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I.

Context

1.

This note is a position of the Commission for electricity and gas regulation (CREG) on

the “Study on the impact of Price zones in different configurations in Europe” performed by the
University of Duisburg-Essen (UDE) on a tender from CREG. This Study is shown in Appendix
1.
2.

According to CREG, the study delivered what had been requested by the tender.

However, with a view on further research and in order to highlight some of the benefits and
challenges of this study, CREG will list its comments in the following.

II.

Overview and considerations of the study

II.1

Considerations on the methodology

3.

UDE proposes a methodology consisting of various models, in order to simulate the

operation of the market coupling. The principles are based on a flow-based methodology.

II.1.1

The Market Model and input data

4.

UDE uses the Joint Market Model (JMM) for their simulations. The model is adjusted

to represent the flow-based market coupling with all the necessary parameters (Remaining
Available Margins, Critical Branches or Flowgates, Power Transfer Distribution Factors, …).
5.

The input data come from a variety of sources. Specific attention goes to the modelling

of vertical load and renewable infeed per considered node in the model.
6.

CREG considers the model, as it is described, to be suited to perform the necessary

simulations. In terms of input data, CREG acknowledges the difficulty in gathering all the
required input. The main effort clearly is put in the repartition of volumes of installed
conventional and renewable generation over the different considered nodes in the system.
According to CREG, this approach can serve as a good basis for performing future simulations
where data are needed up until the level of nodes in the system. This is needed to simulate
and analyse different setups of zonal configuration.
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II.1.2

The vertical load model

7.

The vertical load is distributed over the different considered nodes in the system in a

similar way than the repartition of volumes of installed conventional and renewable generation.
The CREG recognizes the benefits this approach can have for this and future studies involving
simulation on a nodal scale (or using smaller zones).

II.1.3

The grid model

8.

UDE uses MATPOWER for its grid model. It is used to calculate load flows and optimal

power flow. The nodal PTDF matrix can be defined to determine the zonal PTDF matrix,
needed to simulate flow-based market coupling.
9.

The approach seems to be consistent with the way the actual flow-based market

coupling takes place. The only exception to this is the determination of Fref, the reference flow
on a certain critical branch. It is difficult to simulate this, since it is based on assumptions from
TSOs. In reality, the Fref consists of all flows that do not originate from the day-ahead market
coupling (exchanges internal to a zone but also long term and intraday exchanges).
10.

According to CREG, the approach from UDE is a decent approximation of the actual

determination of Fref values.
11.

CREG wishes to stress that in the extreme case of a nodal system, the pre-existing

flows due to exchanges internal to a zone disappear, which will lead to considerably lower Fref
values.

II.1.4

The clustering approach

12.

The clustering approach constitutes one of the corner stones of the study. The

clustering approach defines how zones are clustered according to the objective function. This
objective function aims at minimizing the within-zone price variations and follows an iterative
process.
13.

CREG is of the opinion the clustering approach is very relevant and useful for this

type of analyses. This approach can definitely be applied for future research. However, CREG
has one remark to make regarding the choice of the objective function for clustering zones.
The proposed method minimizes within-zone price variation. An objective function that would
have been more in line with European legislation requirements would have been to maximize
total welfare through the clustering of zones.
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14.

Clustering according to the welfare criterion probably would lead to different

outcomes. It is not because a price zone is faced with uniform nodal pricing within the zone
(e.g. all power plants within a zone have similar bidding prices) that it will not generate negative
externalities for surrounding zones. This impact is not reflected in the proposed clustering
approach. According to CREG, using the welfare criterion for clustering zones would constitute
prefect grounds for future research.

II.2

Considerations on the results

II.2.1

Clustering results

15.

Chapter 3 of the study gives the results of the models.

16.

In terms of clusters, several clustering options are presented, all resulting in different

price zone configurations. A striking result is that, as soon as more than 2 clusters are used,
(the largest part of) Austria becomes a different price zone. Another finding is that optimizing
price zones according to the UDE method leads to considerable reductions in intra-zonal
congestions, and therefore also in intra-zonal price differences, without having an important
impact on the volatility of zonal prices.
17.

