=aT?+bT?>+cT+d )

the weather effect can be evaluated using the following equations:

dE
AE = ﬁ(Tzo)'(Tzo — Ti9) 3)
AE,, — (Eop — AE — Eqg) 100 @

Ey9

where T19 and Ty are the temperature in 2019 and 2020, Eq9 and Ey are the energy demand
in 2019 and 2020 respectively, AE and AE;, are the demand variation without and with
weather correction.

The load shape in function of time gives information on the effect of the measures
applied to contain the pandemic. Energy consumption gradually changes over short
(seasonally) and long (years, tens of years) timeframes. However, sudden changes in
the social and productive habits can yield to unexpected demand shape variations. It is
important then to identify some useful parameters for a comprehensive load shape analysis.
Traditionally, load shapes can be characterized by their maximum, minimum, and average
values, which vary considering working days and holidays. The typical load shape has
two main peaks, one in the morning and the second in the evening. During holidays,
the evening peak is usually more pronounced than the morning peak, while the opposite
occurs during working days. The difference of magnitude between the two peaks follows
the same pattern. The morning and evening ramps have usually higher slope in working
days than in holidays. In this paper, the working day (WD) and holiday (HD) Average
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Daily Load Profile (ADLP) are evaluated. The ADLP is the defined as the mean load for
each step during the days in a selected timeframe. The metrics deployed to identify the
difference between the load profiles during the pandemic and the same period of last
year are:

e  Maximum (ADLPyax), minimum (ADLP,i,) and mean (ADLP,ye).

e  Peak Value (PV), defined as the maximum value of the ADLP, which could be a
Morning Peak (MP), defined as the maximum value of the ADLP between 6 h and
15 h, or an Evening Peak (EP), defined as the maximum value of the ADLP between
18 hand 0 h.
Peak Time (PT), defined as the hour at which the PV occurs.
Peak difference (AP), defined as the difference between MP and EP.
Morning ramp (MR), defined as:

MP — MB
MR = 272
Tmp — Tums

©)

where MB is the Morning Base, i.e., the minimum value of the ADLP between 0 h and
the time at which the MP occurs.
e Evening ramp (ER), defined as:

EP —EB
ER= ————
Tep — TEB

(6)

where EB is the Evening Base, i.e., the minimum value of the ADLP between 15 h and
the time at which the EP occurs.

A graphic representation of the metrics is depicted in Figure 2.

4 5 T T T T T T

=35/

ADLP [G
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012345678 91011121314151617181920212223

hour

Figure 2. Average daily load profile (ADLP) characterization.

2.2. Indirect Impact: System Operation

Modern societies are fully dependent on electricity and maintaining security of supply
is crucial for COVID-19 response and recovery. In the context of generation from renewable
sources, comprising geothermal, hydroelectric, photovoltaic, wind and biomass, photo-
voltaic and wind are referred to as non-conventional generation, opposed to thermoelectric
and hydroelectric conventional generation. The non-conventional generation poses some
challenges to system security, as it is characterized by uncertainty in the generated power,
making difficult both its control and forecasting. In addition to not contributing to the
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system inertia, the unconventional generation also implicates a reduction of the short-
circuit power and of the frequency and voltage regulation capabilities. An assessment of
the possible effects on the operation and security of the measures following the spread of
COVID-19 pandemic can be carried out using the following indicators:

Electricity generation from RES (TWh) and its share over the total demand;
Electricity generation from fossil (TWh) sources and its share over the total demand;
Electricity generation from conventional /non-conventional units (TWh);
Non-conventional penetration index ¢, defined as the share of non-conventional gen-
eration compared to the total generation (sum of conventional and non-conventional).

2.3. Indirect Impact: Electricity Markets

The immediate impact of the COVID-19 pandemic on electricity markets is analyzed in
terms of price drop in the day-ahead market (DAM). A set of metrics is defined to evaluate
the impact on volumes and prices in the DAM. The first indicator is the load-weighted
weekly moving average of the hourly wholesale price in each bidding zone (DAMpy,),
defined as:

YNS DAMpy, - DF,

ZzNzcl DF,

where DAMpj, is the DAM price for the bidding zone i, DF;, is the demand forecasted
and N¢ is the number of considered countries.

This indicator is used to single out the effect of the pandemic on wholesale prices
(€/MWh) trend per bidding zone for several years before the year yy of pandemic to
establish a baseline for comparison. Other metrics used to investigate the dynamics of the
electricity market include:

DAMp;, = @)

e the variation of the load weighted weekly moving average of DAM prices in each
bidding zone DAMpysr [€/MWHh] in the year yy of pandemic with the previous year
YN—1 In percentage as:

DAMpyN - DAMPnyl ]

DAMpuar = DAMpyn—1

100 8)

e The minimum DAM price DAMp,,;, [€/MWh], defined as the minimum price

reached in the DAM in the selected timeframe.

The number of hours with negative prices (where they are allowed) Nhy.g.

The DAM volumes in [GWh], defined as the total load for all the bidding zones for
the year 2020 w.r.t the previous years.

e  Time series decomposition of zonal time series of prices. The goal is to capture the
different components of the average DAM price time series; each series is processed
using a simple decomposition method for showing three components: the trend
(weekly moving average), the seasonal component repeating weekly, and the random
component. Adding the three components up, the time series of DAM prices in each
zone is obtained.

In this context, the term “seasonal” carries a different meaning than in the previous
sections of the research presented: in the statistical decomposition of the zonal DAM prices
the term indicates the part of the zonal prices trend that repeats over each week, and that
should be subtracted from the observations to identify the real trend.

