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a b s t r a c t

In 2020, Germany reached a maximum share of 50.5% intermittent renewables in electricity generation.
Such a high share results in an increasing need for flexibility measures such as international transmission
flexibility, i.e., electricity imports and exports. In fact, during the COVID-19 pandemic, Germany changed
from a former electricity net exporter to a net importer. This paper, therefore, analyzes what we can learn
from the resulting development of German electricity imports as a flexibility measure from a market,
environmental, and network perspective. We analyze data on electricity imports/exports, generation,
prices, and interconnection capacities of 38 bidding zones, respectively 11 countries within the ENTSO-E.
In particular, we formulate three hypotheses to partition our overarching research question. Our results
reveal that from a market perspective, Germany's increased need for transmission flexibility did not
generally result in increased prices for German electricity imports. Also, from an environmental
perspective, Germany increasingly relied on electricity imports from countries that exhibited a lower
share of renewables. Finally, during the COVID-19 pandemic some of Germany's interconnection ca-
pacities to its neighboring countries exhibited a higher utilization. In view of our results, German poli-
cymakers may reflect on decarbonization policies considering a holistic European perspective.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

In 2020, the share of intermittent Renewable Energy Sources
(RES) in the German electricity generation rose to 50.5% [1]. This
implies an increase of 4.5% points compared to 2019. During the
COVID-19 pandemic, countermeasures in terms of, e.g., restricted
mobility and social distancing caused, for instance, a decrease in
transport activities. These countermeasures had led to lower en-
ergy consumption, which in turn contributed to an increasing share
of RES. Even though, changes appeared throughout the whole en-
ergy system, in this paper, we focus on changes within the
TSO-E, European Network of
Interconnected European Po-
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electricity sector. Literature already investigates a reduction in
electricity consumption with regard to corresponding changes in
electricity systems worldwide during the COVID-19 pandemic [2].
In Germany, the biggest economy in Europe, the COVID-19
pandemic also led to a decrease in economic activities that resul-
ted in a decline in electricity consumption [3e5]. A lower electricity
consumption, combined with favorable weather conditions,
contributed to an increasing share of RES during the COVID-19
pandemic. Moreover, the decline in absolute electricity consump-
tion in combination with a drop in oil and gas prices induced a fuel
switch: gas power plants with fewer greenhouse gas emissions
increased their share in electricity generation while lignite and
hard coal power plants produced less electricity compared to pre-
vious years [6e8]. Thus, the COVID-19 pandemic induced several
unexpected changes in electricity systems, which in their coinci-
dence resulted in unique and completely new circumstances in
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electricity systems.
Such an increase in the share of RES, in particular, solar and wind

power plants, comes along with a general increase in intermittent
electricity generation [9]. Hence, to ensure system stability, there is a
growing need for various flexibility measures to balance electricity
demand and supply [10,11]. There are several flexibility options that
provide the required flexibility in electricity systems. These options
are demand-side flexibility, sector coupling, supply-side flexibility,
storages, and transmission flexibility to balance supply and demand
[10,12]. In this paper, we focus on transmission flexibility and in
particular the exchange of electricity via transmission lines within
the power network of the European Network of Transmission Sys-
tem Operators for Electricity (ENTSO-E) [10,13,14].

Connecting several single European power networks e including
Germany in its center e, the interconnected European power
network is one of many “interconnected power networks” world-
wide [2]. Such connections between various single power networks
exhibit different advantages, e.g., the promotion of electricity trading
across wide areas with increased competition, more diverse elec-
tricity generation schemes, and different consumption patterns [15].
The latter may allow for a better integration of intermittent RES as
over-supply of, e.g., wind power in one period and in one country
can be exported to a neighboring country [16,17]. Therefore, the
formation of an interconnected power network generally fosters an
increased security of supply [2]. Naturally, such interconnections of
power networks also come along with an increase in dependencies
between the respective regional power networks. An (unexpected)
change in one part of the interconnected power network, i.e., in one
regional power network, may therefore lead to repercussions across
the entire interconnected power network [18].

Coupled electricity markets that underlie most interconnected
power networks, allow to actually allocate pooled generation re-
sources via power exchanges. Resulting electricity imports and
exports carried out among these coupled market areas serve as a
means to generate electricity at lower cost and, thereby, lead to
cheaper electricity for customers of the interconnected power
network [15].

During the COVID-19 pandemic, Germany exhibited not only an
increase in share of RES, but also an increase in electricity imports.
Ultimately, Germany, a net exporter of electricity over the past
years, became a net importer of electricity during the COVID-19
pandemic and, therefore, relied on electricity imports from its
neighboring countries [8,19]. The interconnected European power
network helped to address changes associated with the COVID-19
pandemic in Germany in form of increased inter-regional elec-
tricity imports [8]. In this paper, we, therefore, aim to analyze the
development of German electricity imports during the COVID-19
pandemic with regard to a market, environmental, and network
perspective. Based on the increase in both the share of RES in
Germany and the imports of Germany in 2020, we raise the
following research question:

What can we learn from the development of German electricity
imports as a flexibility option during the COVID-19 pandemic from
a market, environmental, and network perspective?

To answer this research question, we first give an overview of the
relevant literature in relation to our research question (cf. Section 2).
Next, we describe ourmethodological approach by formulating three
hypothesis as well as the data on electricity imports and exports.
Both the hypotheses and the presented data serve as the basis to
answer our research question (cf. Section 3). Our approach includes
the formulation of hypothesis that serve to partition our overarching
research question. Therefore, in Section 4 we analyze and test the
formulated hypothesis. Finally, we discuss what we can learn from
the development of electricity imports and exports during the
2

COVID-19 pandemic from a market, environmental, and network
perspective for the future (cf. Section 5 and Section 6).

2. Related work

While the COVID-19 pandemic constitutes a crisis in the health
sector, it comes along with many implications for other areas of life
as well. In energy-related research, existing publications already
analyze the effects of the COVID-19 crisis on (a) energy systems in
general and, in particular, (b) the sectors of heating/cooling and
transport, as well as (c) the electricity sector.

Investigating the implications of the COVID-19 pandemic for the
energy transition, Steffen et al. [20] recommend three principles for
coping with such a crisis; no short-term overreacting, mid-term
utilization of new opportunities for the energy transition, and
long-term development of new policy designs that can sustain
future shocks. Giving a review on the development of RES and
sustainable energy during the COVID-19 pandemic, Hosseini [21]
argues that targeted policymeasuresmight convert the harm of the
COVID-19 pandemic into a renewed focus on long-term sustain-
ability goals in the energy sector. Jiang et al. [4] find that the im-
pacts of the pandemic on energy demand have been substantial.
The authors emphasize five categories of new opportunities
stemming from the COVID-19 pandemic: enhancement of digita-
lization, lifestyles that exhibit lower energy usage, enhancement of
resilience including circular economy, opportunities for RES and
energy storage, and fighting infectious diseases and saving energy.
Alvares [22] introduces a multi-objective procedure to enable the
service of electricity supply in times when infections and deaths
affect the personnel of power plants by the case of the Argentine
power system. The procedure allows an identification of critical
areas and derives corrective measures. Kleme�s et al. [23] provide an
overview of invested energy sources, e.g. for personal protection
equipment and testing kits, and the corresponding environmental
footprints during the COVID-19 pandemic. The authors find that, for
instance, reusable protection equipment constitute a possibility to
lower the corresponding energy consumption and therefore the
environmental footprint. The results of Brosemer et al. [24] indicate
that the COVID-19 pandemic stresses the importance of energy
sovereignty as the right of communities to participate in decision
making aiming for a just energy system. The authors state that
energy sovereignty represents a critical component in a post
COVID-19 energy system in order to leave no one behind.

Turning to the heating/cooling sector, Zhang et al. [25] investi-
gate the impact of different levels of confinement measures on
thermal energy demand and electricity for the case of a Swedish
building mix that consists of residential buildings, schools, offices,
and retail shops. In terms of the transport sector, Ni�zeti�c [26] an-
alyzes the impact of the COVID-19 pandemic on air transportation
mobility using a case study in European air transportation. The
author finds that the pandemic affected air transport mobility e

with a peak in reduction in the number of flights in the EU region of
more than 89% e, which directly led to a reduction of CO2 emis-
sions. Similar, Abu-Rayash and Dincer [27] investigate mobility
trends during the COVID-19 pandemic. In terms of global trans-
portation, their results reveal a reduction of transportation that
results in significant greenhouse gas reductions. Conducting a case
study, Bazzana et al. [28] investigate mid-term impacts of the
COVID-19 pandemic on the Italian transport and energy sector. For
the transport sector the authors find that in their medium scenario
(i.e., stop of emergency by the end of 2021) emissions by 2030 are
6% lower than in the pre-pandemic time.

