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Abstract: There is an increasing need for flexibility due to the
growing share of fluctuating renewable energies and the progressing integration of the European power market. Thus, an
adequate depiction of imports and exports within models of
electricity systems is essential. So far, however, a systematization of existing modeling approaches is missing as well as a
modelling approach that addresses the discrepancy between
very detailed flow-based models and simplified approaches
based on fixed net transfer capacities. Therefore, this paper develops such a systematization and an approach that addresses
the gap between model complexity and model accuracy by introducing a new control parameter for the variations of the
“level of detail”. In addition, a detailed analysis of the available
transfer capacities for each border between Germany and its
electrical neighbours is carried out.
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1 Introduction
Due to the progressing integration of the European internal electricity market since the liberalization, the representation of imports and exports in models for the electricity system and
for submarkets of the electricity sector continues to gain importance. Power market models,
which approximate market results of the spot
market by mapping fundamental influencing
factors, are widespread in the research landscape. Many of these fundamental models use
the rationality of the merit order to determine
a cost-minimal dispatch of power plant capacities to cover the demand for electricity. Here
the electricity exchange with foreign countries
can be modelled in different ways. So far, there
is no systematization of existing modelling approaches in the research landscape, although
many different approaches are applied for
modelling imports and exports. In addition,
there are few publications that present the approaches used in a transparent manner. From
the few publications and the experience of the
authors, however, it can be concluded that
there is a gap between a very detailed and
complex modelling of load flow-based capacity
allocation and a simple mapping using rigid
NTC approaches.
Therefore, this paper presents a systematization of existing and possible approaches for
modelling imports and exports. In addition, a
model approach with variable complexity is
proposed in order to adequately address the
conflict between model complexity and computing time. The focus is on a methodical outline of the approach. First results using an incomplete test data set are also presented.

2 State of Research and
Systematization of Existing
Modelling Approaches
In the following, the fundamentals of allocating
and calculating capacity are briefly presented.
Furthermore, an overview of modelling approaches for imports and exports in existing
German power market models is given.

2.1 Capacity allocation and calculation
The combination of physical transfer capacities
and commercial trade across national borders
can be carried out through explicit or implicit
capacity auctions. Implicit auctions combine
trading of capacities and energy in a joint auction. The resulting electricity price, therefore,
consists of the price for the capacity usage right
and the price for electricity [1, p. 239]. In an explicit capacity auction, in addition to the Energy
Only Market auction, a separate auction for the
transmission capacity is held in which electricity volumes are contracted. [2, p. 11f]
Both explicit and implicit capacity auctions are
currently being held at most electrical interconnection points in Europe. There are two types
of implicit auctions, both of which are used in
Europe. In market splitting (also known as
zonal pricing), an area is initially regarded as a
single coherent market. However, the market
areas can be temporarily divided into already
predefined zones. In market coupling, certain
administratively defined markets or market areas are handled separately. An implicit auction
is conducted between the market areas. If
enough transmission capacity is available, the
prices align completely, resulting in an identical
price PMC. If this is not the case, prices only converge to the extent that available commercial
capacity is exhausted, as illustrated in Fig-
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ure 2.1 for two market areas A and B. This results in prices P'A and P'B. Without an exchange
prices PA und PB would establish [2, p. 12]

Figure 2.1: The principle of market coupling
(Own illustration based on [3, p. 23] und [4, p. 2])

Depending on the border and the type of market coupling, there are currently two main
methods for calculating the available transfer
capacity: the model based on Net Transfer Capacities – NTC model (also known as Available
Transfer Capacities or ATC model) and the
flow-based capacity allocation within the flowbased market coupling – FBMC. The calculations are based on static and dynamic elements
(see [5]–[9]).
TTC (Total Transfer Capacity) describes the
maximum capacity available for the electricity
exchange between two network operators
without endangering the “(n-1)-security” of the
network.
NTC (Net Transfer Capacity) describes the available capacity for commercial transactions and
is calculated as the difference between TTC and
TRM (Transmission Reliability Margin). TRM is
the safety margin that network operators always must have available to directly or indirectly support other countries. Two neighbouring network operators calculate their NTC values based on this principle. The minimum of
the two values is set as theoretical maximum
capacity for the border between the two network operators.
ATC (Available Transfer Capacity) describes the
available capacity for commercial transactions
after deduction of energy transactions that
have already taken place.
The maximum available capacity is determined
before the closure of the market. Since the entire available transmission capacity between

