Hack et al. Energy Informatics 2021, 4(Suppl 2):27 :
https://doi.org/10.1186/s42162-021-00168-2 E ne rgy I nfo rm atl cS

REVIEW Open Access

Digitalisation potentials in the electricity ")
ecosystem: lesson learnt from the
comparison between Germany and

Denmark

Thorsten Hack', Zheng Ma” and Bo Nerregaard Jergensen'

From 1st Energy Informatics.Academy Conference Asia
Beijing, China . 29-30 May 2021

* Correspondence: thah@mmmi.
sdu.dk

1 .
Centre for Energy Informatics, The TNTI . . - .
Maersk Mc-Kinney Moller Institute, Digitalisation potentials in the electricity sector are frequently discussed around the

Odense, Denmark world, especially in Europe which has the largest interconnected continental electricity
Full list of author information is grid in the world. The analysis and comparison of electricity ecosystems between
avallable at the end of the article countries can help to enhance international understanding and cooperation. It can also
enable businesses to expand. However, little literature has covered the cross-national
comparisons of digitalisation potentials in the electricity sector. This paper uses the
business ecosystem architecture development methodology to identify commonalities
and differences between two electricity ecosystems: Germany and Denmark. The result
shows that there are many similarities between the two countries, but the roles
of market framework provider, market supervision, and metering point operator
are performed by different actors. By comparing the value chain segments, the
main differences between Denmark and Germany are the share of renewable
energy generation, the organisation of the transmission system, smart meter
installation & operations, and the national electricity data hub. Based on the
comparisons, six recommendations for the digitalisation of the electricity
ecosystem are proposed: digitalisation for enabling more renewable energy
resources for electricity generation, digitalisation in the electricity grids,
digitalisation ib. the electricity markets, digitalisation on the demand side,
especially the transport sector, and regulation-driven digitalisation of the
electricity ecosystem.

Abstract

Keywords: Digitalisation, Energy ecosystem, Electricity market, Demand side,
Germany, Denmark

. © The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
@ Sprlnger Open permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
— original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article's Creative Commons licence, unless indicated otherwise in a credit
line to the material. If material is not included in the article's Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://crossmark.crossref.org/dialog/?doi=10.1186/s42162-021-00168-2&domain=pdf
mailto:thah@mmmi.sdu.dk
mailto:thah@mmmi.sdu.dk
http://creativecommons.org/licenses/by/4.0/

Hack et al. Energy Informatics 2021, 4(Suppl 2):27 Page 2 of 18

Introduction

Digitalisation potentials in the energy sector have been a rising topic all over the world,
especially in Europe, the USA, and China (Qingnan Li 2016). Most of the discussion on
digitalisation potentials focuses on the national level, especially with the national polit-
ical agendas. However, from the business opportunities perspective, a cross-national
comparison is essential for exporting energy technology in different countries.

So far only some literature has compared energy systems between countries. For in-
stance, Ratinen and Lund (2012) compare how different countries, including Denmark
and Germany, have reacted to the liberalisation of energy markets and how policies
have influenced the growth of renewable energy production. In (Lipp 2007), different
approaches to promote renewable energy production in several countries are compared,
but this paper focuses on which policies and market mechanisms are the most effective
to achieve this goal. In (Schultz et al. 2019), the political and regulatory impact on the
adoption of demand response in Denmark and Austria is compared. Furthermore, in
(Ma et al. 2015a), a comparison of smart grid transferability between Europe, the U.S.,
and China is conducted.

However, little literature has covered the cross-national comparisons of digitalisation
potentials in energy. Therefore, this paper aims to fill this gap by conducting a cross-
national comparison of the electricity systems between Germany and Denmark. These
two countries are selected because both energy systems comply with the same EU regu-
lations on electricity markets, and their electricity systems are interconnected at the
market side and on the physical side via transmission lines. Since Germany and
Denmark are neighbour countries, there has been lots of technology trading and collab-
oration between these two countries.

To investigate the digitalisation potentials in energy from the cross-national perspec-
tive, the understanding should cover the whole value chain including the energy system
and the business aspects.

Complex systems can be modelled in various ways. One approach to modelling such
systems is the Business ecosystem architecture development methodology which com-
bines elements from system engineering and ecology (Ma 2019). The Business ecosys-
tem architecture development method was introduced by (Ma et al. 2021). It is a
hybrid modelling method that is different from standard system engineering and fo-
cuses not only on the roles and actors but also on their interactions.

In the business ecosystem modelling method, a business ecosystem has a clearly de-
fined targeted business domain and a geographical or cultural boundary (Ma et al.
2019). While the German and Danish electricity markets have the same business do-
main, they form different ecosystems since they are in two different geographical
boundaries. By only looking at supply chains, many stakeholders in the business ecosys-
tem would not be considered, therefore the analysis of the business ecosystem brings
additional insights (Ma et al. 2021).