The COVID-19 pandemic also led to altered circumstances in the
electricity sector which is the focus of this paper. In this context,
Zhong et al. [29] provide a comprehensive review of the impact of
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COVID-19 on the electricity sector. The results of the review indi-
cate that in many countries, electricity demand dropped, electricity
consumption and load profiles changed, and the share of RES
increased. Hilares et al. [30] find that such altered circumstances
led to a greenhouse gas reduction of 60% in the Peruvian electricity
systems. Considering, e.g., the decline in electricity consumption,
Bahmanyar et al. [31] examine the impact of containment measures
on electricity consumption in Europe, in particular, in Belgium,
Italy, Spain, and the UK. Comparing different approaches with
respect to implemented countermeasures, e.g., levels of confine-
ment measures, the authors find that various levels of counter-
measures (defining allowed and prohibited activities) affect
electricity consumption profiles. Santiago et al. [32] investigate the
Spanish electricity demand during the COVID-19 pandemic. Their
results reveal that during the lockdown the decline in electricity
demand and changes in demand profiles led to an increased share
of RES in Spain. Examining the influence of the COVID-19 pandemic
on national electricity systems by the example of the United
Kingdom, Liu and Lin [33] establish a deep-learning-based pre-
dictive model and find, among other results, that RES will keep
growing in the United Kingdom in a post-pandemic time. Krarti and
Aldubyan [34] provide review analysis on the impact of stay home
living patterns on energy consumption. Their results reveal that
while overall electricity demand decreased due to lower demand in
commercial buildings and manufacturing, energy consumption for
housing increased during full lockdown periods. Abu-Rayash and
Dincer [35] investigate the impact of the COVID-19 pandemic on
energy-sector dynamics by analyzing data for the province of
Ontario. Regarding temporal patterns of electricity consumption,
the authors’ results reveal that the highest electricity demand
shifted from the second half of the work week (Wednesday-Friday)
in a pre-pandemic time to the first half (Monday-Tuesday) in the
post-pandemic time. Taking such changes in temporal patterns of
electricity consumption into account, Lu et al. [36] develop an
electricity consumption prediction model that results in being su-
perior to benchmark models.

Investigating the role of flexibility during the COVID-19 pandemic,
Heffron et al. [37] draw five policy recommendations with respect to
flexibility in future energy systems. Generally the authors emphasize
the role of flexibility as an essential element of the energy transition.
Regarding the influence of COVID-19 on both CO2 emissions and the
economy, Sikarwar et al. [38] study the US, EU-28, China, and India,
finding an overall economic decline for Q2 2020 and total global CO2
emission reductions for the time period from January to April 2020.
Han et al. [39] examine the reductions in CO2 emissions in China
during 2020 and find a reduction in Q12020mainly due to lower coal
consumption and cement production. Studying government policies
and activities, Le Qu�er�e et al. [40] find that the impact on emissions
depended on the duration of confinement measures that were
implemented by politicians. Summed up, the COVID-19 pandemic
has led to several changes in electricity systems. So far, literature
already investigates the pandemic's effect on electricity demand,
electricity consumption, and load profiles respectively patterns, share
of RES, and greenhouse gas emissions.

As stated, the Interconnected European Power Network (IEPN),
with Germany in its center, has various advantages by combining
several single European power networks. Literature already
intensively investigates the usage of those advantages, e.g., diver-
sification in electricity generation technologies or the exploitation
of different consumption patterns. For the case of the China
Southern Power Grid, Zhang et al. [41] investigate the potential of
sharing hydropower flexibility by developing a decentralized and
coordinated model. However, due to increased dependencies be-
tween the respective regional power networks, changes in one part
of an interconnected power network may result in repercussions
3

across the entire interconnected power network. Neumayer and
Modiano [42] quantify the cascade effects of regional disasters on
power networks and propose a new approach modeling de-
pendencies in power networks. Addressing the challenge of
increased dependencies in interconnected networks,Wu andWang
[43] present a post-disruption recovery framework. Considering
imports and exports in electricity systems during the COVID-19
pandemic, Senthilkumar et al. [44] find that for the Indian elec-
tricity system, regional generation capacities increasingly met de-
mand locally. Therefore, inter-regional exchange in terms of
exports and imports greatly declined during the COVID-19
pandemic. Halbrügge et al. [6] analyze, how the German and
other European electricity systems behaved during the first wave of
the COVID-19 pandemic. In contrast to the Indian electricity system,
Halbrügge et al. [6] reveal that during this period Germany
increasingly imported electricity from its neighboring countries.
Similarly, the results of Werth et al. [8] indicate that during the
COVID-19 pandemic Germany as a net exporter of electricity over
the past years, became a net importer of electricity from its
neighboring countries.

Concluding the COVID-19 pandemic also exposed European
electricity systems to altered circumstances that led to regional
changes in the IEPN. Existing literature already extensively exam-
ines these changes in European electricity systems faced due to the
COVID-19 pandemic. Moreover, research already addresses the
increased transmission flexibility that resulted during the COVID-
19 pandemic. However, research still lacks an investigation of
increased electricity imports with a focus on the development of
electricity prices, i.e. the market perspective, of the share of RES, i.e.
the ecological perspective, and of the utilization of interconnection
capacities, i.e. the network perspective.

This paper, therefore, analyzes the increased imports in Ger-
many during the COVID-19 pandemic in view of these three per-
spectives during the same period.

3. Methodological approach

To address our research question, we formulate three hypoth-
eses. These hypotheses serve to partition the overarching research
question. In the following, we derive each hypothesis from the
existing body of knowledge in literature (cf. Section 3.1). In order to
investigate the three hypotheses, we analyze data by using
descriptive statistics (cf. Section 4.1 to Section 4.3). To investigate
the three hypotheses, we especially use data from the ENTSO-E
Transparency Platform, which is an online open access data plat-
form for European electricity system data [45,46]. At the end of
each subsection (cf. Section 4.1 to Section 4.3), we reflect on the
hypotheses considering the insights from our analysis. Finally, we
discuss the results of the analyses from an integrated perspective in
Section 5.

3.1. Formulation of hypotheses

Starting with the market perspective, literature generally states
that with an increased share of intermittent RES electricity systems
need to increase efforts to balance electricity generation and con-
sumption at all times [12]. For this purpose, various flexibility op-
tions, e.g., demand-side flexibility, sector coupling, supply-side
flexibility, storages, and grid flexibility can contribute to the
required flexibility [10]. Hence, with an increase in the share of
intermittent RES e as we could observe during the COVID-19
pandemic in 2020 e, there is also an increasing need for those
flexibility options [6,12]. In particular, Germany made use of
increased international transmission flexibility in the form of more
electricity imports [8]. In economic terms, such higher demand for
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flexibility leads to increased prices for flexibility.
Thus, based on the basics on flexibility in electricity systems and

the unique circumstances in electricity systems during the COVID-
19 pandemic in the IEPN, we formulate the first hypothesis as
follows.

H1. During the COVID-19 pandemic, for Germany the prices of
international transmission flexibility, i.e., German electricity im-
ports, increased.

The increased share of RES in Germany contributed to a decrease
in greenhouse gas emissions [47].

As stated above, German electricity imports provided the flex-
ibility needed under such a high share of RES [8,19]. However, the
electricity generationmix of each national electricity systemwithin
the IEPN differs due to, e.g., national strategies and geographic
circumstances [48]. In this regard, the question arises how German
electricity imports influenced the decrease in greenhouse gas
emissions in 2020. As a first step to approach this question, it is of
relevance, what kind of electricity Germany imported from its
neighboring countries e in other words, it is of relevance from
which countries and which corresponding electricity generation
technologies Germany imported. Therefore, we formulate the
following hypothesis:

H2. During COVID-19, electricity imported by Germany exhibited
a lower share of renewable energy than electricity generated in
Germany.

For further research, it is important to also take the perspective
of the IEPN, i.e., the utilization of the power network, into account.
Since 2009, several national European electricity systems were
progressively connected and formed the IEPN (cf. Section 1) [49].
Since then, system operators enforced an expansion of interna-
tional grid capacities and thereby increased the interconnection of
national European electricity systems. With increased intercon-
nection capacities, electricity exchanges between national elec-
tricity systems increased as well [50]. An increase in electricity
exchanges between national electricity systems leads to an
increasing utilization of interconnection capacities at national
borders. Therefore, interconnection capacities represent the limit
for the flexibility option of electricity imports/exports. Hence, the
utilization of interconnection capacities during the COVID-19
pandemic might indicate in which amount Germany may further
amplify this flexibility option in the future. To investigate this, we
hypothesize the following:

H3. During the COVID-19 pandemic, Germany's interconnection
capacities in the IEPN experienced higher levels of utilization
compared to previous years.
Table 1
Summary of data.