two market areas is used in the price formation, the NTC values contribute to the trading price of the respective electricity exchanges
[10, p. 28ff].
Key problems of the NTC approach are the inflexible definition of transmission capacity and
the lacking consideration of existing bottlenecks within market areas. In order to take this
into account, so-called technical profiles were
introduced at many borders, which extend the
existing NTC calculation methodology. Technical profiles represent the dependency of the
transmission capacity on additional factors
such as wind forecasts. They are designed to
maximize NTC values so that the unplanned deviations are less pronounced [11, p. 5].
As of October 2018, the German market area is
connected to most of its neighbours by the European Multi-Regional Coupling based on the
NTC methodology. On the day-ahead markets
of the Central Western European (CWE) region,
i.e. on the borders with France and the Netherlands, FBMC was introduced in 2015. While in
the NTC model the relationship between physical and commercial flows is strongly simplified,
the flow-based capacity allocation uses a more
detailed model where load flows of the entire
network are considered [12]. The allocation of
the interconnector capacities takes place simultaneously with the market clearance. This
means that bottleneck capacities are allocated
to transmission lines with the greatest welfare
gain. In addition, better forecasting qualities,
reduced price differences between market areas and a decrease in the general price level are
achieved. [13, p. 22], [14, p. 4ff], [15, p. 26]
Two factors are decisive for FBMC calculations:
Power Transfer Distribution Factors (PTDFs),
i.e. the distribution of power flows and Remaining Available Margins (RAM). In the CWE
region they are implemented as follows (see
[15] – [17]).
The flow-based capacity calculation starts with
the creation of the Base Case, which is based
on the Congestion Forecasts of the transmission system operators (TSOs) for their region
two days before delivery (D2CF), representing
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every hour of the delivery day. The D2CFs of
the TSOs are combined to form a Base Case,
where imports and exports add up to zero. In
addition, critical branches are determined.
These are transmission lines or transformers
on which cross-border trade has an extraordinary effect. In the next step, the PTDFs related
to a zone are calculated. Generation Shift Keys
are relevant here. They show how a change
within a zone is distributed to the nodes within
the zone. Then the PTDFs for the critical
branches are calculated, which describe the influence of a changed trade balance on the critical section. For that purpose, it is calculated
how the current flow between two nodes
would change if the generation in one zone increases either in the normal operating mode or
the (n-1) case. This is then analyzed for all other
zones and combinations of outages. This way a
PTDF matrix is created.
Finally, for each critical branch the RAM under
critical outages is determined. This sets the
maximum commercial flow through a critical
transmission line and is calculated as follows:
RAM = Fmax – Fref’ – FRM – FAV
The maximum permitted effective power flow
of a critical branch is described by Fmax. Fref’ represents all commercial transactions that are
traded outside the day-ahead market. The Flow
Reliability Margin (FRM) is a safety margin. Several simplifications and assumptions are also
used in the FBMC for the calculation, which is
why it is necessary to be able to take unplanned deviations into account. The Final Adjustment Value (FAV) represents such a further
adjustment value. It allows network operators
to include additional positive or negative transmission capacity for a critical branch that is not
included in the previous FBMC calculation.

transmission capacity between countries is
represented by fixed NTC values.
The Öko-Institut's Power-Flex-EU model uses a
simplified fundamental approach in which each
transmission line between Germany and its
neighbouring countries is represented by a
fixed NTC value. [18]
The NEMO III model of RWTH Aachen uses a
detailed network flow model in which the European electricity system is simulated in several stages. In the first stage, the electricity exchange between countries is determined by a
network simulation based on a simplified European power plant fleet and maximum NTC values. The maximum NTC values are real historical values, which have been adjusted by
planned expansion measures. [19]
DIW Berlin's dynElmod model uses two different methods to represent imports and exports.
The first approach depicts the network with
fixed NTC values, neglecting loop-flows, with
the advantage of lower computational time
and less necessary data. In the second approach, a simplified FBMC algorithm is applied.
[20]
In model EMMA (European Electricity Market
Model) of the Neon Neue Energieökonomik
GmbH a linear optimization model is used,
which optimizes the dispatch within the calculations of the short-term equilibrium. The interconnector capacity is considered in the calculation using fixed ATC values. [21]

3 Methodology
For modelling imports and exports, a
multi-level analysis approach was applied,
which is based on following elements:

2.2 Existing modelling approaches
Most existing power market models use fundamental models to represent neighbouring
countries and an NTC methodology to depict
imports and exports. Thereby, power plant
fleets of Germany's neighbouring countries or
throughout Europe are simplified and the

T. Ghosh, J. Kochems, B. Grosse, J. Müller-Kirchenbauer

• a systematization of existing approaches
for modelling imports and exports (Chapter 3.1),
• an analysis of cross-border capacity and
capacity expansion plans (Chapter 3.3),
and
• the development of a modular model for
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The developed model consists of three
sub-modules: the Transfer Capacity Calculation, the Power Price Calculation and the
Cross-border Exchange Optimization. The electricity market model referred to in the following as European comprises Germany and its
electrical neighbours and thus Norway,

Denmark East and West, Sweden, Poland, the
Czech Republic, Austria, Switzerland and the
Benelux states. Different data inputs are required for each module, which are described in
Chapter 3.2. Figure 3.1 gives an overview of the
methodological approach and the path of the
analyses.