The study shows that France is left as one bidding zone in most clustering results.

CREG wants to stress that this result is linked to the applied methodology (clustering on prices)
and to the wrong assumption that a lack of price difference means that no congestion will
occur. On the contrary: even without any price difference between nodes, splitting up zones
can lead to reduced congestions elsewhere in the system. Due to the fact that most of the
nuclear units in France may have approximately the same price, a congestion is not
materialized by a price difference. However, even without price differences, keeping one
bidding zone might still lead to inefficiencies through the externalities this bidding zone will
have on other bidding zones, thereby negatively impacting the overall welfare, which is not
taken into account by the approach followed by UDE (see above).
18.

On page 35 of the study, UDE lists the most important general findings of the applied

clustering approach. CREG wants to stress that, since the welfare criterion and the direct
impact of clustering on different flow-based parameters1 are not taken explicitly into account,
the conclusions do not take into account inefficiencies of flow-based calculation due to high

1

Parameters such as Fref, Flow Reliability Margin (FRM) and Final Adjustment Value (FAV).
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loop flows, extra safety margins on transmission lines and possibly unfair flow factor
competition. When taking into account such elements as well, not only the number of bidding
zones, but also the size will become a significant factor in the clustering optimization.

II.2.2

Grid and market results

19.

On page 40 of the study, UDE presents the three clustering scenarios that are applied

in the grid model and the market model. These results are analysed in terms of zone size, price
volatility, price deviations, production per zone, prices per zone, export and import per zone
and total costs.

III. Considerations on the conclusion
20.

UDE concludes that the scenarios with the largest amount of zones leads to the

highest welfare / lowest costs. The welfare gain is higher going from the current Central West
Europe (CWE) configuration (scenario 1) to the configuration with 7 new zones (scenario 2)
than going from scenario 2 to scenario 3 (= almost nodal clustering): scenario 2 leads to a
welfare gain of 400 M€ compared to scenario 1. Scenario 3, which further increases the
number of zones, can lead to an additional 100 M€ welfare gain.
21.

CREG considers the study to lead to very interesting new methods and insights. The

presented method offers opportunities for many future analyses in terms of market and grid
modelling in a flow-based market coupling environment. In terms of methods, one of the main
strengths is the creation of data points for nodal configuration of power systems. This level of
detail can then be used for the simulation of grids with any chosen configuration of zones. The
clustering approach can also be considered as a useful method, to be further fine-tuned, for
grid and market model research. In terms of insights, the main conclusion is the increase in
overall welfare by optimizing and increasing the number of bidding zones.
22.

The European target model states that the electricity market needs to consist of

appropriate network areas and of a zonal configuration that is cost-effective and minimizes
negative impacts on the internal market in electricity. CREG clearly supports this target. As the
UDE study indicates, there is definitely an efficiency and welfare gain to be found when
redefining zones according to principles different than geographic boundaries. The study
shows that with relatively small changes, comparing scenario 1 (current CWE configuration) to
scenario 2 (more optimal CWE zones configuration), significant welfare gains can be obtained.
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That is why the CREG supports further studies in the area of optimal zonal configuration that
has to lead to overall welfare gain and avoidance of discrimination between bidding zones.

IV. Suggestions for future research
23.

For future research CREG suggests to explicitly take the welfare as an optimization

criterion for defining bidding zone sizes. The comparison of the three scenarios clearly shows
that a nodal approach leads to lower costs. This means that the nodal approach leads to the
highest welfare. However, an important welfare increase can already be obtained with a
reconfiguration of bidding zones encompassing a limited increase in the number of zones.
Secondly, by taking welfare as the clustering criterion, the negative externalities bidding zones
have on one another will also be taken into account. With the method applied in the UDE study,
this welfare criterion is not applied during the clustering of zones. Finally, the CREG agrees
with UDE that further research in the re-dispatching costs will lead to additional useful insights
in the operation of the CWE system.