3. Pan-European Impacts of Pandemics

A comparative analysis is conducted at the EU level considering 27 Member States.
The metrics introduced in Section 2 are evaluated for each Member State. The load data of
the EU countries are taken from the ENTSO-E Transparency Platform [26].
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3.1. Power Profiles and Demand under Pandemic

The electricity demand for the month of April 2020 (as the month affected by the much
stricter lockdown) is compared with the same period of 2019 for the European countries
with available public data (Table Al in Appendix A). In April 2020, the consumption for
EU countries was 181 TWh, compared to 207 TWh in April 2019; therefore, the power
consumption in the EU dropped of around 26 TWh, around —12.6%. Italy was the first
country hit first and hard by the lockdown measures and started to constrain movements
already at the end of February in the Northern areas. In April, the demand started to fall
significantly and demand reduced by —20.9% compared to April 2019, as measures became
stricter with the extended industrial stop. The other largest demand reduction happened
in France (—18.9%), Spain (—16.9%), UK (—15.2%), Belgium (—13.3%), The Netherlands
(—12.0%) among the countries with monthly energy demand higher than 5 TWh. On the
other side, a light reduction or even an increase in the demand was noticed in countries
which did not imposed very strict lockdowns and where the industrial production was
kept on. This is the case of the Nordic countries, Norway (+5.3%), Sweden (—0.3%), Finland
(—0.9%), and Switzerland (+0.3). These results look in line with the demand reduction that
occurred in other countries, such as USA and Canada, in the same time period, where the
lockdown measures were in general less stringent and the demand variation ranged from
around —4% to —10% [8,9]. In Figure 3 the calendar-adjusted load profile for a selected
number of countries is depicted, starting from the first Monday of March to the last Sunday
of May of 2020, and comparing it with the analogous days of 2019. The dashed lines in
Figure 3 indicate the interpolation curve to highlight the demand trend.
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Figure 3. Cont.
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Figure 3. Weekly power profile during pandemic for selected countries.

The temperature effect on the load variation is analysed for the countries characterized
by the larger demand reduction. For Italy, the temperature corrected demand reduction
in April 2020 moves from —20.9% to —21.2%, for Spain from 16.9% to —16.2% and for
Germany from —8.3% to —8.0%, while for France changes from to —18.9% to —11.6%, due
to the higher temperature variation (+2.5°C average in 2020 compared to 2019).

Figure 4 shows the ratio between the 2020 and 2019 electrical demands in the period
from the first Monday of March to the last Sunday of May for a selected number of countries,
plotted as a duration curve. The curves represent the time-percentage in which the ratio
D020/ Dap19 was equal or higher than the corresponding value on the y-axis. Italy was
the country where the demand reduction was higher (the minimum value of the ratio is
equal to 0.43 p.u.) and longer in time (for around 90% of time, the ratio is lower than 1).
Vice-versa, Sweden and Switzerland had a ratio greater than 1 for more than 50% of the
time due to the mild measures adopted to avoid the widespread of the virus.

1.6 T T T T T T T T T

France
Germany
14+ Italy. i
§ — — — Spain
Sweden

Switzerland

04 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

Time [%]

Figure 4. Duration curve of the ratio between the 2020 and 2019 power demand for a selected number
of countries.

The metrics used for the evaluation of the ADLP are reported in Table A2 in Appendix
A, comparing working days and holidays in the month of April 2019 vs 2020. For the EU
countries most affected by the lockdown, the ADLP has been very different from usual. The
gap between the morning and evening peak lifted in 2020 compared to 2019. The working
days of 2020 are very similar to the weekends of 2019. The working day ADLPmax shifted
in time, from morning to evening for Italy, The Netherlands, Slovenia, Luxembourg, the
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UK, and to lunch time for France, Austria, Belgium, Bosnia, the Czech Republic, Slovakia,
Lithuania, and Greece. For all the other countries, the peak time did not change. The
working day ADLPpax diminished for almost all the countries, with reductions higher
than 15% for Luxembourg (—24%), Italy (—18%), France (—17%), Spain (—15%), Belgium
(—15%) and Bosnia (—15%). This trend makes the working day ADLP quite similar to the
holiday ADLP of April 2019, both in terms of timing, values and ramps. In the case of strict
lockdown, the morning and evening ramps (MR, ER) are less steep on working days in
2020, compared with the holidays in 2019 (MR —45% for Italy and —48% for France in WD).
The reason is probably that loads had been distributed over longer periods due to the smart
working practices. During holidays in 2020, ADLP presents lower slopes as regards 2019.
In the context of high production from photovoltaic, the evening ramps are noteworthy, as
they are accentuated by the simultaneous increase in residential load. Nevertheless, some
countries saw noticeable reduction in power values but not in ramps, as Germany (—7%
in ADLPmax, —5% in MR), so they have similar shapes but reduced values. For countries
without strict lockdown, the ADLP .y lightly increased from April 2019 to 2020, as in the
case of Switzerland (+2%), Montenegro (+3%) and Norway (+1%).

In summary, the behavior of the ADLP in the case of strict lockdown exhibited working
days in 2020 very similar to holidays in 2019, and holidays in 2020 with lower values and
ramps compared to holidays in 2019.

Figure 5 represents the ADLP for a selected number of countries. It is noticeable the
drastic changes in the ADLP for Italy, Spain and France, in terms of timing, peak values
and ramps. The changes are less evident for Germany, Sweden and Switzerland, which
kept the same ADLP shape and in the latter case with similar values.