Figure 3.1: Overview of the methodology and conducted analyses (Own illustration)

3.1 Systematization of existing
modelling approaches
To select a suitable approach for modelling imports and exports, a categorization of possible
modelling approaches was developed. For this
purpose, twelve interviews were conducted
with experts from research institutions, universities and companies that have implemented
their own electricity market models. In addition, the available model documentation was
considered. Both served as basis for categorizing possible models.

3.2 Input data
The calculation of the interconnector’s transmission capacity is based on the maximum capacity of a transmission line and (time-variable)
NTC values. For this purpose, expert interviews, research on websites of the TSOs and

historical NTC values were conducted. The NTC
values for the interconnector to Sweden are
published as Market Coupling Capacities by
Nord Pool. “Forecasted Transfer Capacities Day Ahead” from the ENTSO-E Transparency
Platform were used for borders to Denmark
East and West, the Czech Republic and Switzerland. The ENTSO-E Transparency Platform also
publishes wind forecasts for Germany and wind
and load forecasts for TenneT's control area.
The calculation of electricity prices for 2016 requires publicly available historical data from
Germany and its neighbouring countries.
Day-ahead load and renewable electricity forecasts are also available on the ENTSO-E Transparency Platform. Information about the German power plant fleet by plant unit are based
on data from the Power Plant List and the
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Power Plant Closure Notifications from the
German Federal Network Agency (BNetzA), the
Open Power System Data Platform, the Power
Plant List of the World Resources Institute, the
Electricity Network Development Plan 2030 as
well as studies conducted at the Department of
Energy and Resource Management, the Technical University of Berlin and the Department
of Petroleum and Natural Gas Engineering at
the Technical University of Clausthal. The data
for the foreign power plant fleet originate from
a set compiled by Hofmann et al. [22]. The
available data were extended by the efficiencies using a methodology developed at our Department that is based on [23] and [24]. The
marginal costs per fuel were calculated using
variable costs and fuel prices presented in Table 7.1 in the appendix. They represent our
own compilation of publicly available data and
the average CO2 certificate price for 2016.
Data quality and availability is essential for determining the transmission capacity and validating the model with the help of a test data
set. It has a strong impact on the quality of the
results. Information to determine hourly NTC
values and reasons for their reduction are only
available to a limited extent.

3.3 Analysis of available transfer
capacity
The aim of the conducted analysis is to find a
suitable way to calculate the NTC values in the
model for each individual border to an electrical neighbour (see Figure 3.2). Thereby, the
maximum annual capacity between 2015 and
2030 for Germany's neighbouring countries is
determined and a methodology for calculating
time-variable NTC values is developed.

Figure 3.2: Germany and its electrical neighbours (Own
illustration)

To describe the maximum transfer volume that
can be made available to the market, the maximum annual NTC value of a border is chosen
as starting point. In the next step, reasons for a
reduction of NTC values by the TSOs are examined. For some borders, TSOs publish information so that either through a general description or a published technical profile a
traceability of the calculations is ensured. Usually, however, the TSOs' publications are not
extensive enough to determine one's own calculation method. In this case, publicly available
approximations are used, in particular the System Analyses of the TSOs for 2017 and 2018
published by the BnetzA [25, 26]. In addition,
further information on adjustments of the
NTCs were collected through interviews with
experts at the TSOs.
To forecast the development of NTC values until 2030, grid expansions and additions must be
considered. This is done in the next step based
on the ENTSO-E's 10-Year Network Development Plan 2014 [27], BNetzA's Establishing Requirements 2017-2030 [28] and information
published by the TSOs. Usually, the increase in
transmission capacity is indicated as Grid
Transfer Capability (GTC) in MW and increments take place at the same time for import
and export. The GTC value describes the expected performance of a power line for
cross-border electricity transmission [27,
p. 438]. Regardless of the type of transmission,
it can be assumed that the maximum NTC value
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increases by the GTC value through the extension of transmission capacity. In addition to the
grid extension, further agreements between
German and foreign TSOs or governments with
an influence on future commercial transmission capacities are considered. Finally, the annual maximum NTCs for each electrical neighbour are presented. Increases become effective in the year in which the transmission line
becomes available for the first time for the entire year.
The results of the previous steps are crucial for
the last part of the analyses. At this point, the
maximum NTCs for import and export between
2015 and 2030 are summarized for each neighbouring country and a calculation method for
the time-variable NTC values is determined.