By comparing the two business ecosystems of Denmark and Germany with the meth-
odology proposed (Ma 2019), the similarities and differences are pointed out and may
facilitate the identification of potentials and lessons between those two countries. This
paper mainly focuses on digitalisation and communication between the stakeholders in

the two electricity ecosystems. It also identifies potentials for enhancing cross-border
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collaborations regarding the physical energy flow, wholesale markets, and other aspects
like research.

This paper firstly applies the ecosystem architecture method to compare the Danish
and German electricity ecosystems regarding three aspects (actors, roles, and their in-
teractions). Thereafter, the electricity value chain segments of electricity generation in
Denmark and Germany are discussed and compared. This includes renewable energy
resources, the transmission grid, electricity markets and imports & exports. Afterwards,
data sharing and the potentials of digitalisation on the demand side in these two electri-
city ecosystems are discussed. Finally, lessons Germany can learn from Denmark and
vice versa are discussed.

Methodology

The proposed methodology for the ecosystem architecture design by (Ma et al. 2021)
includes five stages (shown in Table 1). This paper mainly applies the first four stages
for the investigation of similarities and differences between the German and Danish
electricity ecosystem, since the main purpose of this paper is comparing, not designing

an ecosystem architecture.

Stage 1: boundary identification of a business ecosystem

According to (Ma et al. 2021), the ecosystem boundary includes two dimensions: the
targeted domain and the cultural/geographic boundary. In this paper, the geographical
boundaries of the energy ecosystem match the country borders of Germany and
Denmark. The targeted domain is the electricity system in the two countries. The pri-
mary supply chain comprises the process of generating electricity and transporting it to
the consumers. Along with it, the markets where electricity is traded and regulations
are also relevant.

Stage 2: identification of actors and their roles in the business ecosystem

In the business ecosystem architecture methodology, actors are types of stakeholders
who directly participate in the ecosystem’s value creation process (Ma et al. 2021). A
role is defined as an actor’s responsibility in the business ecosystem. At this stage, roles

Table 1 The five-stage business ecosystem architecture design approach (Ma et al. 2021)

Stage of the business ecosystem Purpose

architecture development

Stage 1 - Boundary identification of a « Define and describe the targeted business ecosystem boundary
business ecosystem with two dimensions (the targeted domain and the cultural/

geographic boundary)

Stage 2 - Identification of actors and their - Identify actors and their roles
roles in the business ecosystem

Stage 3 - Identification of actors’ value - Identify value propositions for each role and identify the
propositions potential interactions between roles
Stage 4 - Identification of interaction - Identify the types and content of the interaction between roles

between actors

Stage 5 - Verification of business ecosystem -« Design minimum viable ecosystem and ecosystem roadmap
architecture design - Visualize the developed business ecosystem architecture
« Check completeness
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are identified according to legal requirements for primary and/or secondary supply
chains and markets, and actors are identified according to the roles assigned to them.
The actors and corresponding roles in the Danish and German electricity ecosystems
are listed in Table 2. Although the two electricity ecosystems are similar, three roles
are equivalent but performed by different actors: the role of the market framework pro-

vider, market supervision, and metering point operator.

Stage 3: identification of actors’ value propositions

At this stage, the corresponding value proposition for each actor (directly related to
their roles) is identified. Often, a value proposition also correlates with a business
model. (Ma et al. 2021) also recommends that if an actor has several value propositions,
they should be assigned to multiple roles.

The comparison of the Danish and German electricity ecosystems shows that grid
operators and electricity producers are separated in Germany and Denmark because
both countries follow the EU regulations on the liberalisation of energy markets. Elec-
tricity producers sell energy either directly to a supplier or at an energy exchange. Bal-
ance responsible parties buy and sell electricity on the spot market and try to match
generation and demand in their balancing zone. They are liable to the balance coordin-
ator for imbalances.

In both countries, the transport system operators (TSOs) are also national/regional
balance responsible. Still, there is a difference in the responsibilities of the TSOs. The
Danish transmission system operator Energinet is fully owned by the Danish state
(Energinet 2020b). Therefore, tasks like setting a framework for the electricity market
and ensuring fair prices are also assigned to Energinet. In Germany, there are four sep-
arate private TSOs for different zones. Therefore, tasks that go beyond the scope of op-

erating and maintaining the grids are the responsibility of the Bundesnetzagentur

Table 2 Main actors and roles in the Danish and German electricity business ecosystem
(Bundesnetzagentur 2016; Energinet 2020a)

Difference? Actor Role
No Electricity producer Electricity producer
No Transmission system operator (TSO) Transmission system operator

Balance Coordinator

Yes DK: Transmission system operator Market framework provider
DE: Bundesnetzagentur (Federal grid agency)
No Distribution system operator (DSO) Distribution system operator
Yes DK: Danish Energy Regulatory Authority Market supervision
DE: Bundesnetzagentur (Federal grid agency)
Yes DK: Distribution system operator Metering point operator
DE: DSO or competitive meter operator
No Metering point administrator Metered data collector
No Electricity consumer Electricity consumer
No Electricity supplier Electricity retailer

Tax payment responsible

No Balance responsible party (BRP) Balance responsible party

The differences between the two countries are marked with “DK” for Denmark and “DE” for Germany

Page 4 of 18
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(federal grid agency). They also supervise the energy market. In Denmark, the Energy
Regulatory Authority is responsible for the supervision.