40— 60

35¢

ADLP [GW]
N w
a =

ADLP [GW]

o

20fa, Iran SN

4 ‘s 1 “o’
S L ‘-0 -0 4
‘9-1,_0_.0-0" —e—2020 WD ——2019 WD —e—2020 WD ——2019 WD
- -2020 HD -e-2019 HD -©-2020 HD -e-2019 HD

s L] 30
012345678 9101112131415161718192021222324 01234567 8 9101112131415161718192021222324
hour hour
(a) Italy (b) France

ADLP [GW]
ADLP [GW]

iy
400e, Sme-o T

/] e’ \
. \o
) .’ |

--2020 HD -e-2019 HD eret -6-2020 HD -e-2019 HD

el L ] sl L] |
01234567 89101112131415161718192021222324 012345678 9101112131415161718192021222324
hour hour
(c) Spain (d) Germany

Figure 5. Cont.



Energies 2021, 14, 96 10 of 22

B | 7.6

17.5 7.4

17 72}

16.5 7

S 16 £638)
o o

o 155 o 6.6
a a

2 150 264

14.5 2 6.2

14 i .o':ﬁ e Ny 6

1350a %o o —o-2020 WD —o—2019 WD | 5.8

%o - ~2020 HD -¢-2019 HD A )
FTC S N S T — 5.6
0123456788101 12131415161718192021222324 012345678 9101112131415161718192021222324
hour hour
(e) Sweden (f) Switzerland

Figure 5. ADLP for the selected countries.

3.2. Operational Issues

The issues raised in the power system operation are analyzed using the metrics de-
scribed in Section 2.2 for the months of April 2019 and 2020. The calculated values are
reported in Table A3 in Appendix A. Conventional generation decreased in all countries,
except Bosnia, North Macedonia, Norway, and Finland. The greatest fall was in Ger-
many (—28.7%), followed by the UK (—25.4%), Italy (—18.3%), Belgium (—16.4%), France
(—15.0%), Poland (—14.1%), and Spain (—10.7%) considering the countries with demand
higher than 5 TWh. Among such countries, only Norway (+24.8%) and Finland (+1.3%)
saw an increase of conventional generation. This translated into a high share of non-
conventional generation, except for Spain (—11.1%) and UK (—0.8%). Figure 6 compares
the coverage of national electricity demand by source for the month of April 2019 and 2020
for Italy and Spain. In Italy, the fossil generation decreased from 10 TWh to 8 TWh (43% of
the total share in April 2020) while in Spain from 13 TWh to 12 TWh (24% of the total share
in April 2020).

40 - . . .

20Aprh13v 27Aprh13i 104 Apr h12 25 Aprh13.

\ \
11y

sl

Energy balance [GWh]

0 ———————————— ] 02 W
Apr 01 Apr 07 Apr 13 Apr 19 Apr 25 May 01 Apr 01 Apr 07 Apr 13 pr 19 Apr 25 May 01
Time 2019 Time 2020
[MPump []Geothermal [_JSolar [EWindOnshore [[]Hydro ElPump []Geothermal [_]Solar [EEWindOnshore []Hydro
[ Biomass [ Other I Waste [IlFossil [EBiomass []Other I Waste [IFossil

24 Apr h16 ;125 Apr h02

54%y.65%

= A

=

()

®

o

=

o

©

o

>

o

[}

(=4

w

0 0
Apr 01 Apr 07 Apr 13 Apr 19 Apr 25 May 01 Apr 01 Apr 07 Apr 13 Apr 19 Apr 25 May 01
Time 2019 Time 2020

Pump INuclear [ISolar [ WindOnshore! [Pump INuclear [JSolar [ WindOnshore
[@MBiomass [ Other I Waste I Fossil [MBiomass  [[EHOther Il Waste Il Fossil
[C—1Geothermal [[]Otherrenewable []WindOffshore [I]Hydro [C—1Geothermal [[_]Otherrenewable [E]WindOffshore [ZX]Hydro

(b) Spain

Figure 6. Load coverage by source for two selected countries.
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The blue dashed lines in Figure 6 represent the hour with the highest value for
o (respectively for Italy 47% and for Spain 54% for April 2019, 51% and 63% for April 2020).
The hour with the highest penetration of RES (respectively for Italy 73% and for Spain 65%
for April 2019, 89% and 97% for April 2020) is marked in red. The difference between ¢ and
the RES penetration lies in the presence of the conventional generation, basically hydro.
In terms of security, the instantaneous penetration of non-conventional generation o is
preeminent, as it indicates the share of non-predictable and non-programmable sources.

A preliminary assessment of the possible effects on security following the spread of
the COVID-19 pandemic is carried out with reference to the non-conventional penetration
index 0. The ¢ index is calculated hourly for the months of March and April in 2019 and
2020 and its duration curve is reported in Figure 7. While in the March 2019 and 2020
comparison there is no noticeable difference in the maximum values for all the selected
countries (expect for Switzerland), an increase in the non-conventional penetration index
is visible in April 2020 compared to the same month of the last year. The increase is not
as dramatic as one would have expected from the situation post pandemic. For Italy the
maximum value grows from 0.47 to 0.52 in April, while for France from 0.26 to 0.30, for
Germany from 0.71 to 0.75, for Spain from 0.54 to 0.63. However, all countries had higher
values in April 2020 compared to 2019 for more than 60% of the month, except Spain.
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Figure 7. Duration curves of non-conventional penetration index for a selected number of countries.

The analyses of the power system operational issues in the months immediately
after the COVID-19 crisis have been helping the policy decision makers to identify and
implement good practices to address pandemic risks in the energy sector [27].
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3.3. Electricity Market

Lockdown measures adopted in most European countries to fight back the COVID-19
pandemic took a significant toll on European power markets. Historical time series of
day-ahead spot prices are analyzed for the first half of the year (from January 1st to June
30th) from year 2015 until 2020, to compare the 2020 expected price drop to comparable
prices in the previous years. The analyzed time series start in 2015 as this year marks the
launch of the EUPhemia combined market clearing at the European level and also the
entry into force the legislative basis for European cross-border electricity day-ahead market
exchanges (the Regulation on Capacity Allocation and Congestion Management).