3.4 Model description
The model consists of three separate modules.
The first module (Transfer Capacity Calculation) determines the capacity of the interconnectors for a given year. The next module
(Power Price Calculation) calculates isolated
power prices of a country. The last module
(Cross-border Exchange Optimization) optimizes the exchange between national electricity systems based on the results of the first and
second module. It returns the German power
price, considering the calculated import and
export flows. For this purpose, the control parameter d (“level of detail") is introduced,
which considerably reduces the computing
time and allows to run the model with variable
precision regarding the resolution of the merit
order in the neighbouring country. Figure 3.3
summarizes the modules and their relationship
to each other.

The model itself is implemented in Python. For
the Cross-border Exchange Optimization module the framework oemof (open energy modelling framework) was used, which allows a representation of a complex energy system as a directed (bipartite) graph with nodes (vertices)
and weighted edges, for which a system cost
minimization is carried out. For the analytical
solution, this framework relies on the Python
package Pyomo. [29, p. 18–22].
The principle of determining the time-variable
NTC values within the Transmission Capacity
Calculation module was described in Chapter 3.3. Country-specific power prices are calculated using a fundamental model for the
electricity market, which optimizes the use of
power plants according to the merit order principle. A simplified linear approach was used for
testing purposes.
The Cross-border Exchange Optimization module is the central part of the model. It combines
the functions of the other two modules and in
doing so calculates German import and export
flows. First of all, the year to be considered is
defined as well as the desired level of the control parameter d, which determines the number of desired supply nodes. This is explained in
detail hereafter. The next step is the optimization of the power system, whereby hourly electricity prices are calculated after cross-border
exchanges.

Figure 3.4: Exemplary structure of the Cross-border Exchange Optimization module for Germany and a country
A with a “level of detail” of three (Own illustration)

Figure 3.3: Structure of implemented model
(Own illustration)

In the Cross-border Exchange Optimization
module (see Figure 3.4), the demand of each
neighbouring country A is represented by a demand node. A time series of the forecasted total demand of the corresponding year is passed
to the node. It is defined that the demand always must be completely supplied. Each neighbouring country has its own country node to
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which the demand node and part of the supply
nodes – the import nodes – of that country are
connected. A country node is basically a busbar
collecting inputs and outputs for a country A.
ImportnA,0 generates electricity at the equilibrium price prior to exchange pGG and thus represents the price in country A without considering imports or exports. In addition, on the
supply side, a lower or increased demand in
country A due to imports or exports from a
neighbouring country must be taken into account. If the electricity price in another European country is currently lower than in country
A, country A will import electricity, which will
reduce the electricity price in A. This case is approximated in the model by (d-1) additional
supply nodes, of which each offers a certain
amount of electricity at a lower price than pGG.
They are referred to in the following as ImportnA,i. The maximum supply of the import
node with the lowest price is:
𝑆𝑢𝑝𝑝𝑙𝑦(𝐼𝑚𝑝𝑜𝑟𝑡𝑛𝐴,(𝑑−1)) =
𝐷𝑒𝑚𝑎𝑛𝑑𝐴 − (𝑑 − 1) ∗ 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝐴,𝐼𝑚𝑝𝑜𝑟𝑡 /𝑑
An even lower supply must not be considered,
since the maximum export capacity determines
the maximum share of power generation that
can be covered by foreign countries. Thus, the
demand of country A exceeding the capacity of
the interconnector always has to be met by a
production in country A and hence by the import node with the lowest price. Additional ImportnA,i equally to ImportnA,0 have a maximum
supply of CapacityA,Export / d. As a result, all import nodes of a country add up to the demand
of country A. This makes sure that within A congestions are not possible at any time.
If the power price in a European country is
higher in the considered time step compared to
country A, country A will export electricity to
that country. It is accompanied by an increased
demand and a higher electricity price in A. This
is considered by d further supply nodes, which
are referred to as ExportnA,i. Their overall sum
corresponds to the total transfer capacity for
imports from a German point of view. The maximum supply offered by a node determines its