For the Commission for Electricity and Gas Regulation:

Andreas TIREZ
Director

Marie-Pierre FAUCONNIER
Chairwoman of the Board of Directors
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Introduction

Over the last decade, international electricity trade in Europe has strongly increased and the
coordination of European market places for electricity has been improving. Recently, the socalled market coupling has been established in the Central-West-European (CWE) region for
the day-ahead market and even been extended to the larger Multi-Regional Coupling covering
19 countries in Europe (cf. Epexspot (2016)). Thus, the European Union aims now at the
completion of the internal market for electricity.
Thereby, the target model for the European Electricity Market is based on a zonal approach
with several price zones. So far price zones have frequently been aligned with national borders,
what might not be the optimal delimitation. In order to gain insights about the impacts of various
price zone configurations, the present study has been conducted by EWL, University of
Duisburg-Essen, on behalf of CREG. The impact of different price zone configurations is
investigated and the optimal number and size of price zones is determined. Furthermore a
selected optimized configuration is compared to two major alternatives: the existing price zone
configuration and an (almost) nodal pricing approach. The scope of the study is the CWE
region, namely Austria, Belgium, Germany, Netherlands, France and Switzerland and the target
year is 2020. But the embedding of the CWE region in the entire European electricity system
and market is covered in the market simulations.
The study is a first in its kind and it includes aspects not covered so far in other studies both in
terms of methodology and application. In terms of methodology, a novel clustering algorithm
has been developed, which allows to describe consistently the impact of the price zone
configuration on price variations between zones and congestions within zones (as measured
through nodal prices). For the preceding step of determining nodal prices, the construction of
the so-called vertical load in the transmission grid has been considered in detail and notably the
impact of distributed conventional generation (e.g. CHP) and hydro power plants has been
modelled. In terms of market simulation, the flow-based market coupling algorithm is fully
reproduced, including a usage of consistently derived grid constraints (PTDF and RAM values).
In application, the modelling of an almost nodal configuration in a full yearly market simulation
with detailed modelling of power plant restrictions is noteworthy. A full nodal market model
with full unit commitment details run for 8760 h would be without doubt the theoretical
optimum. Yet this being still out of reach (at least with reasonable computation times), the
present study achieves a good approximation by considering more than 120 nodes within the
CWE region which have been consistently aggregated using the aforementioned clustering
algorithm.
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The methodology developed is described in more detail in chapter 2. A short overview of the
interplay of the used models regarding vertical load, distribution grid, market, CHP usage and
the developed cluster algorithm, is presented, followed by a detailed description of each model,
also including the available data. In section 3 results are presented and the main insights and
implications of the study are summarized in section 4.

2

2

Methodology

Figure 1 illustrates the scope of the project and the three scenarios that are to be examined.

Figure 1: Scope of the project

In the Flow-Based-Market-Coupling scenario borders of price zones align with national
borders. This might not be the optimal solution especially regarding congestions in the
electricity grid. Therefore the second scenario examines an optimized configuration. The third
scenario is based on an almost nodal configuration since the theoretical economic literature and
practice in the US tends to suggest that a nodal market clearing would be most efficient (cf.
Schweppe et al. (1988), Hogan (1992), Stoft (2002)).
In order to achieve the aforementioned comparison and determine an optimal configuration of
bidding zones, different models are used to simulate both the electricity market and the
transmission grid, since grid and market are closely intertwined. The main models are the grid,
load and market models. These models include several methodologies and further models that
are described later as well, notably the CHP model and the clustering algorithm. Figure 2
illustrates the basic interplay between the different models.
The grid model requires information about the vertical load at each node to run a load flow
calculation or compute an optimal power flow (OPF). As its name implies, this information are
obtained from the vertical load model. Furthermore information regarding run of river infeed
or import and export volumes to non-CWE countries are required and imported from the market
model. Considering all these information an optimal power flow (OPF) is run that computes
nodal prices for every hour of the year 2020. These prices are then clustered into zones within
the cluster algorithm.
The vertical load model requires information about the load itself as well as on the infeed from
conventional and renewable sources. Computing the infeed from fluctuating, supply dependent
renewables requires meteorological data as well as geographically disaggregated data on the
installed capacities as explained later in detail. For the conventional infeed, the impact of market
results on power plant operation has to be considered additionally. This information is obtained
3

from the market model that simulates in detail the electricity market and provides the required
information.