On the consumption side, both in Denmark and Germany, consumers obtain their
energy from an energy supplier. The supplier issues a single invoice to the consumer
including all levies and taxes. The supplier is responsible for forwarding the taxes and
levies to the government and the grid operators.

In Denmark, all metering devices are owned by the distribution system operator.
They can delegate the installation, reading, and maintenance of the meters to a meter-
ing point administrator. In Germany, the metering point operator can be freely chosen
by the consumers. Unless consumers choose to change it, the metering point owner is
the DSO by default. Like in Denmark, the meter operator can choose to delegate work
to a metering point administrator.

Stage 4: identification of interaction between actors
At stage 4, the types and content of the interaction between roles are identified. The in-
teractions can be categorized into 5 types of flows as shown in Table 3.

Since both Denmark and Germany are connected to the European continental
grid and energy market, the monetary and tangible flows within the electricity
value chain match each other. However, the data and information flows differ
(shown in Table 4).

In Germany, the grid levies are set by the regulatory authority (Anreizregulierungs-
verordnung vom 29 2007). Consumers’ information is private to the electricity supplier
and is not sent to a central database like in Denmark. The same applies to metered
data. In Denmark, where smart meters are installed at every grid connection, consump-
tion data is sent to DataHub every hour (Energinet 2018). In Germany, SMARD (Bun-
desnetzagentur 2021a) is a data platform that visualises electricity data like
consumption, generation, imports, and exports for Germany. In most German grid
connections, however, the consumption data is manually recorded once a year. Excep-
tions apply for large consumers using more than 100,000 kWh a year. For these con-
sumers, a smart meter is mandatory that can be accessed by the distribution system
operators (Bundesministerium der Justiz und fiir Verbraucherschutz 2005). Therefore,
electricity suppliers and balance responsible parties cannot read the consumption/pro-
duction data from a central database. Instead, they get their information directly from
the meter operators.

Table 3 Types of interactions in the business ecosystem (Ma et al. 2021)

Type of interaction Description

Goods (Product & The basic products of an economic system that consist of tangible consumable items
Service) (products) and tasks performed by individuals (service).

Monetary value The amount of value an item or a service has if it was sold for cash to a buyer

Data Data that has been processed, organised, structured or presented to make it useful in a

given context
Information Raw, unorganised measurements and facts that need to be processed to become useful

Intangible value Something that exists but cannot be exactly described, or given an exact value.
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Table 4 Data and information interactions in the Danish and German electricity ecosystem
(Bundesnetzagentur 2016; Bundesnetzagentur 2021a; Energinet 2020a)

Difference? From Role / Object

Interaction Content

To Role / Object

No Electricity Producer production bids Balance Responsible Party
No Electricity Producer production data Metering Point
No Balance Responsible  production bids Marketplace
Party
(No) TSO imbalanced Production/consumption DK: DataHub
data DE: SMARD
Yes TSO, DSO subscription, fees and tariffs DK: DataHub
DE: -
(No) DSO metered and settlement data DK: DataHub
DE: SMARD
No Electricity Supplier consumption data Balance Responsible Party
Yes Electricity Supplier consumers’ information update DK: DataHub
DE: -
No Electricity Consumer  consumption data Metering Point
Yes Meter Point production/consumption data DK: DataHub
DE: - / DSO (only for large
consumers)
Yes DK: DataHub consumption data Electricity supplier
DE: Meter Operator
Yes DK: DataHub production data Balance responsible party

DE: Meter operator

The differences between the two countries are marked with “DK” for Denmark and “DE” for Germany

Comparison of electricity value chain between Germany and Denmark

For identifying the differences between the Danish and German electricity ecosystems,
the electricity value chain segments of electricity generation and renewable energy re-
sources, transmission grid(s), electricity market and import/export in Denmark and
Germany will be introduced and compared.

Electricity generation and renewable energy resources

In 2020, Denmark produced a total of 27,390 GWh of electricity or 4704 kWh per
capita (Eurostat 2020; International Energy Agency 2021). 82% of the electricity was
produced from renewable energy sources. This ranks Denmark in the top five among
the OECD member countries. As shown in Fig. 1, by far, most electricity is produced
from wind, accounting for almost 60% of the total electricity production in the country
(International Energy Agency 2021). Denmark has both onshore and offshore wind
power plants. The onshore sector produced 62% of the wind energy, while the offshore
sector contributed 38% in 2020 (Energinet 2021a).

Combustible renewables like biomass provide 18% of the locally produced energy
followed by coal-fired power plants (10%). Photovoltaics (4%), power plants fired by
natural gas (4%), and other combustibles like waste (3%) provide the remaining electri-
city. Oil-fired power plants and hydro-powered plants produce less than 1% of Den-
mark’s electricity (International Energy Agency 2021).