price and does not necessarily have to be retrieved in the model. This means that a supply
node can supply at its maximal capacity or less.
Its price, however, remains unchanged.
The maximum export from the European countries to country A results from the restriction of
the interconnectors and is described by the
node InterconnectornA. It is linked to the
CountrynA on one side. On the other side,
there is a connection to the so called Europenode which equals the German country node.
The maximum flow via InterconnectornA is defined as the maximum NTC value of the respective time period and does not have to be retrieved completely. The export nodes of country A are directly connected to the Europenode, as they cover an additional demand from
abroad.
Germany's import and export nodes are generated analogously to the methodology described for country A. However, as there are no
restrictions to transmit electricity within Germany and the capacity restrictions to foreign
countries are already represented by the nodes
of the neighbouring countries, the German
supply nodes are directly connected to the Europenode. In addition, a supply by Germany
exceeding the total capacity of all supply nodes
must be considered. Therefore, Germany's export node with the maximum price has an unlimited capacity.
CapacityA,Import and CapacityA,Export are determined for each time step by the Transfer Capacity Calculation module. The price of the supply nodes is determined by the Power Price Calculation module. ImportnA,0 has the equilibrium price pGG and is determined by the residual load of a period and the merit order. For the
power prices of the other supply nodes, the residual load is shifted by the cumulative supply
of the respective supply nodes.
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4 Results and Discussion
In the following, the systematization of possible approaches for modelling imports and exports are presented. Subsequently, an overview of the transmission capacities is given,
and first results of our own calculations are
presented. Finally, a critical assessment of the
model is carried out.
Figure 3.5: Exemplary illustration of the Power Price Calculation module for a time period t with a “level of
detail” of two (Own illustration)

Figure 3.5 illustrates the power price calculations for country A with a “level of detail” d=2.
It demonstrates how the use of import and export nodes takes into account a lower demand
with a lower price or an increased demand with
a higher price. The graph also shows that between ExportnA,1 and ExportnA,2 a part of the
merit order or one or more power plants with
the same marginal costs are skipped and thus
their price is not considered in the overall
model. This makes clear that at a higher “level
of detail” d, more stages of the power prices
are considered, which increases the accuracy
of the overall calculations of the Cross-border
Exchange Optimization module. Thus, the control parameter d controls the accuracy of the
considered merit order around the country-specific equilibrium price (before imports
and exports).
Once the calculations have been completed
and the components of the power market
model have been generated, the solution to
the optimization model is determined with the
aim of minimizing overall costs. All demands
are covered by the cheapest supply nodes that
are restricted by their maximum supply. As a
result, cost-optimal flows are calculated for all
time steps of the corresponding year.
In the final step, the German power prices are
recalculated, adjusted by import and export
flows. The decisive factor for the price calculation is the modified demand in Germany. For
each time unit, the following total is calculated:
∑𝑖=𝑑
𝑖=(𝑑−1) 𝑆𝑢𝑝𝑝𝑙𝑦𝑛DE,i. With this new demand
time series the Power Price Calculation module
is executed again. This finally determines the
resulting German power prices.

4.1 Systematization of existing
modelling approaches
In general, price forecasting models for power
markets can be divided into fundamental, statistical and hybrid approaches [30, p. 80]. An
additional option is to use historical real values.
Based on this, the following categorization for
modelling imports and exports of an electricity
system is proposed (see Figure 4.1).

Figure 4.1: Overview of possible approaches for modelling imports and exports (Own illustration)

Fundamental models
Fundamental models (see Figure 4.1) generally
provide a comprehensive picture of the market
structure, while using physical-technical and
economic relationships between power supply
and demand within a country [31, p. 1042].
They are based on a detailed data framework
of (fundamental) input data. Most of the considered research institutions and companies in
Germany use this model type. The main reason
is that it also describes the relationship between and the situation in the neighbouring
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countries. Existing models differ regarding
their degree of detail in country coverage, their
modelling of transfer capacities between two
countries or regions and their time horizon.
Neighbouring regions can either be depicted
modelling every single power plant unit, every
power plant or power plant fleets in technological terms, and the regions can include either
only Germany's direct electrical neighbours or
entire Europe. As general subcategories for
modelling the exchange between two market
areas with a fundamental approach a complete
market coverage, a reduced or simplified (geographical) market coverage and a constant justified by fundamental input factors can be
identified.
Statistical Models
Statistical models (see Figure 4.1) use historical
prices or other exogenous factors to forecast
future developments [31, p. 1049]. For this purpose, many different approaches can be used.
Our research has shown that statistical models
are rarely used in Germany. Most models try to
depict Europe or an entire region. Therefore,
they do not analyze historical individual
cross-border electricity flows in detail. For
modelling imports and exports within a statistical model, three possible implementations
were identified. In a regression model based
on historical data, correlations between past
commercial import or export flows and other
parameters are used to forecast future trade
flows. A possible extension of this approach
and improvement regarding structure preservation can be offered by machine learning approaches, which however require extensive
data inputs. Furthermore, other methods
based on time series analyses can be considered to represent stochastic influences. Nevertheless, such approaches were not identified in
our research.
Hybrid models
Hybrid models (see Figure 4.1) combine fundamental and statistical approaches. Therefore,
they can not be clearly assigned to one of the
two categories. That is why, it is difficult to provide a further subdivision and a general description of the advantages and disadvantages