The metrics described in Section 2.3 to evaluate the immediate impact of the COVID-19
pandemic on the electricity markets are applied on the pan-European day-ahead market
(DAM). Data have been gathered thanks to the European Power Exchanges, provided
directly or through Platts® database to the European Commission—Joint Research Centre.
Data for the forecasted day-ahead load per bidding zone have been collected through the
ENTSO-E Transparency Platform when available, and in the few cases when the data were
not available actual load per hour has been used instead.

First, the effect of the pandemic on wholesale European prices (€/MWh) trend is single
out for the last five years before the 2020 using the load-weighted weekly moving average
(DAMpy,). Figure 8 shows that since mid-March the prices for 2020 decreased more than
the previous years, even compared to the 2016 characterized by lower oil price [28]. This
finds a quite exact concurrence with the time (mid-March) when widespread lock-down
measures have been adopted almost everywhere throughout Europe. Prices in the pan-
European DAM started to recover their pace only since the beginning of June 2020, with
the almost total release of lock-down measures.

80
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Figure 8. Pan-European load-weighted moving average of all bidding zones.

The stark contrast of price dynamics in 2020 w.r.t previous years is even clearer looking
at the box plots in Figure 9, which depicts the cumulated observations during each year.
On each box, the central mark indicates the median, and the bottom and top edges of the
box indicate the 25th and 75th percentiles, respectively. The whiskers extend to the most
extreme data points not considered outliers, and the outliers are plotted individually.
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Figure 9. Load-weighted weekly moving pan-European averages of the DAM prices across the
selected years.

From Figure 9, it is possible to infer how deeply the pandemic has hit electricity
markets in Europe: prices have plummeted in the first six months of 2020 w.r.t previous
years, pointing to the fact that the sharp decrease in demand has been directly trans-
lated into lower market prices in the DAM. In comparison, another high impact event
on energy investments/supply chains such as the 2008-2009 socio-economic crisis (trig-
gered by the subprime mortagage issuance) did not cause a clear impact on day-ahead
electricity prices [29].

In general, there have been big reductions in the DAM prices for all analyzed countries
and for the considered months in 2020 compared to the same months in 2019. In detail
the average reduction in prices in March 2020 for all analyzed countries has been —44%
compared to the same month in 2019. In April 2020, the average prices have reduced even
further by —-60% compared to April 2019 and by —-57% in May 2020 compared to May 2019.
The largest reductions in DAM prices can be seen in the Nordic countries (Sweden and
Norway) with Norwegian prices in April 2020 reduced by —89% compared to April 2019.

For a more complete analysis of the impact of COVID-19 on the electricity markets,
the values of the metrics described in Section 2.3 are reported in Table A4 in Appendix A.

Finally, time series decomposition of zonal time series of prices has been used to zoom
in on a few selected countries as shown in Figure 10. Decomposition charts are provided
for each of the few selected countries: Italy, France, Germany, Spain, Switzerland, and
Sweden. For the sake of brevity, only the bidding zone n.1 is reported for Sweden.

The analysis of Figure 10 clearly shows the trend of electricity spot prices over the
first weeks of 2020 for the selected countries, separating each time series into its trend
component (T), its seasonal (set as weekly and marked as S) component and a “random”
part (R). Starting from the end of February, when the pandemic struck throughout Europe,
the day-ahead price has decreased in many of the analyzed countries. The minimum value
of the respective trends for many of the represented countries occurred around mid-April.
Switzerland, for which data are available only for the first 13 weeks of 2020, shows already
an all-time low in week 13 since the start of year 2020. The trend decomposition per country
underlines that the impact on the electricity market was similar whether a country adopted
a strict lockdown or not.
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Figure 10. Decomposition of additive time series [€/MWHh], first 27 weeks of 2020 (T = Trend,

S = Seasonal, R = Random).

4. Conclusions

The COVID-19 spread and the consequent socio-economic and health prevention
and protection measures have impacted all the energy and electrical systems. The most
immediate effects regarded the power consumption levels, the generation mix structure
and the electricity market price. The European countries adopted different mitigation and
protection strategies: a first group implemented more stringent containment measures
(e.g., Italy, France, Germany) whereas others followed lighter approaches (e.g., Sweden
and Switzerland). In the former group, due to the modification of social habits and the
closure of factories, electrical energy consumption decreased by about 15% compared to
the previous years and changes in the load profile could be observed. In the latter group,
no significant changes in the consumption occurred.

In general, the risks for the system are greater in the case of demand increase, a situa-
tion in which there may be a lack of redundancy in the generation and greater stress on the
infrastructure. From the point of view of system operation, the decrease of the electricity
demand resulted in a reduction of the conventional dispatched power for countries where
a severe lockdown was imposed. This led to an increment of RES generation over the total



Energies 2021, 14, 96

15 of 22

one. An increase of the non-conventional generation amplifies the operational challenges
and the need for regulation capabilities in terms of keeping frequency stability and procur-
ing 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 into lower electricity
market prices. On the other side, the transmission system operators had to promptly
dispatch conventional units, whose services are acquired from the ancillary service market,
leading to an increase of the cost for ancillary services.