Data categories Area type Missing data

Cross-border physical flow Country 0.99%
Scheduled commercial exchange Bidding Zone 2.60%
Electricity generation Country 2.36%
Electricity prices Bidding Zone 0.69%
Net transfer capacity Bidding Zone 3.08%
3.2. General information on data basis

We downloaded 33 GB of raw data from the ENTSO-E Trans-
parency Platform. The data comprise the years 2015e2020 for the
areas of the IEPN of the ENTSO-E.

The IEPN is constantly evolving. Therefore, the corresponding
data structure is also subject to changes. Such changes for instance
include the split or aggregation of bidding zones as well as new
transmission lines for physical flows, which leads to the appearance
of data for new/adjusted bidding zones, for example. Consequently,
it is necessary to identify such changes in the data preparation and
consider them in the following analyses. With regard to commer-
cial exchange, for instance, the DE-AT-LU (German-Austrian-Lux-
embourgian) bidding zone was split into the DE-LU bidding zone
and the AT bidding zone in October 2018. This results in additional
zonal data for commercial imports/exports for Austria from this
4

date. Hereinafter, we refer to DE-AT-LU, respectively DE-LU, as the
DE-(AT)-LU bidding zone. As our paper focuses on Germany, the
latter change is especially important for our analyses.

The used data categories (i.e., cross-border physical flow,
scheduled commercial exchange, electricity generation) have
different specifications with respect to, e.g., the corresponding
regional range or time resolution as well as missing data. The
category cross-border physical flow comprises data on the physical
flow between countries, the category scheduled commercial ex-
change comprises data on the exchange between bidding zones,
the category electricity generation comprises data on electricity
generation within a country, the category electricity prices com-
prises data on Day-Ahead prices in the considered bidding zones,
and the category net transfer capacities represent the available
trading capacities between bidding zones. Note, that in this paper,
we define the import of electricity (for commercial as well as
physical) with a positive sign, whereas the export of electricity
exhibits a negative sign. Regarding the corresponding regional
range, which is defined as a geographical area for which the data is
aggregated, we distinguish between countries and bidding zones.
All data exhibit a maximum time resolution of 60 min. Some data
have 15 min or 30 min time intervals. We aggregated all data that
was available in 15 min or 30 min time resolution to 60 min time
resolution.

Finally, we evaluate the data quality, i.e., the missing data of the
corresponding data categories. Overall, we obtain nearly complete
data sets with the following exceptions. There is no data available
for the physical imports/exports of electricity of the ENTSO-E
member countries Cyprus and Iceland, as they have no network
connection to other countries. There is no generation data for
Albania, Iceland, Luxembourg, and Turkey on the ENTSO-E Trans-
parency Platform. With regard to the commercial data, we could
not obtain the data for the Italian bidding zone at the border to
Slovenia. Table 1 summarizes the data categories and its charac-
teristics that we analyzed.

Given the above characteristics of the data categories, we pre-
sume the data quality as sufficient to analyze our hypothesis and
answer our research question.
4. Results

In this section, we analyze and test our three hypotheses
(cf. Section 3.1) that partition our overarching research question in
a market, environmental, and network dimension. We use data
visualization and statistics, e.g., correlation coefficients, to investi-
gate the three hypotheses. To first put the three hypotheses into
context, we analyze the impact of Germany and its neighboring
countries with regard to electricity imports and exports within the
IEPN. Given these insights, we analyze each hypothesis in detail
(cf. Section 4.1 to Section 4.3).

Fig. 1 illustrates the commercial electricity imports and exports
of 38 bidding zones of the IEPN. The bars represent the cumulative
amount of imports, respectively exports, for a given bidding zone in
the years between 2015 and 2020. For countries, which comprise
more than one bidding zone, we sum up imports/exports of the
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corresponding national bidding zones to foreign bidding zones.
Note that an overview of all bidding zones is available in
Table 6 in the appendix.

Fig. 1 further exhibits that FR exported the highest amount of
electricity (112 TWh in 2015, 90 TWh in 2016, 92 TWh in 2017,
90 TWh in 2018, 85 TWh in 2019, 79 TWh in 2020) in all considered
years. Concerning the absolute amount of commercial imports,
Fig. 1 illustrates that IT imported the highest amount of electricity
in all years, except from the year of 2020 (87 TWh in 2015, 77 TWh
in 2016, 82 TWh in 2017, 48 TWh in 2018, 45 TWh in 2019). In 2020,
commercial imports of DE-(AT)-LU (48 TWh in 2020 in comparison
to 43 TWh for IT) were higher than the ones in IT.

Next to the commercial exchange, we also consider the physical
imports/exports (cf. Section 3). Our analyses on the physical elec-
tricity imports and exports reveal that the countries with the
highest absolute amount of imports and exports differ between
2015 and 2020. For all years except from one, Germany exported
the most (74 TWh in 2015, 71 TWh in 2016, 76 TWh in 2017,
77 TWh in 2018, 61 TWh in 2020). In 2019, France exported the
Fig. 1. Cumulative commercial imports (þ) and exports (�) of 38 European bid

Fig. 2. Profile for commercial imports and exports of DE-(AT)-LU for the years 2015e2020. T
Ref. [51].

5

most (68 TWh in 2019 in comparison to 67 TWh for Germany).
Concerning the amounts of physical import, Italy exhibited the
highest amount in all years considered, again except from the years
of 2015 and 2020 (39 TWh in 2016, 39 TWh in 2017, 44 TWh in
2018, 43 TWh in 2019). In 2015 and 2020, the amount of physical
imports of Germany were the highest (54 TWh in 2015 in com-
parison to 47 TWh for Italy and 42 TWh in 2020 in comparison to
38 TWh for Italy).

Both physical flow and commercial exchange highlight the
central role of Germany and its neighboring countries in the IEPN
(cf. Fig. 1).

Next, we aim at investigating the increase of Germany's elec-
tricity imports during the COVID-19 pandemic. Fig. 2 illustrates the
profiles for the aggregated commercial imports (cf. Fig. 2 (a))/
commercial exports (cf. Fig. 2 (b)) for the years 2015e2020 with all
neighboring bidding zones of DE-(AT)-LU in each calendar week.
Fig. 2 (a) indicates a growth in imports between the calendar weeks
15 and 23. In contrast, Fig. 2 (b) does not reveal visible deviations
for the exports in 2020 compared to previous years.
ding zones for the years 2015e2020. Own illustration, data from Ref. [51].

he vertical lines represent the start of our period of interest. Own illustration, data from
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During spring 2020, Germany implemented countermeasures
such as school and border closures to restrain the spread of the
COVID-19 pandemic. On the 17th of March 2020, the German
government started the first partial lockdown [6,52]. Over the
course of the year, countermeasures were adjusted. Thus, in the
following, we focus on the period starting with the 17th of March
until the end of 2020. In Fig. 2 (a) and (b) two vertical black lines
indicate our period of interest.

Given these first insights in German electricity imports and
exports, we now aim at investigating how DE-(AT)-LU imported/
exported electricity during the COVID-19 pandemic in comparison
to previous years in a quantitative way. Table 2 summarizes key
figures of Germany's electricity imports and exports for the years
from 2015 to 2020. In particular, the table represents the total
amount of electricity imports and exports of Germany from 2015 to
2020. Also, we calculated the relative change in electricity imports
in comparison to the ones in the previous year. For 2020, German
electricity imports exhibited a new record of 48.20 TWh and an
increase of 26.71% in comparison to 2019.

Considering Germany's electricity imports during the COVID-19
pandemic, we can observe that Germany increasingly relied on
electricity generation of other countries. In fact, Table 2 highlights
the increased relevance of electricity imports of Germany from its
neighboring countries in 2020 in comparison to previous years. In
particular, relating the development of Germany's electricity im-
ports to its electricity exports, in 2020 the net exports exhibit the
largest relative increase. Taking these previous findings into
Table 2
Electricity imports and exports Germany. Data from Ref. [51].

Year Imports Exports

Amount relative change Amount

2015 28.26 TWh n.a. �66.78 TWh
2016 21.74 TWh �23.09% �65.02 TWh
2017 26.40 TWh 21.44% �70.36 TWh
2018 30.64 TWh 16.06% �70.68 TWh
2019 38.04 TWh 24.15% �69.98 TWh
2020 48.20 TWh 26.71% �62.88 TWh

Fig. 3. Differences in electricity prices on the Day-Ahead market between Germany and its n
Ref. [51].