Figure 2: Overview over basic methodology and required information

Vice versa, the market model necessitates net transfer capacities and so-called RAMs
(Remaining Available Margins) for the regions where flow-based market coupling is simulated.
Those information are imported from the grid model. In order to run a simulation of optimized
price zones, a price zone configuration is imported as well. Based on the configuration of price
zones, several other import parameters for the market model like unit group aggregation or
inflow amounts for hydropower plants have to be reaggregated. Also, information about the
regional load as well as regional PV and wind infeed are necessary and imported from the
vertical load model. In order to consider the must-run constraints of CHP plants (at a nodal
level) a separate CHP model run is executed.
This leads to a complicated interplay between the different models used, which is illustrated in
Figure 3. An initial run of the market model serves purely as an input for grid and vertical load
model.
In a second step, the vertical load model is run, followed by an OPF computing nodal prices.
The cluster algorithm calculates new price zone configurations and hands this information back
to the market model.
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Figure 3: Overview over work packages and main tasks

Within the third step, the grid model computes the required RAMs and power transfer
distribution factors (PTDFs) for the market model.
Finally, considering all these input variables, the market model is able to run the final simulation
of the three scenarios.
2.1

Joint Market Model (JMM)

2.1.1 Brief Description
The Joint Market Model is a market simulation and scheduling model based on a rolling
planning approach modeling 8760 hours per year (or 8784 hours for shift years). The rolling
planning can be used to model redispatch or the impact of forecast errors for load, wind, solar
and water. In order to assure high quality results, other key elements are the following:


Recursive and dynamic cost optimization approach



Linear optimization (European Joint Market Model) or Mixed Integer optimization
(country models)



Detailed modeling of unit commitment and load flows in 8760 hours a year to meet
electricity demand
o Objective function minimizes variable generation costs (under consideration of
CO2, start up, fuel and further variable costs)
o Market prices reflect marginal generation costs
o Detailed description of electricity generation mix and exchanges
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o Consideration of several technical restrictions: e.g. startup time, minimum up
and down times, ramping rates and minimum and maximum generation


Planning horizon up to 36 h with hourly optimization



Thereby distinction of two decision problems:
o Day-ahead market for power trading (according to EPEX-based trading)
o Intra-day market to include forecast errors for load, wind, sun and water and/or
redispatch to relieve transmission grid restrictions



Key model outputs are notably: Power plant dispatch, power exchange between model
regions, congestion event hours, system-wide variable generation costs under
consideration of fuel, start-up, and further variable costs, CO2-costs, electricity prices
per bidding zone across Europe, distribution of welfare changes, redispatch costs and
congestion rents.

The Market Coupling on the Day-Ahead market has been modelled in the past based on bilateral
trades limited by the so-called NTC values, i. e. the net transfer capacities. As Flow Based
Market Coupling has been put in place since 2015 within the CWE region, the model has been
adjusted as will be described in the following.
2.1.2 Modelling of Load Flow Based Market Coupling (LFB-MC)
In order to represent the different ways of Market Coupling, which are in place in the regions
modelled by the JMM, several adjustments to the JMM are made. The following types of
Market Coupling are distinguished:
Firstly, for the Market Coupling of bidding zones both being part of CWE, the following
transmission line types are considered:
- AC-lines connecting two bidding zones
- Critical branches (AC-lines) inside one bidding zone1
- DC-lines connecting two bidding zones2
The above listed AC-lines are referred to as Flowgates in the following.
Secondly, for the Market Coupling of bidding zones of which at least one is not part of CWE,
the NTCs between the bidding zones are considered. This will be explained further below.

1

The criterion for identifying a critical branch is explained in section 2.3.2.