[31, p. 1040]. One option is to combine a fundamental and a regression approach. Thereby,
the regression is used to define an upper and
lower limit for import and export flows and a
simplified fundamental model improves the results. In addition, various other characteristics
are conceivable.
Real values
It is also possible to completely outsource the
exchanges between market areas and to approximate them based on historical time series.
This approach shows similarities with a fundamentally justified constant.
Classification of the developed approach
The model described in this paper can be assigned to the group of fundamental models
with a reduced market coverage for modelling
foreign power plants.

4.2 Transfer capacity
The analyses of available transfer capacities between Germany and its electrical neighbours
show that only few publications describe the
hourly calculations or reductions of NTC values
in detail. Nevertheless, the broad evaluated
range of sources made it possible to determine
an approximate solution to calculate the NTC
values to all electrical neighbours.
The calculations for the countries of the CWE
region - Switzerland, the Netherlands and
France - are based on a (previously) used technical profile, the so-called “C-Function”. According to experts it still represents a good approximation despite the introduction of FBMC
[32, p. 37]. Similarly, for Denmark West, the
technical profile is approximated by using the
methodology of the TSOs' System Analyses [25,
p. 61], [26, p. 41]. However, estimating the
hourly transmission capacity for Poland, the
Czech Republic and Sweden is challenging due
to the lack of available information. Therefore,
fixed NTC values had to be used. Austria, Norway and Belgium are also modelled using fixed
NTC values as the criteria for reducing the available transfer capacity will become clear only after the separation of the electricity price zones
and the completion of the planned power lines.
Denmark East, however, can be approximated
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with the help of fixed NTC values, as most of
the time the whole capacity is offered. The following graph summarizes the NTC calculation
methods.

this border has to be reduced frequently [33,
p. 5f]. Physical flows in HVAC lines are generally
less controllable, which is why not all thermal
capacity is available on the market [33,
p. 933ff]. However, large differences can be
identified in this regard, in particular due to
grid congestion between northern and southern Germany.
Due to the particularly good availability of data,
NTC values for the market areas DK East, DK
West, Sweden and Switzerland are shown below as examples. Where data availability allowed, a comparison was carried out in a similar way for the other market areas.

The following table assesses the results for four
neighbouring regions of Germany for 2016
based on the Mean Absolute Error (MAE) and
the percentage of calculated NTCs with a certain maximum deviation. The number of hours
in 2016 in which the calculated value matches
the actual NTC value is determined, considering a possible deviation of ±5 % or ±10 %. Results show major differences in quality with
MAEs between 0 and 383 MW depending on
the market area. Reasons for this can be found
in a detailed analysis of the respective market
areas. HVDC lines, for instance, are generally
easy to control and usually the entire transfer
capacity can be offered. Nevertheless, due to
frequent grid congestion at Sweden's west
coast, the offered capacity of the HVDC line at

Percentage of calculated values with
maximum deviation of ±5 % from
actual value

Percentage of calculated values with
maximum deviation of ±10 % from
actual value

Import from

DK East
63
88,8 %
DK
383
6,3 %
West
SE
202
50,5 %
CH
0
100 %
DK East
63
89,3 %
DK
208
52,1 %
West
SE
264
25,8 %
CH
300
35,7 %
Source: Own calculations based on [35]

Export to

During the analyses, several additional aspects
were examined, such as planned extensions of
power lines, constructions of phase-shifting
transformers or the introduction of FBMC
planned in some market areas. In most cases,
specific information from public sources was
available, which made it possible to estimate
future maximum NTC values until 2030. The
maximum NTC values assumed for the model
that resulted from the analyses, are summarized in the appendix for all electrical neighbours (see Table 7.2).

Market Area

Figure 4.2: Methods for calculating cross-border transfer
capacity and maximum NTC value per electrical
neighbour (Own analysis)

Mean Absolute
Error [MW]

Table 4.1: Assessment of determined NTC values

88,8 %
2,9 %
47,4 %
100 %
89,3 %
41,4 %
22,4 %
29,0 %

4.3 Power prices with / without
import and export
The Cross-border Exchange Optimization module is the core of the implemented model. Its
results are presented in the following based on
a preliminary test data set. A comparison of historical prices of the German-Austrian market
area with the calculated power prices shows
for 2016 with the control parameter set at a
“level of detail” of two a MAE of 6.93 €/MWh.
In addition, Figure 4.3 illustrates that the model
frequently tends to underestimate electricity
prices, as calculated results are below actual
prices in almost 64% of the time periods. The
average forecasted electricity price for the entire year is with 25.97 €/MWh as well below the
average actual day-ahead prices of
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28.98 €/MWh. The model also appears to underestimate overall price spreads. Reasons for
that could be that non-availability of capacities
and production below the determined variable
costs are not considered. The use of different
“levels of detail” shows no significant changes
in the results of the test data sets.