The long-term effects of the COVID-19 crisis not only depend on the persistence of
the pandemic but also of the associated economic recession. When compared with the 2008
subprime-induced economic crisis, while both events severely affected the power sector
investments—due to financial difficulties and weak demand—the consequences on the
generation mix operations and the market functioning showed peculiar differences. As a
matter of fact, the power generation mix after 2008 recorded a shift from low-carbon to (at
that time, less capital-intensive) conventional technologies, contrarily to what happened
in the 2020 power generation structure, where renewables supplied a larger share of
electricity demand. Electricity markets also reacted differently, with the most evident
consequences (i.e., lower day-ahead prices) noted during the COVID-19 crisis. Even if low-
carbon investment prices dramatically decreased over the last decade, currently shrinking
electricity prices and emission allowance prices could result in a weaker business case also
for renewable energy solutions.

The analyses of the power system performance during the COVID-19 crisis are helping
policy decision makers to identify good practices for risk-preparedness in the power sector.
Furthermore, the assessment of the system and market dynamics (beginning from the
lower day-ahead prices and the higher shares of renewable electricity generation) can
aid policy makers and regulators to devise the appropriate market schemes to govern
energy systems pervasively penetrated by low-carbon technologies. Future work will
concentrate on the impact on the ancillary services markets and the techno-economic and
policy implications on energy security, following the current evolution of the pandemic
and the related containment measures.

In conclusion, with Europe willing to bring carbon emissions down to net-zero within
2050, power from renewables cannot but steadily grow. Consequently, recurring analyses
on the shorter- and longer term effects of high impact events such as a pandemic, socio-
economic crisis, extreme climate events or cyber-attacks will remain essential to support
decision makers in designing the resilient, climate-neutral power system of the future.
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Appendix A

Table A1l. Energy consumption, energy demand variation (Dygr ), maximum (Pyay ), minimum (Py,;, ) and average (Pape)
power demanded, and the load factor ({) for some European countries, April 2019-2020 (in blue the EU countries).

C t D 2019 D 2020 D var [Iz;mx] [1(3;”‘!;\';] [I();u‘”(,l\t;] [ g ]
ountty  [TWh]  [TWhl  [%] pu
‘19 20 ‘19 20 ‘19 20 ‘19 20
Italy 22.04 17.44 —20.9% 429 32.8 17.6 15.3 30.6 24.2 0.71 0.74
France 37.67 30.56 —18.9% 69.2 57.4 35.7 31.1 52.3 424 0.76 0.74
Spain 19.57 16.27 —16.9% 34.6 28.5 18.8 16.6 27.2 22.6 0.79 0.79
Germany 39.26 36.00 —8.3% 69.9 66.8 33.3 33.5 54.5 50.0 0.78 0.75
Sweden 10.94 10.91 —0.3% 20.6 19.9 11.1 11.8 15.2 15.1 0.74 0.76
Ireland 2.40 2.16 —9.9% 44 3.9 2.3 2.2 33 3.0 0.76 0.77
Switzerland 4.60 4.62 +0.3% 8.2 8.9 4.7 4.8 6.4 6.4 0.78 0.72
Portugal 3.98 3.51 —12.0% 73 6.8 35 3.2 5.5 49 0.76 0.71
Austria 4.88 4.36 —-10.7% 8.5 7.8 45 4.2 6.8 6.1 0.79 0.78
Belgium 6.81 5.90 —13.3% 11.8 10.1 6.9 6.1 9.5 8.2 0.80 0.82
Bosnia 1.00 0.85 —14.9% 1.8 3.2 0.8 0.8 14 1.2 0.75 0.37
Croatia 1.37 1.19 —13.3% 2.5 2.3 1.2 1.1 1.9 1.7 0.77 0.71
Czech 5.33 473 —11.3% 9.3 8.7 5.1 47 7.4 6.6 0.79 0.75
Republic
Denmark 2.59 2.64 +1.9% 4.8 4.8 2.5 2.7 3.6 3.7 0.75 0.77
Hungary 3.42 3.07 —10.3% 5.8 5.4 3.2 3.0 4.7 4.3 0.82 0.78
Luxemburg 0.31 0.26 —17.4% 0.8 0.5 0.1 0.2 0.4 04 0.56 0.70
North . 0.52 0.48 —6.4% 1.0 1.2 0.3 0.1 0.7 0.7 0.72 0.57
Macedonia
Montenegro 0.24 0.25 +4.6% 0.4 0.5 0.2 0.2 0.3 04 0.77 0.71
Thelaljlgtsher' 8.97 789  —12.0% 158 14.1 9.1 7.7 12.5 11.0 0.79 0.78
Norway 10.44 10.99 +5.3% 19.5 18.9 10.7 12.6 14.5 15.3 0.75 0.81
Poland 13.41 12.09 —9.8% 23.2 20.9 114 10.8 18.6 16.8 0.80 0.80
Serbia 3.07 297 —3.3% 5.4 5.6 2.6 2.6 43 4.1 0.79 0.74
Slovakia 2.31 2.03 —12.0% 3.9 3.5 2.3 2.0 3.2 2.8 0.83 0.80
Slovenia 1.06 0.88 —-16.7% 23 1.7 0.9 0.8 1.5 1.2 0.63 0.72
Bulgaria 2.96 2.77 —6.2% 52 5.6 1.8 24 4.1 3.9 0.79 0.69
Cyprus 0.21 0.16 —23.6% 0.6 0.5 0.3 0.2 04 0.3 0.63 0.57
Estonia 0.65 0.64 —1.8% 1.2 1.1 0.6 0.7 0.9 0.9 0.74 0.78
Finland 6.65 6.59 —0.9% 11.0 10.6 75 7.7 9.2 9.1 0.84 0.86
Greece 3.88 3.40 —12.5% 7.1 6.9 3.3 3.0 5.4 4.7 0.76 0.69
Latvia 0.58 0.55 —4.2% 1.1 1.0 0.5 0.5 0.8 0.8 0.73 0.75
Lithuania 0.97 0.88 —9.7% 1.7 1.6 0.9 0.9 1.3 1.2 0.78 0.75
Romania 4.79 4.09 —14.6% 8.1 7.5 45 4.1 6.7 5.7 0.82 0.76
UK 24.93 21.14 —15.2% 47.6 41.8 1.9 15.1 34.6 29.4 0.73 0.70
Table A2. Load profile analysis for some European countries, April 2019-2020 (in blue the EU countries).
Country Peak Time ADLPmax APeaks ADLP,ve MR ER
2019 2020 2019 2020 2019 2020 2019 2020 2019 2020 2019 2020
Ttaly WD 9 20 3848 31.65 0.62 243 3244 2578 262 1.45 1.21 0.85
HD 20 20 31.25 2722  2.66 499 2597 20.59 1.18 0.64 1.17 1.51
France WD 9 12 59.91 4986 4.73 279 5377 4390 292 1.52 0.59 0.94
HD 23 12 53.78 4415 042 030 4887 39.04 1.18 1.36 1.43 1.24
Spain WD 12 13 3201 2726 0.21 0.21 2818 2325 1.24 0.96 0.99 1.24