Germany has a much larger land area and a higher population than Denmark, and
therefore, also produces significantly more energy. In 2020, a total of 543,383 GWh
were produced, which corresponds to 6534 kWh per capita (Eurostat 2020;
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Electricity Production in Denmark 2020
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Fig. 1 Electricity Production share by source in Denmark 2020 (lllustration based on data from (International
Energy Agency 2021))
.

International Energy Agency 2021). In Germany, the energy sources for electricity are
more diverse than in Denmark. The majority of electricity is still produced from non-
renewable sources. The share of renewables was at 47% in 2020 resulting in a middle
rank among the OECD countries (International Energy Agency 2021).

Figure 2 shows the energy mix of Germany in 2020. Coal (lignite and hard coal com-
bined) fired power plants are the single source of energy that provides the most energy

Electricity Production in Germany 2020
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Fig. 2 Electricity Production share by source in Germany 2020 (Own illustration based on data from
(International Energy Agency 2021))
.
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but still accounts for just 24% of the total energy production. Wind energy follows and
provides also 24%. Power plants fired by natural gas contribute 16% to electricity pro-
duction. Nuclear power still produces 11%, although Germany has decided to switch
off all nuclear power plants before the end of 2022 (Bundesregierung 2011).

Apart from wind energy, Germany also uses the renewable energy sources photovoltaics
(10%), biomass (9%), and hydroelectric power (5%). Other energy sources like waste, oil
and geothermal energy each account for 1% of the total energy production or less.

The comparison of the electricity production with different energy sources between
Germany and Denmark during 2016—2020 shows a clear trend towards a higher share
of renewable energy sources in both countries. Denmark has increased the share of re-
newable energy resources from 62% to 82% in 4 years, and Germany started at 31% in
2016 and reached 47% in 2020. In both countries, the energy from wind turbines con-
tributes to the increased share while coal power plants produce significantly less energy
in 2020 than in 2016 (from 28% to 10% in Denmark, and from 41% to 24% in
Germany). A notable difference between the two countries can be seen in the use of
natural gas for electricity production. Denmark used less gas for power generation in
2020 than in 2016 (from 7% to 4%), while Germany increased the share from 12% to
16% (International Energy Agency 2021).

Transmission grid(s)

The Danish transmission grid is operated by a single operator: Energinet.dk. A particu-
larity of the Danish transmission grid is that despite being a rather small country the
grid is split into two areas that are connected, but where the frequency is not synchro-
nised. The West Danish grid consisting of mainland Denmark and Funen is synchro-
nised with the European continental grid. The East Danish grid includes the islands of
Zealand, Lolland, Falster, and Men and is connected to the Nordic grid. The two trans-
mission grid zones are connected across the Great Belt by a 600 MW direct current
(DC) connection. Besides, there are alternating current (AC) connections from East
Denmark to Sweden and from West Denmark to Germany as well as DC connections
to Germany, Sweden, and Norway (Sorknees et al. 2013).

The entire German transmission grid is part of the European continental grid. Four
transmission grid operators are each responsible for one part of the country. Trans-
netBW operates in the state of Baden-Wiirttemberg, the southwest of Germany, 50 Hz
serves East Germany and Hamburg. Amprion and Tennet divide the rest of West and
South-East Germany. All transmission grid operators try to balance the supply and de-
mand in their zones. They form a “grid control association “for this purpose. When
supply and demand can’t be balanced within a zone, balancing is attempted across all
four zones before balancing energy is accessed (NeXT Kraftwerke 2019).

Via the synchronised continental grid, Germany is connected to all neighbouring
countries via AC cables or lines. Also, there are DC interconnections to East Denmark,
Sweden and Norway in the Nordic grid (ENTSO-E 2019).

Electricity market, imports and exports
There are two different kinds of power stock exchanges, the power derivatives market
and the spot market. Energy can also be traded in bilateral agreements without any
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exchange being involved. This is called over-the-counter (OTC) trade (Bundesnetza-
gentur 2021b). There are notable differences between the German and the Nordic mar-
ket (including Denmark, Sweden, Norway, Finland, and the Baltic states). In 2019, only
about 25% of the trade volume (spot market and futures combined) are traded in ex-
changes in Germany, while exchanges account for 62% of the trade volume in the Nor-
dic market (Market Observatory for Energy of the European Commission 2020).

Power derivatives, on the energy exchange also called Futures, do not involve the
physical delivery of electricity. It is rather a financial instrument to secure the electricity
price at a certain point in the future. Futures are used to minimise the risk of volatile
spot market prices. Usually, the tradeable timespans range from days until years (Bun-
desnetzagentur 2021b). There are several exchanges where power derivates can be
traded. For example, the European Energy Exchange (EEX) in Leipzig (Germany) offers
power derivates for 20 European countries including Denmark and Germany (EEX
2021; Grave et al. 2015). The spot market is used to balance electricity supply and de-
mand. Trading takes place either a day before delivery (day-ahead) or at the delivery
day (intra-day) in intervals of 15min or 1 h. All offers to generate electricity are or-
dered by price (merit order). The offer that matches the demand determines the
market-clearing price (Bundesnetzagentur 2021b).