Figure 4.3: Results of the Cross-border Exchange Optimization module compared to the German-Austrian
day-ahead prices for 2016 in the range -20 €/MWh to
80 €/MWh (Own illustration based on [35])

It should be noted, that the comparison was
carried out with preliminary test data sets.
These indicate a considerable need for enhancement, which will be presented based on
their three main limitations. First, considerable
gaps, particularly in the publicly available data
on foreign power plant fleets, have become apparent. In addition, in particular in countries
with a high proportion of hydroelectric power
plants, other fossil-fuel power plants were only
considered to a very limited extent. Assuming
variable costs of 1.125 €/MWh for water (see
Table 7.1), this leads to a significant underestimation of the production costs of electricity for
example in Switzerland or Sweden. This has a
corresponding influence on the calculations of
the adjusted German electricity price.
Second, the test data sets include estimated efficiencies for power plants. Thus, the same type
of power plants often have the same efficiency
and hence at constant assumed fuel prices the
same marginal costs. This illustrates in particular why higher “levels of detail” did not achieve
better results. On the one hand, due to the
same marginal costs, the number of segments
of the merit order is reduced and at the same
time becomes valid for a larger load range (see
Figure 3.5). On the other hand, the cost gap between the individual segments increases. This

means that either all import and export nodes,
regardless of the control parameter d, offer
their electricity at the same price (since all are
within the same segment of the merit order),
or the electricity price of some import or export
nodes is significantly higher or lower.
Third, the variable costs of the power plants
have been considered only approximately although they are an important element of the
test data sets. An enhancement would be a detailed calculation of fuel prices, which, in addition to actual costs on the European raw material market and expected fluctuations, also considers transportation costs to respective power
plants.
Due to these limitations, the results only confirm a basic functioning of the model with the
corresponding test data sets. It is not possible
to draw conclusions about quality and accuracy
of model results and the chosen model approach. The developed methodology of the
“level of detail” is an essential simplification on
which the model is based but has the advantage of a considerable reduction in computing time. It can be assumed that if the control
parameter d is set to a high level of detail, the
results of the developed model are only slightly
worse compared to an approach that considers
all power plants as individual components.

4.4 Assessment of approach
The systematization developed in this paper
made it for the first time possible, to present
the various approaches for modelling imports
and exports in power market models in a lucid
manner. This is helpful for recognizing
strengths and weaknesses of existing approaches, for identifying research gaps and for
developing one's own model.
Determining the available transfer capacity as
carried out in the second step of the analysis is
crucial for the model and ensures an hourly resolution of the NTC values as result. Due to the
expandable data availability a precise forecast
is challenging and there is a high degree of uncertainty with regard to forecasting future
NTCs. First, there could be possible delays in
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the grid expansion or shortcoming in determining the exact influence of a new transmission
line on the available transfer capacity without
considering detailed grid data. Second, the expansion of the German domestic network was
not taken into account. This could lead to increases in future available import and export
capacity. The model, however, assumes a uniform, congestion-free German market area
with no failure or planned maintenances of
transmission lines. Finally, a change in the policy framework may lead to an increase or decrease in NTC values, which cannot be adequately reflected in the projections. In particular, this concerns the ongoing implementation
of the Commission Regulation establishing a
Guideline on Capacity Allocation and Congestion Management (CACM) [36, p. 49] as well as
in future effective agreements on the Power
Market Regulation. The latter regulate by Article 14 that 70 % of the net cross-border transfer capacity must be available for cross-border
electricity trade, considering safety limits and
deducting constraints [37].1
Nevertheless, a good approximation for modelling transfer capacities was developed in this
work. It goes beyond frequently used simple
representations with static values in other
works, but at the same time is accompanied by
a moderate computational effort.
The developed overall model closes the gap between very complex and highly simplified models. Furthermore, it is possible to transfer the
model to other frameworks and model formulations, since no specific functions were used.
A significant advantage is the reduced computing time with a low and variable complexity,
which is achieved by using a merit order model
and introducing a variable control parameter,
the “level of detail”. Thereby only the relevant
part of the merit order is considered more
closely. However, this is accompanied by the
fact that only discrete steps of the merit order
are considered, so that not all power plants
with their marginal costs are included in the

1

At the time of publication, the relevant Trilogue
result and the approval of the responsible ITRE

price calculation. The fundamental criticism of
the merit order model when used for long-term
forecasts is the lack of dynamic adaptability
and the associated poor robustness in the
event of structural changes in the power market [38, p. 3162]. In addition, only variable
costs of power plants are considered. Nevertheless, overall results of merit order models
are of good quality.
The main challenge for accurate forecasts of
imports and exports, however, is the quality of
publicly available data that is used as input.