HD 21 21 28.30 2520  1.09 046 2460 21.04 1.06 0.91 1.00 1.08
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Table A2. Cont.

Peak Time ADLPax APeaks ADLP,ve MR ER
Country

2019 2020 2019 2020 2019 2020 2019 2020 2019 2020 2019 2020

German WD 11 11 6618 618 513 601 5747 5268 242 230 017 021
y HD 1 11 52.83 5022 224 253 4702 4375 156 161 066 1.14

Swed WD 8 8 1776 1706 159 100 1569 1549 058 049 0.08  0.08
weden HD 20 20 1502 1530 022 040 1405 1436 022 020 028  0.18
Ireland WD 18 18 393 365 001 010 342 307 011 009 001 0.10
relan HD 12 18 353 345 003 010 312 28 013 008 007 0.10
Switserland WD 12 12 732 749 049 076 653 654 014 022 —022 —0.22
witzerlan HD 15 13 672 685 014 045 601 612 016 009 —023 —024
Portucal WD 20 20 672 605 022 034 576 506 029 021 029 023
& HD 20 20 579 541 029 027 494 441 023 031 027 031
Austri WD 8 11 815 718 038 024 7.1 638 055 025 011 0.18
ustna HD 11 20 661 592 02 017 592 528 0.2 0.15 0.1 0.17
Belginm WD 9 11 108 919 053 011 975 845 047 026 008 027
& HD 1 20 944 828 023 011 873 761 023 017 01 0.18
Bosni WD 20 14 159 135 003 003 138 118 005 004 006 005
osnia HD 20 12 168 139  0.09  0.04 14 119 008 005 006 007
Cront WD 20 20 236 208 0.14 0.1 195 171 0.1 008 012  0.13
roatia HD 20 20 216 18 009 008 179 152 008 008 013 0.3
Crech Reoublic WP 9 12 855 781 042 061 77 688 037 023 0.1 0.13
P HD 11 11 754 667 043 027 665 584 017 0.16 0.1 0.17

b . WD 10 10 436 438 019 012 372 379 019 018 —-01 —0.1
enmar HD 18 18 372 393 004 009 327 336 006 007 004 0.09
Hunear WD 20 20 547 503 022 035 489 442 033 025 011 015
gary HD 20 20 496 458 0.2 051 439 387 0.4 0.1 0.15 0.2
Luxembour WD 12 20 055 042 002 002 046 037 004 001 002 001
5 HD 1 20 053 038 004 003 038 033 002 001 003 002

North WD 22 22 087 082 0.4 0 073 069 003 003 002 003
Macedonia HD 20 20 082 075 007 001 067 062 003 003 005 004
Monteneero WD 20 20 04 041 003 002 034 036 002 002 002 002
& HD 20 20 0.4 0.4 002 002 033 034 002 002 002 002

The Netherland WD 8 20 143 128  0.16 0.4 129 114 076 049 005 022
e Netherlands 1y 21 21 128 118 085 145 113 10 0.13 0.6 021 036
Norwa WD 8 8 165 166 146 091 148 154 05 044 007  0.07
y HD 10 1 145 157 023 017 138 15 022 018 014  0.05

Poland WD 20 20 219 199 028 019 195 177 068 067 078 054
olan HD 20 20 184 168 027 093 166 148 0.6l 0.5 055  0.63
Serbi WD 20 20 506 492 033 035 432 419 024 021 023 024
erbia HD 20 20 488 469 033 031 414 395 019 022 026 024
Slovaki WD 9 11 363 326 003 005 331 293 015 0.1 0.06  0.08
Ovakia HD 11 11 334 293 012 006 297 258 009 008 008 0.1
Sloven WD 8 20 1.75 151 0 007 154 129 012 008 005 0.08
ovenua HD 20 20 1.49 1.3 003 015 1.3 107 004 003 006 008
Bulwaria WD 20 20 485 448 015 006 418 392 028 022 0.2 0.16
8 HD 20 20 453 429 022 015 391 37 018 016 016 0.16
Cvorus WD 20 20 055 048 011 013 041 034 002 001 004 004
yp HD 20 20 0.5 046 012 014 037 031 001 001 004 005
Eeton WD 9 9 1.1 1.05 0.1 008 094 092 006 005 001 001
storua HD 21 21 091 093 003 006 081 08 003 002 002 002
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Table A2. Cont.