6

account, in the following we focus on Germany's imports during
the COVID-19 pandemic by investigating our three hypotheses.

4.1. Market perspective

From themarket perspective, we formulated the hypothesis that
during the COVID-19 pandemic the prices of international trans-
mission flexibility for Germany, i.e., German electricity imports,
increased.

4.1.1. General approach for the analysis of hypothesis H1
To analyze the development of prices for electricity imports and

exports, we examine the differences of the electricity prices be-
tween the German bidding zone and its neighboring bidding zones.
Note, that transmission between Germany and Norway as well as
Germany and Belgium was only possible from the end of 2020
onwards. In particular, ALEGrO as the transmission line between
Belgium and Germany, started its operation on the 9th of November
2020, and NordLink as the transmission line between Norway and
Germany, started its operation on the 9th of December 2020.
However, in 2020 only test runs were performed on those trans-
mission lines. In particular, we analyze Day-Ahead prices.

4.1.2. Analysis of hypothesis H1
In Fig. 3, we visualize data from the Day-Aheadmarket in each of

the 11 neighboring bidding zones during the COVID-19 pandemic.
For every bidding zone and each year between 2015 and 2020, Fig. 3
Difference (Exports-Imports)

relative change Amount relative change

n.a. 38.52 TWh n.a.
�2.64% 43.28 TWh 12.36%
8.21% 43.96 TWh 1.57%
0.46% 40.04 TWh �8.92%
�0.99% 31.94 TWh �20.23%
�10.15% 14.68 TWh �54.04%

eighboring bidding zones for the years from 2015 to 2020. Own illustration, data from
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illustrates the hourly differences in Day-Ahead prices between
Germany and its neighboring bidding zone in the form of boxplots.
In particular, the plots illustrate the difference of the Day-Ahead
price in Germany minus the Day-Ahead price in the neighboring
bidding zone for each time step. Here, a positive sign indicates
higher Day-Ahead prices and a negative sign indicates lower Day-
Ahead prices in Germany.

For the Danish, the Norwegian, and Swedish bidding zones,
Fig. 3 indicates an increase in scattering (cf. the height of the box)
for the four bidding zones in 2020. For the Norwegian and Swedish
bidding zones, the boxplots in Fig. 3 illustrate an increase in the
median from 2019 to 2020 (cf. the line in the box is higher). Such an
increase indicates that between 2019 and 2020, the differences in
Day-Ahead prices between Germany and Norway, respectively
Sweden increased, with Germany exhibiting higher prices. For the
Danish bidding zones, a comparison of 2019 and 2020 illustrates
that the 5%- and 95%-quantiles range further apart (cf. the distance
between the two lines above and below the box is larger). The
larger range indicates that for the Danish bidding zones the dif-
ferences in Day-Ahaed prices spread wider in 2020 than in 2019.
However, regarding the scattering, median, and range between the
quantiles of bidding zones other than Denmark, Norway, or Sweden
Fig. 3 does not reveal visible deviations for 2020.

Moreover, to investigate our hypothesis H1, not only the distri-
bution of price differences between Germany and its neighboring
bidding zones is of relevance. In addition, we need to consider at
which points in time and at which corresponding price difference
Germany imported which amount of electricity. Therefore, to
further investigate hypothesis H1, we next weight the differences in
Day-Ahead prices with the amount of imported electricity of Ger-
many during the COVID-19 pandemic in comparison to previous
years. For each bidding zone, Table 3 contains the differences in
Day-Ahead electricity prices at which the bidding zone Germany/
Luxembourg imported electricity, weighted by the actual amount of
electricity imports. Similar to the boxplots in Table 3, positive
values indicate that Day-Ahead electricity prices in Germany were
higher, negative values reflect that Day-Ahead electricity prices in
Germany were lower.

Table 3 does not indicate a commonpattern over all years and all
bidding zones. However, considering the bidding zone of Austria
over all relevant years (from 2018 on), the table reveals that Ger-
many imported e on weighted average e in times when prices in
the Austrian bidding zone were higher than in the German bidding
zone. A similar development can be seen in the table for France and
the Netherlands (until 2019 for France and 2020 for the
Netherlands).

For the Swedish bidding zone, Table 3 only contains positive
values.

Hence, Germany imported electricity from the Swedish bidding
zone on average in times when Day-Ahead prices in Germany are
higher than in Sweden. Turning to 2020, the table indicates mostly
positive values except for the ones of the Austrian and Polish bid-
ding zones. Except for those two bidding zones, Germany on
average imported in times when its Day-Ahead electricity prices
Table 3
Specific costs in EUR per MWh for electricity imports and exports of Germany for each b

Year AT BE CZ DK FR

2015 n.a. n.a. 0.03 10.11 �0.58
2016 n.a. n.a. 0.21 3.41 �0.62
2017 n.a. n.a. �0.02 6.28 �1.94
2018 �2.87 n.a. 0.54 3.92 �0.72
2019 �0.40 n.a. 0.00 1.67 2.08
2020 �1.08 0.31 0.05 7.52 2.03
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were higher than the ones in the exporting countries in 2020. To
specifically investigate our hypothesis H1, however, we consider
the development of the values for 2020 compared to 2019. From
2019 to 2020, Table 3 exhibits a decrease in values for the bidding
zones of Austria, France, Poland, and Switzerland, i.e., compared to
2019 the prices for Germany to import electricity from those bid-
ding zones in 2020 increased. However, Table 3 also reveals an
increase in values, namely for the bidding zones of the Czech Re-
public, Denmark, the Netherlands, and Sweden. Such an increase
reflects that the prices for German electricity imports from those
bidding zones in 2020 decreased compared to 2019.

4.1.3. Reflection on hypothesis H1
Turning to hypothesis H1 and considering Fig. 3 as well as

Table 3, we cannot confirm that during the COVID-19 pandemic for
Germany prices of international transmission flexibility in terms of
electricity imports increased as in some bidding zones prices for
electricity imports also decreased.

4.2. Environmental perspective

As Germany exhibited an increase in electricity imports during
the COVID-19 pandemic, from an environmental perspective, we
aim to examine the hypothesis, whether Germany imported elec-
tricity that exhibited a lower share of RES than the electricity
generated in Germany.

4.2.1. General approach for the analysis of hypothesis H2
To examine hypothesis H2, we first investigate from which

countries Germany's electricity imports actually stemmed. Then,
we analyze the share of RES in the corresponding exporting
countries. Note that in the following we consider RES as a
composition of the following renewable generation technologies:
biomass, geothermal, hydro pumped storage, hydro run, hydro
water reservoir, solar, waste, wind offshore, and wind onshore. We
first investigate the German share of RES in times of imports also
with regard to the time slot. Then, we examine the difference in
share of RES between Germany and the exporting countries. Finally,
we investigate the electricity generation technologies of the
exporting countries.

4.2.2. Analysis of hypothesis H2
We relate the amount of exports of Germany's corresponding

exporting countries to the share of RES in the exporting country.
Fig. 4 comprises eight scatterplots illustrating the absolute amount
of commercial exports to Germany in comparison to their corre-
sponding share of RES for the bidding zones of Austria, Belgium, the
Czech Republic, Denmark, France, the Netherlands, Norway, Poland,
Sweden, and Switzerland in 2020. Due to non-existing data in
electricity generation, we did not consider Luxembourg. The black
lines in Fig. 4 represent the correlation line between the amount of
commercial exports and the share of RES in the exporting country.
The black data point on the respective correlation line represents
the average amount of exports as well as the average share of RES.
idding zone and each year from 2015 to 2020. Data from Ref. [51].

NL NO2 PL SE4 CH

�1.80 n.a. 3.95 14.44 0.65
�0.43 n.a. 4.29 5.46 0.65
0.86 n.a. 5.60 9.79 1.32
�4.46 n.a. 1.82 6.46 �0.43
�0.17 n.a. �1.65 6.14 1.77
2.19 22.32 �7.64 11.86 1.38



Fig. 4. Cumulative commercial exports of its neighboring countries to Germany and the corresponding share of RES in the corresponding country Own illustration, data from
Refs. [51,53].
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The upper part of each plot contains the correlation coefficient r
between the amount of commercial exports and the share of RES.