In Europe, there are several spot markets. The main marketplace for Denmark and
the Nordic countries is NordPool which is based in Oslo (Norway) (Energinet 2020a).
EPEX Spot, based in Paris (France), is the main marketplace for Germany and several
other central European countries (Grave et al. 2015).

As mentioned earlier, Denmark connects to both the Nordic grid and the continental
European grid. These interconnections are frequently used for imports and exports of
electricity. In 2020, a total of 12.9 GWh were imported from the Nordic grid while only
1.9 GWh were exported there. Compared to domestic production, the imports from
Sweden and Norway are significant and account for 32% of the electricity load in
Denmark. The connection to the continental grid is mainly used for exporting energy.
In 2020, 7 GWh were exported to and 3.8 GWh imported from Germany.

Germany trades a lot of electricity across borders since it has a lot of neighbour
countries due to its location in the centre of Europe. In 2020, Germany has exported a
total of 60 GWh while having imported 41 GWh of electricity. Therefore, Germany can
be defined as a net exporter, since the accumulated electricity that is exported during a
year exceeds the accumulated imports. Germany imports the most electricity from
France (10 GWh net import) and Denmark (3 GWh net import). The biggest export
markets are Poland (11 GWh net export) and Austria (8 GWh net export) (Bundesnet-
zagentur 2021c¢).

Data sharing and digitalisation potentials in German and Danish electricity
ecosystems

Data sharing

In the electricity system, data exchange between different actors is crucial to ensure a
stable grid. For example, the grid providers need to know how much energy is pro-
duced and consumed in each region to determine how much balancing energy is
needed. The EU regulation on the publication of data in electricity markets
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(Consolidated text: Commission Regulation (EU) No 543/2013 of 14 June 2013 on sub-
mission and publication of data in electricity markets and amending Annex I to Regula-
tion (EC) No 714/2009 of the European Parliament and of the Council (Text with EEA
relevance) Text with EEA relevance 2020) is binding for both Denmark and Germany.
It stipulates what kind of data needs to be shared with whom. It also introduces a com-
mon European transparency platform, which is publicly available and shows generation,
consumption, transmission, and outage data in real-time. Older data from the last 5
years is also available in an archive (ENTSO-E 2021). The transmission grid providers
are responsible for sending the data to the European Network of Transmission System
Operators for Electricity (ENTSO-E). The data includes but is not limited to load fore-
casts, generation forecasts, and information on planned and forced outages in both
power plants and transmission lines.

In addition to the ENTSO-E transparency platform, both Germany and Denmark op-
erate additional energy-related databases. In Germany, those platforms are operated by
the Bundesnetzagentur, the federal agency, responsible for supervising and regulating
the electricity market. In Germany, most of the data in SMARD is also sent to ENTSO-
E, however, the real-time data is enhanced with detailed information regarding the
power generation units. The Marktstammdatenregister (“market core data index”)
(Bundesnetzagentur 2021d) lists power generations units and other participants in the
energy market and is also available for the public. All power generation units, including
small rooftop photovoltaic systems, are required to register on the platform. The mar-
ket participants who need to register include, for example, distribution grid providers,
balance responsible parties, meter operators, and wholesalers.

In Denmark, the transmission grid provider, Energinet, operates a single database
called DataHub (Energinet 2021b), that stores all electricity-system related data. This
includes not only data about production, transmission, and market participants like in
Germany, but also the metered data for all Danish consumers. All communication be-
tween market participants goes through the DataHub. Among other benefits, this sim-
plifies the process of switching the electricity retailer for consumers and enables the
retailers to issue a single bill that all costs including grid operation and taxes are in-
cluded (Energinet 2018). Every electricity consumer has access to its own hourly con-
sumption data in DataHub via a website (Energinet 2021c). Consumers can also grant
third parties access to their hourly consumption data. Additionally, Danish researchers
can access pseudonymised data via the Danish national statistics institute (Energinet
2018), and a wide range of raw data is publicly available as open data via the Energy
Data Service that is also operated by Energinet (2021a). This includes but is not limited
to consumption and production by municipality, wind and solar production forecasts,
and load on transmission lines.

The main difference of data and information interactions between Denmark and
Germany is the central data collection of all electricity fees and tariffs within DataHub
in Denmark (shown in Table 4). This allows Denmark to create a central price com-
parison website (elpris.dk) (EL PRIS 2021) for both households and commercial con-
sumers where all up-to-date tariffs are available. While in Germany electricity price
comparison websites also exist, they are operated by independent businesses. These
websites work by querying individual suppliers’ websites. Therefore, they do not include
all available tariffs and are also not always up to date. The comparison websites might
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also prefer suppliers that sell a higher provision. An independent and comprehensive

system like in Denmark is therefore more favourable for consumers.