2

As no DC-lines connecting two bidding zones in CWE are considered to be operational for the scenario
calculations for 2020, this has been considered and implemented in the program. However, the constraints for
these lines are not shown in the report for ease of reading.
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Flowgates
For the modelling of the load flow over Flowgates, new constraints are implemented in the
JMM for its Day-Ahead loop.
For doing so, the JMM uses Power Transfer Distribution Factors 𝑃𝑇𝐷𝐹𝑟,𝑓,𝑡 and Remaining
𝐷𝐴𝑌−𝐴𝐻𝐸𝐴𝐷,𝑆𝐹𝐷
𝐷𝐴𝑌−𝐴𝐻𝐸𝐴𝐷,𝑁𝑆𝐹𝐷
Available Margins 𝑅𝐴𝑀𝑓,𝑡
and 𝑅𝐴𝑀𝑓,𝑡
, where r is the index for the

bidding zone, f for the Flowgate and t for the time step, and the superscripts SFD and NSFD
stand for the Standard and Non-Standard Flow Direction (as per model definition). The
derivation of these values will be discussed in section 2.3
The constraints are implemented in analogy to Marien et al. (2013). The notation is similar to
the one used in the Wilmar Joint Market Model Documentation by Meibom et al. (2006).
(1)
∑ (𝑃𝑇𝐷𝐹𝑟,𝑓 ( ∑
𝑟∈𝑅 𝐶𝑊𝐸

𝑇𝑅𝐴𝑁𝑆,𝐷𝐴𝑌−𝐴𝐻𝐸𝐴𝐷,𝐹𝐿𝐺
𝑃𝑟,𝑟̅
,𝑡

𝑟̅ ∈𝑅 𝐶𝑊𝐸

− ∑

𝑃𝑟̅𝑇𝑅𝐴𝑁𝑆,𝐷𝐴𝑌−𝐴𝐻𝐸𝐴𝐷,𝐹𝐿𝐺
))
,𝑟,𝑡

𝑟̅ ∈𝑅 𝐶𝑊𝐸

𝐷𝐴𝑌−𝐴𝐻𝐸𝐴𝐷,𝐹𝐿𝐺,𝑆𝐹𝐷
≤ 𝑅𝐴𝑀𝑓,𝑡

∀𝑓 ∈ 𝐹, 𝑡 ∈ ([13,36]|𝐷𝑎𝑦 − 𝐴ℎ𝑒𝑎𝑑 𝑙𝑜𝑜𝑝)
(2)
∑ (𝑃𝑇𝐷𝐹𝑟,𝑓 ( ∑
𝑟∈𝑅 𝐶𝑊𝐸

𝑇𝑅𝐴𝑁𝑆,𝐷𝐴𝑌−𝐴𝐻𝐸𝐴𝐷,𝐹𝐿𝐺
𝑃𝑟,𝑟̅
,𝑡

𝑟̅ ∈𝑅 𝐶𝑊𝐸

− ∑

𝑃𝑟̅𝑇𝑅𝐴𝑁𝑆,𝐷𝐴𝑌−𝐴𝐻𝐸𝐴𝐷,𝐹𝐿𝐺
))
,𝑟,𝑡

𝑟̅ ∈𝑅 𝐶𝑊𝐸

𝐷𝐴𝑌−𝐴𝐻𝐸𝐴𝐷,𝐹𝐿𝐺,𝑁𝑆𝐹𝐷
≥ 𝑅𝐴𝑀𝑓,𝑡

∀𝑓 ∈ 𝐹, 𝑡 ∈ ([13,36]|𝐷𝑎𝑦 − 𝐴ℎ𝑒𝑎𝑑 𝑙𝑜𝑜𝑝)

Market Coupling of bidding zones of which at least one is not part of CWE
The Market Coupling outside of CWE and at the borders of CWE is considered to be NTCbased. Therefore, following inequality is used.
𝑇𝑅𝐴𝑁𝑆,𝐷𝐴𝑌−𝐴𝐻𝐸𝐴𝐷
𝑃𝑟,𝑟̅
≤ 𝑁𝑇𝐶𝑟,𝑟̅ ,𝑡
,𝑡