Fig. 4 indicates that the bidding zones of Austria and Denmark in
2020 primarily exported to Germany in times when their share of
RES was relatively high (87.42% for Austria and 75.81% for
Denmark). Out of all bidding zones, the bidding zones of France
(1.3128 GWh/h), Denmark (1.1461 GWh/h), Switzerland
(1.1418 GWh/h), and the Netherlands (0.8530 GWh/h) on average
exported most of commercial electricity to Germany. However, in
comparison to all other bidding zones, the average share of RES for
the bidding zones of France and the Netherlands was relatively low,
i.e., 24.48% for France and 8.66% for the Netherlands. For seven
bidding zones (AT, BE, DK, FR, NO2, PL, and CH), we can observe
positive correlation coefficients, the remaining three bidding zones
(CZ, NL, and SE4) exhibit negative correlation coefficients. The
correlation coefficient for Switzerland, Austria, and Denmark
exhibit the most positive values, i.e., 0.4058, 0.2722, and 0.2114.
With a value of �0.2959 the correlation coefficient of the bidding
zone of the Netherlands exhibits the lowest value.

Analogous to Fig. 4, Fig. 5 illustrates the physical exports of
Germany's neighboring countries. In line with our approach,
regardless of the kind of exports that we analyze e commercial or
physical e there is no difference in the share of RES of the corre-
sponding countries. Consequently, equally to commercial exports,
Fig. 5 indicates the highest average share of RES for Austria and
Denmark. In comparison to the other countries, France, the
Netherlands, and Switzerland on average exported most of physical
electricity to Germany.

In particular, Fig. 5 reveals average 1.3804 GWh/h of physical
exports for France, 0.7140 GWh/h for Denmark, 0.8336 GWh/h for
Switzerland, and 0.9291 GWh/h for the Netherlands. Due to iden-
tical shares of RES for commercial and physical exports, again, in
comparison to the other countries, the average share of RES for
France and the Netherlands was relatively low. Similar to com-
mercial exports, for physical exports, we can observe positive cor-
relation coefficients for six countries (Austria, Denmark, France,
8

Norway, Poland, and Switzerland) and negative correlation co-
efficients for the remaining four (Belgium, Czech Republic,
Netherlands, and Sweden). Note that for Belgium the sign of the
correlation coefficient changes from commercial to physical ex-
ports. The correlation coefficient for Switzerland and Austria
exhibit the most positive values, i.e., 0.3878 and 0.3764. With a
value of �0.3597 the correlation coefficient of the Czech Republic
has the lowest value.

Interpreting the analyses of exports of Germany's neighboring
countries to Germany, both the commercial and the physical ex-
ports indicate that Austria and Denmark primarily exported to
Germany in times of a high share of RES in their electricity systems.
However, Denmark exhibits a difference in the amount of com-
mercial (1.1461 GWh/h) and physical (0.7140 GWh/h) exports.
Consequently, commercial exports from Denmark to Germany
exceeded the actual physical flow. This might result from the
relatively high share of RES in Denmark (75.81%) e which in the
case of Denmark to a large part stemmed from wind onshore and
offshore powere during our period of interest and, therefore, lower
electricity prices, which might incentivize commercial exchange.
For Poland, commercial exports (0.0650 GWh/h) exceeded physical
exports (0.0012 GWh/h). Such differences might be due to phase
shifting transformers installed at the transmission lines between
Germany and Poland. These phase shifting transformers regulate
the physical flow between these two countries. Turning to the in-
dividual correlations between the share of RES and the corre-
sponding amount of export, the negative values for the Czech
Republic, the Netherlands, and Sweden reveal that with a
decreasing share of RES in those countries the amount of exported
electricity to Germany increases. For instance, for the Czech Re-
public, such a negative correlation might stem from the Czech
generation mix, which is mainly characterized by coal-fired power
plants. The high positive correlation values for Switzerland and
Austria indicate that with an increase in the share of RES, the
amount of exported electricity to Germany in those countries in-
creases. This might stem from price incentives for electricity, e.g.,



Fig. 5. Cumulative physical exports of its neighboring countries to Germany and the corresponding share of RES in the corresponding country. Own illustration, data from
Refs. [53,54].
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from hydro power plants, in those countries to generate electricity
and sell it to Germany. Finally, Figs. 4 and 5 reveal that in 2020
Germany primarily imported electricity from countries with a
relatively low share of RES, namely, France, the Netherlands, and
Switzerland. Moreover, we can observe that Germany bought
Danish electricity from wind power plants, but instead physically
imported nuclear power from Switzerland. Such differences might
be due to price signals induced by decreasing electricity prices in
Denmark that stem from an oversupply of wind power in Denmark
and a utilized transmission line between Denmark and Germany.
Fig. 6. Cumulative commercial exchange imports and the corresponding share of RES
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In the following, we first analyze Germany's imports in relation
to its own share of RES for the years from 2015 to 2020. Fig. 6
comprises scatterplots that illustrate the sum of hourly commer-
cial electricity imports of DE-(AT)-LU from all neighboring bidding
zones and the corresponding share of RES for the years from 2015 to
2020. The black lines represent the correlation between the
amount of commercial imports and the share of RES of DE-(AT)-LU.
The black data points on the correlation line indicate the average
amount of commercial imports as well as the average share of RES.
The upper part of each plot contains the correlation coefficient
of DE-(AT)-LU for the years 2015e2020. Own illustration, data from Refs. [51,53].



Fig. 7. Cumulative physical flow imports and the corresponding share of RES of Germany for the years 2015e2020. Own illustration, data from Refs. [53,54].
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between the absolute amount of commercial imports and the share
of RES.

For the years from 2016 until 2020, the plots in Fig. 6 generally
indicate an increase in commercial imports as well as an increase in
the share of RES. In particular, on average commercial imports of
DE-(AT)-LU increase as follows: 2.1878 GWh/h in 2016,
2.8080 GWh/h in 2017, 3.4150 GWh/h in 2018, 4.8331 GWh/h in
2019, and 5.8147 GWh/h in 2020. For all considered years, Fig. 6
illustrates negative values for the correlation between Germany's
absolute amount of commercial import and the share of RES. Except
from 2016, Fig. 6 exhibits the least negative correlation value for the
Fig. 8. Monthly German share of RES and cumulative physica

10
year 2020, i.e., the negative correlation between the absolute
amount of commercial imports and the share of RES decreased.

Analogous to Fig. 6, Fig. 7 illustrates the sum of hourly physical
electricity imports of Germany from all neighboring countries and
the corresponding share of RES for the years from 2015 to 2020.

Similar to commercial electricity imports, from 2016 until 2020
the plots in Fig. 7 generally indicate an increase in physical imports
as well as an increase in the share of RES. Again, for all years, Fig. 7
gives negative values for the correlation between Germany's
amount of physical imports and the share of RES. Similar to com-
mercial imports for the year 2020, Fig. 7 exhibits the least negative
l flow imports. Own illustration, data from Refs. [53,54].



S. Halbrügge, H.U. Buhl, G. Fridgen et al. Energy 246 (2022) 123303
correlation value of all years e except for the year 2016.
An important factor in electricity generation from intermittent

RES is the dependence on the time frame. In order to analyze this
influencing factor, we consider the relationship between the level
of German electricity imports and the German share of RES. Here,
we first look atmonthly sequences beforewe look at the correlation
over the course of the day, i.e., hourly sequences.

Fig. 8 represents the German share of RES and the amount of
German electricity imports for the years 2015e2020 on a monthly
basis as box plots. On the primary axis we illustrate the share of RES
in percentage. On the secondary axis we illustrate the cumulative
amount of electricity imports in GW for 1 h. Fig. 8 indicates that
from 2015 to 2020 the share of RES in Germany increased. For
electricity imports, the figure indicates that during the winter
months (November until January) as well as during the summer
months (May until August) electricity imports increase. However,
regarding the difference between 2020 and the previous years,
besides the increased share of RES, we can not observe noticeable
deviations. Regarding the relationship between the share of RES
and the amount of electricity imports, Fig. 8 already indicates that
on amonthly basis, both numbers evolve in opposite directions, i.e.,
Table 4
Correlation coefficient of monthly German share of RES and cumulative electricity
imports.

Month 2015 2016 2017 2018 2019 2020

January �0.34 �0.20 �0.32 �0.81 �0.59 �0.28
February �0.41 �0.36 �0.46 �0.20 �0.33 �0.44
March �0.31 �0.48 �0.01 0.07 �0.30 �0.11
April �0.24 �0.15 �0.49 �0.07 �0.04 �0.34
May 0.10 �0.16 0.11 0.11 0.10 �0.40
June �0.37 0.14 �0.53 �0.59 �0.76 �0.21
July �0.05 �0.21 0.12 0.08 �0.06 �0.61
August �0.52 0.12 �0.40 �0.44 �0.42 �0.25
September 0.17 �0.43 �0.15 0.15 �0.15 �0.56
October �0.25 �0.25 �0.34 �0.46 �0.34 �0.15
November �0.01 0.06 �0.34 �0.20 �0.08 �0.45
December �0.38 �0.31 �0.66 �0.31 �0.30 �0.06

Fig. 9. Daily German share of RES and cumulative physical
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with an increase in share of RES electricity imports tend to
decrease.