Digitalisation potentials

Digitalisation in the electricity ecosystem can support the path towards a fully renew-
able electricity system (Frankl 2019). Thereby digitalisation can happen along the whole
value chain of the energy ecosystem, e.g., the generation side, the distribution side, and
the demand side (Kiifeoglu et al. 2019).

Table 4 (Data and information interactions in the Danish and German electricity eco-
system) shows that there are no notable differences between Denmark and Germany
regarding data flows on the generation and distribution side. Also, a lot of literature
and pilot studies have already been done in recent years in that area. For example,
drones are used to inspect power plants and wind turbines to minimise maintenance
costs and duration. Grid operators use weather forecasts to predict the production
power of fluctuating renewable energy sources like wind and photovoltaics. Predictive
maintenance both within power plants and grids helps to identify potential failures be-
fore they occur (Rhodes 2020).

Compared to the digitalisation potentials to the grids, the applications of digitalisa-
tion on the demand side are more dynamic. On the demand side, there are different
types of consumers, e.g., households, commercial, industrial consumers, and transport
(Ma et al. 2017a). Different consumers have different digitalisation potentials.

In 2019, the transport sector only accounted for 1,5% of domestic electricity consump-
tion in Denmark. The rest of the electricity consumption is split almost equally between
the three remaining sectors, each accounting for 33% of the electricity consumption (ENS
(Danish Energy Agency) 2020). Germany is a more industry-focused country. In 2019, in-
dustry and agriculture used 46% of the total electricity consumption, trade and services
accounted for 27%, and households accounted for 25%. Like in Denmark, the share of the
transport sector is rather low (2%) (Breitkopf 2020).

The data flow involving a household’s metering point is one difference shown by the
electricity ecosystem comparison. To benefit from digitalisation on the demand side, a
smart meter needs to be installed at each grid connection point. Smart meters allow the
electricity consumption to be measured and sent to the grid providers at least every hour.

In Germany, so far (March 2021), they are only mandatory for industrial consumers
who use more than 100,000 kWh/year (Verordnung tiber den Zugang zu Elektrizitéts-
versorgungsnetzen 2005). For all other consumers, it is possible but optional to choose
a meter operator that offers smart meters. Until 2019, only 0,74% of all German house-
holds have installed smart meters (Statista 2021).

Denmark started the nationwide roll-out of smart meters in 2013. In 2014, half
of the metering points already had smart meters installed (Energinet 2018). By law,
all households need to have smart meters that connect to DataHub installed by the
end of 2020 (Klima-, Energi- og Forsyningsministeriet 2019). In addition, all DSOs
and electricity suppliers need to be able to handle hourly consumption data. As
mentioned earlier, each consumer who has a smart meter installed can log in to a
website (Energinet 2021c) to see their hourly consumption data.
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Two conditions can enhance the benefits for consumers with the installation of smart
meters: the electricity prices can be adaptive to the current wholesale price; the loads
can be potentially shifted to a time of the day when the electricity prices are lower.

In Germany, almost all domestic electricity prices are fixed prices per kilowatt-hour,
independent from the current price at the energy exchange. As of 2021, there are only
a few electricity tariffs where households can directly benefit from lower prices (for ex-
ample (aWATTar Deutschland GmbH 2021; Tibber 2021)).

In Denmark, the situation is different. Since the households already have smart me-
ters installed, they have the opportunity to get hourly electricity prices. Therefore,
households in Denmark can choose between various flexible electricity prices. In March
2021, out of 150 electricity prices that danish households can choose from, 42 are both
adaptive to the wholesale price and metered every hour (EL PRIS 2021).

The above observations regarding households are also valid for businesses in the
trade and services sector. In Germany, the mandatory installation of smart meters for
consumers using more than 10,000 kWh per year started in 2020 but was stopped again
in March 2021 by a court (Oberverwaltungsgericht fir das Land Nordrhein-Westfalen
2021). Therefore, few businesses have smart meters installed. In Denmark, all con-
sumers including businesses have smart meters and access to flexible prices (EL PRIS
2021). Large energy consumers in the industry sector have direct access to the energy
market and therefore can benefit from lower electricity prices.

In households, a lot of electricity is consumed by activities like cooking that are diffi-
cult to be shifted, or by appliances like fridges, that run constantly. Households have a
few appliances that can be flexible, such as dishwashers, robot vacuum cleaners, wash-
ing machines, and dryers. However, Friis et al. (2016) study the Danish households and
conclude that demand-side management is mostly seen as an inconvenience because al-
though washing machines can run on their own, the clothes need to be put in a dryer
or hung up after the machine has finished or they become smelly. They (Friis and
Haunstrup 2016) also find that electric vehicle (EV) charging at night is quickly
adopted as a routine when the overall electricity demand is generally lower. Paired with
a device that automatically checks the current electricity prices, households with EVs
can benefit from flexible electricity prices without losing convenience.