Country Peak Time ADLPax APeaks ADLP,ve MR ER
2019 2020 2019 2020 2019 2020 2019 2020 2019 2020 2019 2020
, WD 8 9 10 972 047 021 942 926 03 021 005 0.04
Finland HD 22 22 934 938 039 037 88 888 008 004 009 007
WD 21 12 646 576 027 002 548 479 025 027 024 03
Greece HD 21 12 622 557 024 009 521 457 022 025 026 025
, WD 9 10 1 095 011 011 083 08 007 005 001 001
Latvia HD 10 21 0.83 0.8 0 003 073 0.7 003 002 002 001
, , WD 9 11 162 147 014 013 139 126 0.1 006 002 002
Lithuania HD 10 21 138 127 001 002 124 112 005 004 002 002
, WD 20 21 774 668 023 035 684 58 03 023 025 0.2
Romania HD 21 21 706 626 057 071 619 535 013 013 021 022
WD 1 18 414 361 095 023 356 301 219 104 074 136
UK HD 12 18 3.8 344 015 29 323 277 151 132 064 186
Table A3. Generation mix across Europe, April 2019-2020 (in blue the EU countries).
Country RES [TWh] [FTOVS\?;II] Conv [TWh] N‘[’_}‘“Cni’]“" % RES % Fossil o
2019 2020 2019 2020 2019 2020 2019 2020 2019 2020 2019 2020 2019 2020
Italy 728 803 1021 749 1657 1353 321 348 33% 46% 46% 43% 16%  20%
France 828 9.03 218 063 3867 3286 334 354 22% 30% 6% 2% 8%  10%
Spain 814 868 584 38 1295 1157 570 507 42% 53% 30% 24% 31%  30%
Germany 20.08 21.02 1636 932 2816 2008 1420 1516 51% 58%  42%  26% 34%  43%
Sweden 675 883 000 000 1154 1082 127 244 62% 81% 0% 0% 10% 18%
Ireland 084 024 101 064 109 067 076 022 35% 11% 42% 30% 41% 25%
Switzerland 134 130 000 000 359 314 005 018 29% 28% 0% 0% 1% 5%
Portugal 234 262 149 057 260 222 127 099 59% 75% 37% 16% 33% 31%
Austria 469 375 061 039 432 353 099 063 9% 86% 12% 9%  19% 15%
Belgium 124 163 161 118 597 499 091 115 18% 28% 24% 20% 13%  19%
Bosnia 046 022 051 084 09 105 001 001 46% 26% 52% 99% 1% 1%
Croatia N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Czech Republic ~ 1.02 1.04 323 243 589 474 054 056 19% 22% 61% 51% 8% 10%
Denmark 155 171 054 042 096 077 114 137 60% 65% 21% 16% 54%  64%
Hungary 019 038 072 061 224 216 008 025 6% 12% 21% 20% 3%  10%
Luxemburg N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
North Macedonia  0.05 0.08 0.17 019 022 027 000 001 10% 16% 34% 40% 2% 2%
Montenegro 010 006 000 001 008 005 002 003 40% 24% 0% 6% 17% 36%
The Netherlands 033 038 422 350 692 620 033 038 4% 5% 47% 44% 5% 6%
Norway 964 1229 026 026 955 1192 035 065 92% 112% 2% 2% 4% 5%
Poland 158 170 996 855 1035 889 120 136 12% 14% 74% 71% 10% 13%
Serbia 090 068 190 18 281 255 000 000 29% 23% 62% 63% 0% 0%
Slovakia 057 046 035 033 202 197 010 011 25% 23% 15% 16% 5% 5%
Slovenia 042 036 028 022 118 104 002 003 40% 41% 27% 25% 2% 3%
Bulgaria 050 074 157 129 338 276 020 027 17% 27% 53% 47% 6% 9%
Cyprus 002 001 029 016 029 016 002 001 6% 8% 101% 100% 6% 7%
Estonia 011 014 045 011 052 017 004 009 16% 22% 69% 17% 8%  34%
Finland 200 235 097 086 452 458 048 061 30% 36% 15% 13% 10%  12%
Greece 070 094 197 149 197 149 070 094 18% 28% 51% 44%  26%  39%
Latvia 035 027 009 006 049 036 001 001 61% 48% 15% 10% 2% 3%
Lithuania 024 027 003 004 016 018 013 015 25% 31% 3% 5%  44%  45%
Romania 217 196 162 102 402 320 075 080 45% 48% 34% 25% 16%  20%
UK 6.65 690 1005 635 1614 1203 512 508 27% 33% 40% 30% 24%  30%
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Table A4. Total revenues, average and minimum prices, volumes, number of hours with negative prices and variations in the day-ahead market. Data corresponding to Sweden, Norway,
Denmark, and Italy are presented disaggregated in their bidding zones. For the current EU Bidding Zone configuration, please refer to [30].