In order to analyze these observations in more detail, we next
focus on the monthly correlation coefficient between the share of
RES and the amount of imported electricity. Table 4 illustrates the
correlation coefficients between the share of RES and the amount of
imported electricity in Germany on a monthly basis for the years
from 2015 to 2020.

For most of the years and most of the months the correlation
coefficient between the share of RES and the electricity imports is
negative. However, Table 4 indicates that 2020 is the only year with
exclusively negative correlation values.

The negative correlation values in Table 4 indicate that espe-
cially in 2020 in months with high share of RES Germany imported
fewer electricity. Next, we analyze the influence relation between
the share of RES and electricity imports on an hourly basis.

Fig. 9 represents the daily patterns of the share of German RES
and the amount of German electricity imports for the years
2015e2020 as box plots. Similar to the monthly analysis, on the
primary axis we again illustrate the share of RES in percentage, on
the secondary axis we illustrate the cumulative amount of elec-
tricity import in GW. Just as Fig. 8, Fig. 9 indicates that from 2015 to
2020 the level of share of RES in Germany increased. For all years
considered, around noon (11e15 o'clock) the share of RES increases
and the amount of electricity imports decreases. Similar to the
analysis on a monthly basis, regarding the difference between 2020
and the previous years, we cannot observe noticeable deviations.
Regarding the relationship between the share of RES and the
electricity imports, Fig. 9 indicates that also for the daily analysis,
the share of RES and amount of electricity imports evolve in
opposite directions, i.e., with an increase in share of RES electricity
imports decrease.

To deepen our observations from Fig. 9, we analyze the hourly
correlation coefficient between the share of RES and the amount of
imported electricity. Table 5 illustrates the correlations coefficients
between the share of RES and the amount of imported electricity in
Germany for each hour during the day and the years from 2015 to
2020.
flow imports. Own illustration, data from Refs. [53,54].



Table 5
Correlation coefficient of hourly German share of RES and cumulative electricity
imports.

Hour 2015 2016 2017 2018 2019 2020

1 �0.37 �0.24 �0.61 �0.46 �0.42 �0.54
2 �0.36 �0.24 �0.62 �0.44 �0.42 �0.57
3 �0.35 �0.23 �0.61 �0.41 �0.42 �0.57
4 �0.33 �0.18 �0.58 �0.37 �0.42 �0.55
5 �0.29 �0.15 �0.55 �0.38 �0.38 �0.51
6 �0.24 �0.09 �0.47 �0.37 �0.29 �0.40
7 �0.21 �0.07 �0.43 �0.32 �0.25 �0.29
8 �0.25 �0.17 �0.47 �0.28 �0.23 �0.28
9 �0.30 �0.26 �0.51 �0.28 �0.21 �0.26
10 �0.38 �0.28 �0.55 �0.33 �0.24 �0.25
11 �0.47 �0.36 �0.59 �0.42 �0.29 �0.29
12 �0.48 �0.29 �0.59 �0.42 �0.28 �0.28
13 �0.51 �0.31 �0.57 �0.42 �0.28 �0.30
14 �0.51 �0.25 �0.54 �0.42 �0.26 �0.29
15 �0.49 �0.18 �0.50 �0.40 �0.26 �0.27
16 �0.39 �0.09 �0.46 �0.33 �0.29 �0.29
17 �0.23 �0.02 �0.42 �0.31 �0.37 �0.31
18 �0.19 �0.01 �0.46 �0.34 �0.43 �0.35
19 �0.25 �0.01 �0.49 �0.40 �0.47 �0.39
20 �0.24 �0.04 �0.47 �0.39 �0.48 �0.41
21 �0.24 �0.06 �0.48 �0.39 �0.50 �0.41
22 �0.28 �0.15 �0.52 �0.41 �0.52 �0.45
23 �0.35 �0.27 �0.57 �0.46 �0.45 �0.48
24 �0.39 �0.25 �0.60 �0.45 �0.42 �0.52
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For most of the years and most of the hours, the correlation
coefficient between the share of RES and the electricity imports is
negative.

Given these insights on Germany's development of electricity
imports in relation to the corresponding monthly respectively daily
share of RES, we now deepen our analyses with regard to the
difference in share of RES of the exporting countries and the German
share of RES. Note, that for the country specific electricity generation
mix for each time step we calculate the average of all producing
electricity generation technologies.

Fig. 10 illustrates the amount of commercial imports (cf. Fig. 10
(a)) and physical imports (cf. Fig. 10 (b)) and relates it to the cor-
responding difference in the share of RES between Germany and
the amount-weighted share of RES of all exporting countries. More
specifically, the x-axis gives the share of RES in Germany minus the
weighted share of RES in all exporting countries. A negative x-axis-
value, illustrates that at this point in time the share of RES in Ger-
many was lower than the weighted-average in the exporting
countries. A positive x-axis-value implies that at this time the share
of RES in Germany was higher than the weighted-average in the
exporting countries.

For both kinds of imports, commercial and physical, the black
points on the left, respectively right hand side of the vertical line
Fig. 10. Difference in share of RES between Germany and the corresponding exporting
Refs. [51,53,54].
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represent the corresponding average share of RES and the average
amount of imports. The point on the left side represents the average
imports and average difference in RES share when Germany had a
lower share of RES compared to the exporting countries and vice
versa. Also, right below these points, the data labeling gives the
number of considered data points on the left, respectively right
hand side.

Given the results of our analyses in Figs. 6 and 7, the negative
correlation coefficients for all years indicate that in all years from
2015 to 2020 a decrease in the share of RES led to an increase in
amount of commercial as well as physical electricity imports. As e
except from the year 2016e the correlation coefficient for 2020was
the least negative, during the COVID-19 pandemic Germany's
commercial and physical electricity imports increased also in times
when the share of RES was relatively high. Hence, Germany
increasingly relied on electricity imports, even in times of a large
share of RES.

Interpreting the results of our comparison between the German
share of RES and the share of RES in the corresponding exporting
country (cf. Fig. 10), both the commercial and the physical imports
reveal that a large amount of Germany's electricity imports stem-
med from countries with a lower share of RES than the German one.
Consequently, on average, Germany imported electricity which
exhibited a lower share of RES.

As Germany's neighboring countries comprise a variety of
electricity generation technologies, next, we seek to derive further
insights on the question which technologies generated the im-
ported electricity.

Fig. 11 illustrates the four main electricity generation technol-
ogies and the cumulative amount of the remaining electricity
generation technologies of the bidding zones of Austria, Belgium,
the Czech Republic, Denmark, France, the Netherlands, Norway,
Poland, Sweden, and Switzerland related to the amount of com-
mercial exports to Germany during the COVID-19 pandemic in
2020.

The analyses already reveal that France, Denmark, the
Netherlands, and Switzerland constitute a large amount of com-
mercial exports to Germany. More specifically, Fig. 11 indicates that
during the COVID-19 pandemic, nuclear power from France (15.44%
of the total German imports) and Switzerland (12.12%), gas (7.62%)
and other conventional (4.16%) power from the Netherlands, wind
onshore (6.61%) and offshore (4.61%) power from Denmark, and
hydroelectric power from France (3.25%) and Switzerland (6.26%)
primarily provided Germany with electricity.

Fig. 12 illustrates the four main electricity generation technol-
ogies and the cumulative amount of the remaining electricity
generation technologies of Austria, Belgium, the Czech Republic,
Denmark, France, the Netherlands, Norway, Poland, Sweden, and
Switzerland in relation to the amount of physical exports to
countries for all points in time of imports in Germany. Own illustration, data from



Fig. 11. Commercial exports of its neighboring countries to Germany sorted by their four leading electricity generation technologies. Own illustration, data from Refs. [51,53].

Fig. 12. Physical exports of its neighboring countries to Germany sorted by their four leading electricity generation technologies. Own illustration, data from Refs. [53,54].
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Germany during the COVID-19 pandemic in 2020. Again, nuclear
power from France (19.03%) and Switzerland (10.44%), gas (9.40%)
and other conventional (5.37%) power from the Netherlands as well
as hydroelectric power from Austria (6.61%) and Switzerland
(5.20%) primarily supplied Germany with electricity.