A similar situation arises when a household storage battery is available. They are usu-
ally installed in connection with a rooftop photovoltaic system to increase the use of
self-produced electricity. It is also possible to store electricity from the grid in the bat-
teries when electricity prices are cheap and the stored electricity can be used when
electricity prices are high. Wu et al. (2017) developed an optimisation framework for
home batteries, that does not require electricity from the grid in the morning and even-
ing peak times. Instead, the battery is discharged at peak times and charged with self-
produced photovoltaic energy in the afternoon and from the grid at night.

Instead of using a battery to store the electricity, a similar load shifting potential can
be achieved by storing the electricity as heat, for example in connection with an elec-
trical hot water boiler or a heat pump (Patteeuw et al. 2016). Given the hot water tank
is well isolated, the boiler or heat pump can heat water when electricity prices are low
so it can be used for showering or space heating during peak times.

For the trade and services sector, the load shifting potential is rather low. A retail
store consumes energy while it is opened. However, analogous to households, a
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photovoltaic system, a battery or heat storage can contribute to load flexibility (Ma
et al. 2017a). Also, there are examples where a supermarket provides flexibility to the
grid by lowering the freezing temperatures when there’s an electricity surplus in the
grid (Mlecnik et al. 2020).

Large industrial consumers not only use the most energy but also have the largest finan-
cial incentive to shift loads into hours where the electricity price is low since they buy
their electricity directly at the electricity market. Depending on the business, storage sys-
tems like hot and cold water tanks, compressed air, or batteries can be used. Besides, an
industrial process can be interrupted, changed or adjusted (Weeber et al. 2017).

Digitalisation in agriculture is a frequently discussed topic in academics. Digital tech-
nologies like sensor-based real-time monitoring and big data analysis are expected to
provoke significant changes in the agricultural systems or even a disruption (Fielke
et al. 2020). This also enables demand response in the agricultural sector. For example,
Kocaman et al. (2020) found that pumping water for irrigation offers a high amount of
flexibility.

Discussion

The comparison of the electricity systems and the electricity markets in Denmark and
Germany shows that there are many similarities between Germany and Denmark. Both
countries need to comply with EU standards and regulations that ensure a homogenous
electricity system and trading between member states is possible. The roles in the elec-
tricity ecosystem are mostly identical between the two countries. However, some of the
roles are performed by different actors. In Denmark, the TSO, Energinet, also super-
vises the market and operates the DataHub, a central energy database. In Germany, the
Bundesnetzagentur (federal grid agency) is responsible for operating the energy-related
databases and supervising the market.

The sources of electricity generation are more diverse in Germany compared to
Denmark as shown by the comparison of electricity production and renewable energy
resources. Non-renewable sources still produce the majority of the electricity in
Germany (53%), among them coal, natural gas, and nuclear power. Due to geographical
circumstances, Germany has a higher potential to use hydro and solar power. Denmark
produces most of its electricity from wind and biomass. Only 18% of the electricity is
still produced from non-renewable sources like coal and natural gas.

Another significant difference between the two countries is the rollout of smart me-
ters. In Denmark, smart meters are already installed for all consumers. In Germany a
law for introducing smart meters in households and businesses was adopted in 2016
(Bundesministerium fiir Justiz und Verbraucherschutz 2016), the rollout still hasn’t
begun though. It is possible to voluntarily choose a metering operator that offers smart
meters but at one’s own expense.

In Denmark, there is a central data hub collecting all electricity fees and tariffs. The Da-
nish TSO, Energinet, operates the DataHub that all market participants use to exchange
their data using common protocols. This DataHub also allows third parties to access con-
sumer data which creates new business models. In Germany, there is no such central
DataHub, instead, the market participants exchange data directly with each other.

The comparison between Denmark and Germany also shows how regulations influ-
ence the focuses and progress in the digitalisation of the electricity ecosystems. For
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instance, there are more digitalisation potentials and there will be more related activ-
ities in the industrial sector in Germany due to intensive energy use and smart meter
installation. Meanwhile, there are more digitalisation potentials and there will be more
related activities in the residential sector in Denmark, also due to smart meter installa-
tion, DataHub, and also data sharing via living labs. Meanwhile, stakeholders’ roles are
also decided by the regulations, and therefore, their corresponded business models are
influenced (Ma et al.). For instance, in Denmark, distribution system operators own,
maintain, and collect meter data from the meter points. Comparatively, either distribu-
tion system operators or third parties can operate the meter points.

Conclusion

Digitalisation in the energy sector is not a regional standalone. All electricity systems in
Europe are interconnected, and the discussion of digitalisation potentials should in-
clude the analysis of the electricity systems among countries.

This paper compares different aspects of the electricity systems in Denmark and
Germany using the ecosystem architecture design method. The majority of the ele-
ments in the electricity ecosystem are similar between Germany and Denmark, and
some detailed implementations in the electricity system between Denmark and
Germany are different (shown in Table 5).