(3)

∀(𝑟, 𝑟̅ ) ∉ 𝑅 𝐶𝑊𝐸 , 𝑡 ∈ ([13,36]|𝐷𝑎𝑦 − 𝐴ℎ𝑒𝑎𝑑 𝑙𝑜𝑜𝑝)

2.1.3 Further Modelling Efforts
In parallel to the project, a CHP modelling option has been developed. This option considers
the determination of system-cost-optimal heat extraction from individual CHP Plants under
more detailed consideration of the constraints of the district heating grid. Thereby, it is possible
to determine the must-run constraints resulting from the heating market on a nodal basis. Thus,
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the modelling option assures consistency of the simulation results for different bidding zone
configurations.
2.1.4 Data
The beneficial effects of different bidding zone configurations depend on several factors like
the development of electricity prices, the future energy mix and assumed grid investments.
Here, assumptions about the economic and political framework have to be made. The reference
year is 2012 due to the fact that all needed data are available for this year. Parameters which
are constant in all scenarios are taken from the reference year. These are in particular: wind and
solar profiles, electricity demand profiles and plant availabilities. The current German market
design related to RES is retained in all scenarios. That includes especially the (unlimited)
priority of RES feed-in, and RES curtailment only being allowed for purposes of system
security. Because of the large-scale expansion of RES it is assumed that the curtailment of wind
is also possible on the day-ahead market. The assumed costs for wind curtailment are set to
1,000 EUR/MWh. This value ensures that wind curtailment is only chosen as ultima ratio if no
other measures are applicable. The assumptions for further key parameters are described in the
following.
Geographical scope
The modeled European area (cf. Figure 4) includes the EU 28 countries without Cyprus, Malta
and the Baltic states. Norway, Switzerland and the Balkan states are considered additionally.
All countries outside CWE are represented by one node in all scenarios. The exception is
Denmark which is represented by two nodes (East and West Denmark) as a consequence of its
network topology.
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Figure 4: Geographical scope

Electricity demand
Demand is defined as the national demand for electricity plus transmission losses. On a shortterm basis, it is also considered as price inelastic. Hourly load profiles are taken from the year
2012 as provided by ENTSO-E. Table 1 shows the assumed yearly load levels for selected
European countries. The yearly data are obtained from the IEA Statistics Electricity Information
2014.
Table 1: Electricity demand (including grid losses) in selected European countries (GWh)
Country

2020
[GWh]

AT

68,113

BE

88,173

CH

63,584

DE

564,101

FR

488,601

LU

6,391

NL

115,761

Fuel and CO2 prices
For the fuel prices of coal, natural gas, fuel oil and light oil, as well as for the CO2 price, current
future prices are taken. Three-month-averages, over the period from April to June 2015, are
calculated for the latest available products. Fuel prices for lignite are based on the
Netzentwicklungsplan 2014. For nuclear, other sources are combined with own estimations. All
fuel and CO2 price assumptions are given in the following table.
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Table 2: General fuel and CO2 price assumptions
Year
2020

Coal

Lignite

Natural Gas

Nuclear

Fuel Oil

Light Oil

CO2

[€/MWh]

[€/MWh]

[€/MWh]

[€/MWh]

[€/MWh]

[€/MWh]

[€/t CO2]

7.92

1.51

21.74

1.01

29.00

49.74
8.15
Source: EEX/Energate

Renewables: wind and solar power
Wind and solar production are modeled as exogenous production and are region-specific.
Hourly wind and solar production profiles are taken from 2012 as provided by the national
transmission system operators. The wind and solar capacities for 2020 are provided by ENTSOE’s SO&AF 2015 (Scenario B) and displayed in Table 3 and Table 4.
Table 3: Solar capacities in selected European countries (MW)
Country

2020
Solar [MW]

AT

2,050

BE

3,925

CH

1,750

DE

47,310

FR

8,675

LU

130

NL

5,070

Table 4: Wind onshore and offshore capacities in selected European countries (MW)
2020
Country
AT