Both figures for commercial as well as physical exports reveal
that during the COVID-19 pandemic in 2020 Germany, in particular,
13
imported electricity from French and Swiss nuclear power plants.
Moreover, our analyses illustrate that during this period Germany
relied on electricity imports from gas and other conventional
electricity generation technologies from the Netherlands. Based on
our analyses of the foreign electricity generation technologies, we
also observe some differences in commercial and physical exports.
For instance, the amount of physical exports of French and Swiss
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nuclear power exceeds that of commercial exports. In contrast, for
Denmark, commercial exports based on wind on- and offshore
exceed physical exports of wind on- and offshore. Such a difference
might result from lowelectricity prices that stem from larger shares
of RES.

4.2.3. Reflection on hypothesis H2
Turning to hypothesis H2, we find that during the COVID-19

pandemic, Germany primarily imported electricity from countries
that exhibited a lower share of RES. In particular, during the COVID-
19 pandemic Germany relied on electricity imports from French
and Swiss nuclear power plants, as well as gas and other conven-
tional electricity generation technologies from the Netherlands.

4.3. Network perspective

An increase in German electricity imports comes along with an
increase in (physical) exchange across national borders. To take the
perspective of the IEPN into account, we next examine hypothesis
H3 and investigate whether during the COVID-19 pandemic inter-
connection capacities of the IEPN experienced higher levels of
utilization compared to previous years.

4.3.1. General approach for the analysis of hypothesis H3
For our analyses we use data on the physical border flows in

relation to the net transfer capacities of each interconnection ca-
pacity. Since the physical interconnection capacity depends on, e.g.,
maintenance, the actual available capacity falls below the installed
physical capacity. Therefore, we use the net transfer capacity that
represents the available capacity for the commercial exchange be-
tween Germany and its neighboring bidding zones. To investigate
hypothesis H3, we analyze the utilization of the interconnection
capacities of Germany from 2015 to 2020.

4.3.2. Analysis of hypothesis H3
Fig.13 illustrates the utilization of the interconnection capacities

as heat-maps, one for each country exporting to Germany. The x-
axis represents the years from 2015 to 2020, the y-axis the time in
Fig. 13. Heatmaps for the utilization of Germany's interconnection capa
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day for 24 h. As we relate the physical border flows to the net
transfer capacities, the utilization illustrated as the shade of color in
Fig. 13 can exceed 100%. Therefore, we use a scale from �2 to 2 in
order to represent the utilization. Positive values represented by a
light shade indicate times of German electricity imports, negative
values represented by dark shades indicate times of German elec-
tricity exports. Due to the split of the DE-AT-LU bidding zone in
October 2018, values for interconnection capacities between Ger-
many and Austria only exist from that date. Thus, the Austrian heat
map in Fig. 13 only contains data from October 2018 to the end of
2020.

For Switzerland, Fig. 13 indicates seasonal patterns during the
course of the yearse during summer, Germany imported electricity
from Switzerland, whereas during winter the interconnection ca-
pacities exhibit higher utilization in the direction from Germany to
Switzerland. Comparing the development of the interconnection
capacity utilization in 2020 with previous years, the heatmaps
indicate that import interconnection capacities increased at the
beginning of 2020 (cf. brighter lines for, e.g., France and the
Netherlands), but also decreased again over the course of the year.

To deepen this analysis on the interconnection capacities, we
next consider the German interconnection capacity utilization
directly comparing it to previous years. Fig. 14 illustrates the daily
minimum and maximum of Germany's interconnection capacity
utilization. Negative values represent times of German electricity
exports, positive values times of German electricity imports. The
filled areas represent the range of daily maxima, i.e., the maximum
import, respectively the minimum export, for the years 2015e2019.
The line represents the development of the daily maximum for the
year of 2020.

Overall, Fig. 14 indicates that the utilization of interconnection
capacities of Germany varies a lot depending on the exporting
country. For the Czech Republic, e.g., except for a few exceptions
interconnection capacity utilization remains in the range between
1 and -1. For Denmark, France, and Sweden, however, daily maxima
from 2015 to 2019 as well as the values for 2020 mostly appear in
the positive range. Comparing the values for 2020, Fig. 14 indicates
that the interconnection capacity utilization for France, the
cities from 2015 to 2020. Own illustration, data from Refs. [53,54].



Fig. 14. Daily maximum of interconnection capacities utilization of Germany from 2015 to 2020. Own illustration, data from Refs. [53,54].
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Netherlands, and Switzerland exceeded the development of pre-
vious years, especially in the beginning of the year.

4.3.3. Reflection on hypothesis H3
Turning to hypothesis H3, our analyses reveal that not for all but

for some countries, i.e., France, the Netherlands, and Switzerland,
Germany's interconnection capacities in the IEPN experienced
higher levels of utilization during the COVID-19 pandemic
compared to previous years.

5. Discussion

Based on our results regarding our three hypotheses in the
previous Section, in the following, we summarize our findings on
electricity imports of Germany during the COVID-19 pandemic in
2020 and discuss our research question.

Within the IEPN, Germany and its neighboring countries have a
geographic central role. Moreover, Germany and its neighboring
countries account for a high proportion of European imports and
exports. Such a position in an interconnected network together
with altered and previously unknown circumstances in 2020 may
hold potential to learn from. During the COVID-19 pandemic, Ger-
many increasingly relied on electricity imports from its neigh-
boring countries (cf. Section 4). Such an increase in transmission
flexibility might have an impact on Germany's electricity system
from amarket, environmental as well as network perspective. From
a market perspective, our investigation rejects the hypothesis that
during the COVID-19 pandemic for Germany the prices of inter-
national transmission flexibility, i.e., electricity imports, increased.
More specifically, for some bidding zones, prices for German elec-
tricity imports even decreased compared to 2019 (cf. Section 4.1).
Depending on their individually altered conditions within the IEPN
different European bidding zones responded differently to the
pandemic. Therefore, from a market perspective it is important to
consider the countries' individual circumstances and the advan-
tages resulting from the diversity of an interconnected network.
From an ecological perspective, during the COVID-19 pandemic
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Germany primarily imported electricity from countries with a
relatively low share of RES, namely France, the Netherlands, and
Switzerland (cf. Section 4.2). In the past, i.e., since 2016, Germany,
especially, imported electricity in times when the German share of
RES was low. We can observe this relation in monthly sequences as
well as in hourly sequences. However, for the time of the COVID-19
pandemic in 2020, our results reveal that Germany increasingly
imported electricity in times when the German share of RES was
relatively high (cf. Section 4.2). More specifically, as mentioned
above, Germany's electricity imports stemmed from countries with
a lower share of RES than the German share. Turning to the actual
electricity generation technologies prevailing in times of imports,
during the COVID-19 pandemic, Germany, in particular, relied on
electricity imports from nuclear power from France and
Switzerland. For physical imports the effect of Germany relying on
nuclear power from France and Switzerland holds even more as
compared to commercial imports (cf. Section 4.2). Consequently,
during the COVID-19 pandemic Germany increasingly relied on
electricity imports from countries that exhibited a lower share of
RES. Thus, during this time, Germany made use of the diversity of
the IEPN by importing electricity from, e.g., Swiss and French nu-
clear power plants or Dutch gas electricity generation technologies.
From a network perspective, some interconnection capacities be-
tween Germany and other countries of the IEPN experienced higher
levels of utilization compared to previous years (cf. Section 4.3). In
particular, the French, Dutch, and Swiss interconnection capacities
experienced higher levels of utilization. Thus, Germany increas-
ingly relied on some of its interconnection capacities within the
IEPN. In the future, such international network capacities might
further gain in relevance in order to make use of the diversity of
such networks.

In order to consider loop flows, we analyzed the two data cat-
egories commercial and physical imports/exports. Our corre-
sponding analyses on both data categories reveal that for Denmark,
commercial exports exceed physical exports. In other words, the
commercial exchange between Germany and Denmark reflects the
trading activities as a reaction to price signals between these two
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bidding zones. The network's physical characteristics might not
allow for a physical flow of electricity that was commercially
exchanged between the bidding zones of Denmark and Germany.
Contrarily, for Switzerland, physical exports to Germany exceed
commercial exports. Here, higher electricity prices might inhibit
commercial exchange. Next to market-driven causes, physical
causes like phase shifting transformers between Germany and
Poland might also result in a difference between commercial and
physical imports/exports. However, deviations between commer-
cial and physical imports/exports only appear in those few aspects
and our results of the two import/export categories result in the
same general findings.