5 Conclusion and Further
Research Demand
In the following, central results of the analyses
for modelling imports and exports in the German electricity system are summarized. Subsequently, further research demand is stated.

5.1 Conclusion
This analysis proposes a systematization of existing and possible approaches for modelling
imports and exports in power market models.
This way, the existing research gap in this field
is closed. In addition, an analysis of the available commercial transfer capacities between
Germany and its electrical neighbours is carried
out. Based on the analyses, an own fundamental model with reduced (simplified) market coverage is developed and tested. The developed
model consists of three modules: a module for
calculating the maximum transmission capacities available for commercial exchanges based
on of time-variable NTCs, a module for calculating electricity prices using country-specific
supply curves (merit orders) and an integrated
optimization module for the European electricity market. The model approach addresses the
conflict between computing time and model
complexity by a variably adjustable control parameter, the “level of detail” d. This ultimately
makes it possible to vary the degree of detail of
the country-specific merit order, which is available at maximum in a block-sharp resolution.

Committee were available. The final text of the
regulation has not been adopted yet.
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To demonstrate its functionality, the model is
tested with preliminary test data sets. Furthermore, the resulting transmission capacities are
compared with the real values. Preliminary results lead to a MAE of 6.93 €/MWh for the electricity price in Germany in 2016 with a “level of
detail” d of two and tend to indicate an underestimation of real prices.

5.2 Outlook
To allow continuous further enhancement and
refinement of the developed model, a test with
a high-quality and comprehensive data set
should be carried out. In addition, it is reasonable to extend the model with further technologies as well as inflexibilities and dynamic behaviour of power plants. In case of a very high
accuracy requirement, the use of a corresponding transmission network model is recommended. This makes it possible to implement a
load flow-based approach as it is likely that in
future FBMC will be introduced beyond the
CWE region [39, p. 16]. Moreover, a corresponding redispatch model could be used in
this way to identify network congestion within
a country and to adjust market results.
It also should be analyzed whether the fundamental approach could be reasonably supplemented by statistical approaches - and thus
turn into a hybrid model. If information regarding actual transfer capacities become publicly
available, neuronal networks could be trained.
It can be expected that they have a high validity
regarding the predicted transfer capacities and
at the same time reduce the computational effort in the model. This clearly would lead to advantages regarding runtime, which, however,
would be accompanied by increased preparation time for parameterization of the model.
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Table 7.2: Defined maximum NTCs for import and export
from 2015 to 2030 (Own calculation based on [35])

7 Appendix
Variable
cost in
€/MWh

CO2 emmissin in
t/MWh

2020

2025

2030

CH

4.000

4.000

4.000

4.000

Water

0.000

1.125

0.000

NL

2.449

4.249

4.249

4.249

Uranium

3.446

3.890

0.000

FR

1.800

1.800

1.800

1.800

CZ

1.800

2.400

2.400

2.400

Lignite

1.368

4.750

0.407

PL

1.400

1.600

1.600

1.600

Hard
coal

9.770

5.370

0.337

AT

4.900

4.900

7.805

7.805

DK W

1.780

1.780

2.500

2.500

DK O

585

585

585

585

Import from:

Fuel
type

Fuel
price in
€/MWh

2015

Table 7.1: Overview of assumed fuel prices, variable costs
and CO2 emissions per fuel typ

23.290

1.828

0.201

Oil

43.987

3.950

0.294

SE

600

600

600

1.300

Waste

15.457

11.300

0.000

NO

0

0

1.400

1.400

Biomass

30.300

11.300

0.147

BL

0

0

1.000

1.000

CH

2.000

3.100

3.400

3.400

NL

2.449

4.249

4.249

4.249

FR

3.000

3.600

3.600

3.600

CZ

1.000

1.600

1.600

1.600

PL

0

200

900

900

AT

4.900

4.900

7.805

7.805

DK W

1.500

1.500

2.500

2.500

DK O

615

615

615

615

SE

615

615

615

1.315

NO

0

0

1.400

1.400

BL

0

0

1.000

1.000

Export to:

Natural Gas
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