Average Price

Minimum Price

Number of

Market Total Revenues [M€] Total Volumes [TWh] Hours with Rate of Rate of Change in Rate of
Zone [€/MWh [/MWhI Negative Prices Change in Total Reven%es Change in
2019 2020 2019 2020 2019 2020 2019 2020 2019 2020  DAPrices Volumes
SE1 98.6 20.3 379 7.9 2.6 25 0.12 0.86 0 0 —79.2% —79.4% —0.8%
SE2 158.8 32.8 379 7.9 4.1 4.1 0.12 0.86 0 0 —79.2% —79.3% —0.5%
SE3 848.2 271.9 379 11.9 219 21.8 0.12 0.86 0 0 —68.7% —67.9% —0.4%
SE4 238.2 93.7 38.5 14.6 6.1 6.1 0.12 0.86 0 0 —62.1% —60.7% 1.3%
FI 856.7 415.6 40.4 19.9 20.9 20.4 —19.9 0.9 0 0 —50.8% —51.5% —2.5%
DK1 186.6 87.5 36.7 16.3 5.0 5.2 —19.9 —55.8 59 62 —55.5% —53.1% 3.7%
DK2 125.6 61.7 37.9 18.8 3.2 3.2 15.12 —42.7 48 55 —50.3% —50.9% —2.1%
NO1 348.5 61.1 41.0 6.7 8.4 8.8 15.12 0.69 0 0 —83.7% —82.5% 4.7%
NO2 357.5 58.5 40.9 6.6 8.7 8.6 15.12 0.69 0 0 —83.8% —83.6% —0.8%
NO3 287.6 52.7 40.7 7.0 7.0 7.4 15.12 0.69 0 0 —82.8% —81.7% 4.9%
NO4 215.2 409 40.4 7.5 53 54 15.12 0.86 0 0 —81.5% —81.0% 1.7%
NO5 178.7 29.4 40.6 7.2 4.4 4.1 15.12 0.86 0 0 —82.4% —83.5% —7.4%
EE 93.6 54.5 41.5 24.3 2.2 2.1 0.12 0.94 0 0 —41.6% —41.8% —2.9%
LV 79.3 44.6 42.6 24.0 1.8 1.7 0.12 0.94 0 0 —43.6% —43.8% —3.5%
LT 130.4 72.5 42.5 23.9 3.0 2.8 0.12 0.94 0 0 —43.7% —44.4% —4.2%
AT 571.9 303.1 36.2 20.2 15.4 14.2 —59.78 —77.7 42 73 —44.4% —47.0% —7.8%
BE 822.2 362.3 37.8 18.1 21.3 19.3 —31.62 —115 20 86 —52.2% —55.9% —9.6%
DE-LU 4273.4 2352.9 35.1 19.1 118.9 117.9 —83.01 —83.9 73 117 —45.7% —44 9% —0.9%
FR 4278.2 1913.3 36.4 17.4 115.3 102.0 —12.27 —75.8 16 66 —52.1% —55.3% —11.5%
NL 964.0 502.6 40.5 20.5 23.4 23.5 0.1 —-79.2 0 61 —49.4% —47.9% 0.5%
ITCN 4114 170.6 52.4 26.3 7.6 6.2 6.27 0 0 0 —49.7% —58.5% —19.5%
ITCS 560.1 262.2 51.5 27.0 10.7 9.3 0 0 0 0 —47.5% —53.2% —12.6%
ITNorth 2138.3 888.7 52.2 25.7 39.7 32.6 6.27 0 0 0 —50.8% —58.4% —18.0%
ITSardinia 105.2 51.1 50.9 26.2 2.0 1.9 0 0 0 0 —48.4% —51.4% —8.4%
ITSicilia 257.7 110.4 59.6 27.6 4.2 3.8 0 0 0 0 —53.8% —57.2% —7.6%
ITSouth 296.5 148.8 48.8 26.7 6.0 54 0 0 0 0 —45.3% —49.8% —9.7%
ES 2999.6 1236.2 49.2 22.3 60.3 53.7 3.52 1.02 0 0 —54.7% —58.8% —10.9%
PT 610.5 262.2 49.5 22.4 12.2 11.4 5 1.02 0 0 —54.8% —57.0% —6.8%
IE 393.7 2379 49.2 28.6 8.0 7.9 -7 —41.1 24 97 —41.8% —39.6% —1.0%
CH 588.4 318.4 37.5 20.1 15.5 15.4 —22.72 —-59.6 10 63 —46.4% —45.9% —0.6%
SI 142.6 76.2 42.1 24.8 3.3 29 —20.23 —-235 23 16 —41.1% —46.6% —11.1%
SK 272.7 145.8 36.8 21.1 7.3 6.6 —25 —65 29 83 —42 8% —46.5% —9.0%
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Table A4. Cont.

Average Price

Minimum Price

Number of Hours

Market Total Revenues [M€] Total Volumes [TWh] ) . ; Rate of Rate of Rate of
Zone [€/MWh] [€/MWh] with Negative Prices Change in Change in Change in

2019 2020 2019 2020 2019 2020 2019 2020 2019 2020 DA Prices Total Volumes
RS 410.8 255.0 422 263 9.5 9.4 7.43 0.93 0 0 —37.7% Rexenyes —2.0%
PL 2233.5 492.9 51.6 36.3 42.4 39.4 0 11.39 0 0 —29.7% —77.9% —7.3%
RO 628.0 376.9 41.5 27.2 14.7 13.3 0 0 0 0 —44.6% —40.0% —9.2%
GB 3520.5 1964.7 49.0 29.6 68.8 62.7 0 —44.2 0 51 —28.5% —44.2% —8.8%
Ccz 608.4 332.7 36.3 20.9 16.4 15.1 —25 —65 29 86 —42.3% —45.3% —7.9%
HR 185.2 102.4 42.2 25.3 4.2 39 —20.23 —-235 23 16 —40.1% —44.7% —9.2%
BG 367.7 228.5 394 25.5 9.0 8.6 0 0 0 0 —35.3% —37.9% —4.9%
GR 756.2 408.2 62.7 35.5 11.9 11.1 0 0 0 0 —43.3% —46.0% —6.7%
HU 468.2 263.4 42.7 26.2 10.7 9.6 0.02 —8.12 0 4 —38.6% —43.7% —9.7%
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