Digitalisation potentials in the electricity sector exist on the generation side, the dis-
tribution side, and the demand side (Ma et al. 2017b). Based on the comparisons be-
tween Denmark and Germany, the following recommendation for the digitalisation
potentials in the electricity ecosystems are proposed in this paper:

e Digitalisation for enabling more renewable energy resources for electricity
generation
The EU aims to reach climate neutrality by 2050. However, to ensure the security
of supply with renewable energy resources, large implantation of the digitalisation
solutions at the generation side is needed. However, for large countries like
Germany, it might take a longer time.

o Digitalisation in the electricity grids (transmission and distribution grids)
Data and information sharing is essential for communication among stakeholders in
the electricity ecosystem, especially for grid stabilisation, e.g. avoiding grid
overloads with distributed energy resources (Ma et al. 2015b). Therefore,
digitalisation solutions, such as DataHub in Denmark can serve this purpose.
However, it requires regulatory support

e Digitalisation in the electricity markets
To promote more electricity generated by renewable energy sources, digitalisation
solutions in the markets are necessary. These solutions allow more efficient
electricity bidding by accurate prediction, enable direct market participation for
small electricity consumers and producers, and simplify cross-border electricity
trading by data sharing (Zheng et al. 2016).

e Digitalisation on the demand side
On the demand side, the industry and agriculture sectors have the biggest potential
to shift loads according to price signals from the electricity market (Ma et al. 2018).
However, households and commerces can also benefit from flexible electricity
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Table 5 Summary of differences in electricity ecosystem between Denmark and Germany

Differences in Denmark Germany

electricity

ecosystem

Electricity 82% of the electricity was produced from 47% of the electricity was produced from
Production renewable energy sources renewable energy sources

Transmission
Grid

Electricity
imports and
exports

Electricity
Market

Role of Market
framework
provider

Role of Market
supervision

Role of
Metering point
operator

Smart meters

Data and
information
sharing

Electricity prices

Operated by a single operator Energinet.dk
West Danish grid consisting of mainland
Denmark and Funen is synchronised with the
European continental grid.

Net importer

NordPool spot market

Performed by the transmission system
operator

Performed by danish energy regulatory
authority

Performed by the distribution system operator

Nationwide roll-out of smart meters since
2013;

All households need to have smart meters
that connect to DataHub installed by the end
of 2020

DataHub, stores all electricity-system related
data. This includes data about production,
transmission, and market participants, the
metered data for all Danish consumers.

All communication between market
participants goes through the DataHub

Households in Denmark can choose between
various flexible electricity prices

Four transmission grid operators are each
responsible for one part of the country.
Is part of the European continental grid.

Net exporter

EPEX Spot market

Performed by Bundesnetzagentur (Federal
grid agency)

Performed by Bundesnetzagentur (Federal
grid agency)

Performed by DSO or competitive meter
operator

Only mandatory for industrial consumers
who use more than 100,000 kWh/year

SMARD, a data platform that visualises
electricity data

Marktstammdatenregister (market core data
index) lists power generations units and
other participants in the energy market

Almost all domestic electricity prices are
fixed prices

prices if they have flexible appliances, distributed energy resources like

photovoltaics or storage systems (Ma et al. 2017¢). Smart meters are the

precondition for flexible electricity prices. Promoting the rollout of smart meters

would provide general access to flexible electricity prices and detailed electricity

consumption information. This might motivate more households to invest in

distributed renewable energy resources or flexible appliances (Ma et al. 2016b).
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e Digitalisation in the transport sector
Compared to the industry, agriculture, commerce, and households, the share of the
transport sector in the domestic electricity consumption is rather low (1,5% in
Denmark and 2% in Germany). Due to the increasing number of electric vehicles
(EV), more EV charging solutions (both EV home charging and charging stations)
appear (Fatras et al. 2020). It influences not only EV owners, EV charging solution
providers, distribution system operators, and also electricity suppliers. Therefore,
harmonised digitalisation solutions are needed.

e Regulation-driven digitalisation of electricity ecosystem
Technologies for digitalising the electricity ecosystem have been discussed in the
literature for decades. However, regulations influence the digitalisation focuses and
the progress of the electricity ecosystems, as well as the stakeholders’ roles and
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their business models (Mlecnik et al. 2019). Therefore, regulations are the main
drivers for the digitalisation potentials and activities that can happen in a country.

This paper mainly focuses on the electricity ecosystems of Denmark and Germany
with a broad overview and comparison. It excluded the gas market and does not go
into the mobility and heating sectors, which also use a lot of energy. Future works may
focus on a specific sector and its digitalisation potentials. Meanwhile, available digital-
isation solutions and their implementation progress and factors that influence the digit-
alisation of the electricity ecosystem are not discussed in this paper that might be
necessary to be investigated in the future. Furthermore, comparisons with countries
outside the EU (European Union) are recommended that might bring more dynamic
aspects due to different electricity regulations and market structures.
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