In 2020, Germany exhibited an increased share of RES, but also
an increase in electricity imports from its neighboring countries.
Consequently, having a high share of RES, Germany increasingly
relied on the interconnected European power network during the
COVID-19 pandemic. In a post COVID-19 pandemic period, though,
electricity consumption as well as other corresponding changes in
the electricity system are expected to return to conditions of a pre
COVID-19 pandemic period. Nevertheless, turning to transmission
flexibility, also in a post COVID-19 pandemic period Germany will
still be able to import electricity from its neighboring countries that
might, thereby, allow a high share of RES in Germany. In general,
Germany relied on electricity imports from its neighboring coun-
tries might be reproducible. However, the fact that Germany will
shut down all of its own nuclear power plants by the end of 2022 on
the one hand and import foreign nuclear power on the other may
be debatable. On the one hand, for building a sustainable future
without the use of nuclear power plants, Germany might need to
reflect on its importing behavior during and after the COVID-19
pandemic. On the other hand, in the future, not only the German
but many European electricity systems will experience an increase
in their share of RES. Germany might then not be able to rely on
imports from foreign nuclear and renewable power plants as other
countries might also need to import electricity to compensate for
their fluctuating electricity generation by RES. Also, during the
COVID-19 pandemic some interconnection capacities already
experienced higher levels of utilization. Considering an increase in
use of the IEPN in the future, Germany might reach the limits of
other interconnection capacities and thus no longer be able to fully
make use of this flexibility option, i.e., transmission flexibility. Ul-
timately, our analyses emphasize the value of a holistic view on the
IEPN. Joint European policies should take system-wide effects and
dependencies into account, also with regard to a sustainable
development of the different national electricity systems and their
speed. National strategies, which today are often coordinated with
other European countries only to a limited extent, could result in a
lack of the required flexibility to ensure the balance of electricity
generation and consumption in the whole interconnected Euro-
pean power network, e.g., if many countries phase out conventional
power plants that supply flexibility at the same time. Thus, indi-
vidual national electricity systems may not be able to achieve a
sustainable electricity system. To avoid this, an increased alignment
of national strategies within Europe to jointly achieve increasing
share of RES seems to be a key.
6. Conclusion and outlook

Various nations worldwide promote an increasing share of re-
newables within electricity generation mixes. In 2020, the German
share of intermittent renewable electricity generation rose to
50.5%, i.e., an increase of 4.5% points compared to 2019. However,
due to the COVID-19 pandemic in 2020 special circumstances of
reduced economic activities occurred in Germany and affected the
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electricity system. In fact, the COVID-19 pandemic led to a signifi-
cant decline in electricity consumption, a fuel switch in the merit
order, and ultimately, to a higher overall share of renewables in
Germany.

As for Germany, such an increase in intermittent renewables
comes along with a growing need for flexibility measures to bal-
ance demand and variable electricity generation. During the
COVID-19 pandemic, for Germany one key flexibility measure was
the exchange of electricity via transmission lines within the inter-
connected European power network. In this paper, we therefore
analyzed Germany's increase in electricity imports from a market,
environmental, and network perspective. To the best of our
knowledge, we are the first to present analyses and discuss on the
question what we can learn from the development of German
electricity imports as a flexibility option in an interconnected po-
wer network during the COVID-19 pandemic from those three
perspectives.

Based on data from the ENTSO-E Transparency Platform on
electricity imports and electricity exports (for both scheduled
commercial exchange and physical power flows), Day-Ahead elec-
tricity prices, electricity generation for countries within the power
network of the ENTSO-E, and interconnection capacities, we used
data visualization and statistics to analyze what effects the altered
electricity imports/exports of Germany during this period had on
the interconnected European power network. We formulated three
hypothesis that serve to partition our overarching research
question.

Our work contributes to the understanding of the electricity
import and export behavior of European countries with a focus on
Germany during the COVID-19 pandemic. Thereby, we cannot
confirm that as a result of Germany's increased need for trans-
mission flexibility the prices for German electricity imports from
neighboring bidding zones increased as well. Our results also reveal
that while exhibiting an increased share of renewables Germany
increasingly relied on electricity imports from the interconnected
European power network. Furthermore, during the COVID-19
pandemic in 2020, electricity imports of Germany on average
exhibited a lower share of renewables. Moreover, our results indi-
cate that electricity imports of Germany in 2020 to a large part
stemmed from nuclear power plants in France and Switzerland.
Finally, our results reveal that during the COVID-19 pandemic the
French, Dutch, and Swiss interconnection capacities to Germany
experienced higher levels of utilization compared to previous years.
Answering our research question, we can, in particular, learn three
aspects from the development of German electricity imports as a
flexibility option during the COVID-19 pandemic: First from a
market perspective, Germany's increased need for electricity im-
ports did not result in increased prices for all neighboring bidding
zones. Second, from an environmental perspective during this time,
Germany increasingly relied on electricity imports from countries
that exhibited a lower share of renewables and thus made use of
the diversity of the interconnected European power network by
importing electricity from, e.g., Swiss and French nuclear power
plants or Dutch gas electricity generation technologies. Finally,
from a network perspective during the COVID-19 pandemic the
interconnection capacities of Germany and France, the Netherlands
and Switzerland exhibited high levels of utilization and thereby
relied on the transmission lines of those regional networks within
the interconnected European power network. From an interna-
tional perspective, we contribute to research on interconnected
power networks by investigating electricity imports in the inter-
connected European power network under altered circumstances
during the COVID-19 pandemic. In this context, our results reveal
that during the COVID-19 pandemic Germany increasingly relied on



Table 6
List of abbreviations for the 38 European bidding zones

Abbreviation Country Abbreviation Country

AL Albania IT Italy
AT Austria LT Lithuania
BA Bosnia and Herzegovina LV Latvia
BE Belgium MD Moldova
BG Bulgaria ME Montenegro
BY Belarus MK Macedonia
CH Switzerland MT Malta
CZ Czech Republic NL Netherlands
DE-(AT)-LU Germany-(Austria)-Luxembourg NO2 Norway
DK1 þ DK2 Denmark PL Poland
EE Estonia PT Portugal
ES Spain RO Romania
FI Finland RS Serbia
FR France RU Russia
GB Great Britain SE4 Sweden
GR Greece SI Slovenia
HR Croatia SK Slovakia
HU Hungary TR Turkey
IE - SEM Ireland UA Ukraine
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the advantages of such an interconnected network where Germany
benefited from diversification of generation technologies and
interconnection capacities which both allowed increased electricity
imports.

Even though we present important insights into the European
imports/exports behavior during COVID-19, however, our work also
exhibits some limitations. Our analyses focus on electricity imports
of Germany from its neighboring countries, examining the (foreign)
electricity generation mixes, prices, and interconnection capacities.
However, to gain a comprehensive understanding of the relation-
ships prevailing during COVID-19, it might be necessary to also look
at electricity consumption of the neighboring countries in more
detail. In addition, it might be worthwhile to deepen the analyses
on the individual characteristics of the generation technologies
with a focus on whether it is dispatchable or non-dispatchable.
Such investigation might provide further insights into the extent
to which the intermittency of renewables may become a challenge
in an interconnected power network. Intermittent renewables
often also exhibit seasonal patterns. In this context our analyses
regarding the relationship between the share of renewables and
the amount of electricity imports (considering the time slot) can
serve as a starting point. However, further research should deepen
these analyses and tackle the question of howan increasing share of
intermittent renewables might influence the time patterns of
electricity imports during course of the year, week, and day. In light
of our hypothesis H2, it might also be meaningful to examine the
corresponding carbon footprint of Germany's electricity imports
during the COVID-19 pandemic. Thereby, further research can base
on our analyses of the share of RES in the electricity generation
mixes of exporting countries. Regarding loop flows, our analyses
include data on commercial as well as on physical imports and
exports. However, in our analyses we only compare both import/
export categories and do not explicitly identify or eliminate loop
flows. Therefore, it would be worthwhile to perform additional
quantitative analyses on the deviations between commercial and
physical imports/exports. Finally, with regard to the increasing
relevance of interconnected power networks worldwide, further
research might compare the effects of the COVID-19 pandemic on
different interconnected power networks such as the Eastern
Interconnection in North America and analyze similarities as well
as differences.

During the COVID-19 pandemic, the interconnected European
power network was subject to unique circumstances. This crisis
temporarily led to border closures which also had various effects on
the electricity sector. Here, Germany made (an increased) use of
international transmission lines which allowed an increasing share
of renewables within the German electricity generation mix. Ger-
many, in particular, relied on electricity imports from conventional
power plants of its neighboring countries leading to a higher uti-
lization of the corresponding interconnection capacities. Such in-
sights emphasize the importance of a joint, coordinated
interconnected European power network and sufficient flexibility
options to cope with an increasing share of intermittent renew-
ables. Overall, European policies should directly consider effects of
the interconnected European power network, also with regard to
climate targets. Therefore, a strong coordination of national stra-
tegies to jointly tackle the challenges arising from the climate crisis
is highly important for the future European electricity system.
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