Wind onshore
[MW]
3,870

Wind offshore
[MW]
0

BE

2,430

2,220

CH

120

0

DE

50,615

6,950

FR

13,230

1,250

LU

130

0

NL

4,910

940

Conventional power plants
Based on the EWL database, which is continuously updated, based on publications and press
reports, commissioning and decommissioning of conventional power plants in Europe is
considered. For Germany, the power plant fleet is aligned with data provided by the
Bundesnetzagentur.
Long-term investments in conventional generation capacities are obtained from the model
E2M2s and based on results from a previous project. The resulting capacities are aligned with
10

the SOAF Scenario B for the year 2020. For Germany, own calculations about the profitability
of each power plant in future years are taken as indicators for decommissioning. The resulting
capacities are handed over to the JMM and serve as the basis for detailed analyses using this
model. In Table 5, the assumed power plant capacities for the year 2020 are shown.
Table 5: Installed capacities in 2020 without PV and wind (MW)
Fuel Type
Others

AT

BE

CH

DE

FR

LU

NL

156

66

268

3,912

285

1

103

Run-of-river

6,097

102

6,008

3,660

14,558

38

38

Pumped storage

4,725

1,439

3,128

7,778

4,088

Reservoir

4,478

0

6,105

287

6,553

0

5,058

2,800

8,107

63,000

490

349

16

27,627

2,813

4,753

Nuclear
Hard Coal
Lignite
Natural Gas
Biofuels

17,054
5,119

5,645

247

25,884

12,402

123

1,710

0

6,385

971

8

40

39

2,441

2,900

440

19,569
490

Light oil
Fuel oil

2.2

1

79

Vertical load model

The vertical grid load is the load observed at the level of transmission grid nodes, i.e. the total
load minus all infeeds at lower grid levels. Nowadays, the vertical load is characterized by
volatile patterns due to underlying infeed from renewable energy sources. In order to deal with
this and to allow for a consistent modelling of the situation in future years like 2020, the
components of the vertical load are split up, modelled individually and finally re-aggregated.
The infeed itself consists of three different components, namely wind and solar power infeed
and conventional generation. The vertical load is thereby calculated as:
𝑙𝑜𝑎𝑑𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 = 𝑙𝑜𝑎𝑑𝑡𝑜𝑡𝑎𝑙 − 𝑖𝑛𝑓𝑒𝑒𝑑𝑤𝑖𝑛𝑑 − 𝑖𝑛𝑓𝑒𝑒𝑑𝑝𝑣 − 𝑖𝑛𝑓𝑒𝑒𝑑𝑐𝑜𝑛𝑣

(4)

Each of the four different components is modelled separately on a regional level in order to be
distributed to the grid nodes. As regions, the so-called NUTS 3 regions are used. The NUTS
classification was developed and is used by the statistical office of the European Union
(Eurostat) as a spatial division of the different member states to provide regional statistics. The
NUTS 3 level as the lowest regional (not local) level, normally coupled to an administrative
level of the member states (German districts or Belgian arrondissements), is generally used for
specific regional analyses (Source: Eurostat). Therefore a substantial amount of statistical data
is available at this level.
The assignment from NUTS 3 regions to nodes is done based on geographical data: The vertical
load of a region is distributed equally among all nodes within the region or if no node is inside
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the region, to the node with the lowest distance to the region. Individual nodes are excluded for
certain regions based on geographical information (e.g. low population density) and regional
shapes of the distribution grid.
2.2.1 Regional modelling of total load
An hourly load profile for the year 2012 is created for each NUTS 3 region in CWE. As
consumption patterns are assumed to stay constant between 2012 and 2020, this load profile
can also be used for 2020.
National level

consumption
industry

load profile
industry

Regional level
Proportion
GVA Industry

consumption
industry

Scale

Regional
load profile

add

Proportion
GVA Other
consumption
other

Scale

Proportion
Population

National level
consumption
households

consumption
other

load profile
households
and services

Figure 5: Regional weighting and scaling of load profiles

The process used to calculate regional load profiles is described in Figure 5. The load is
modelled separately for industry and all other consumers (mainly households and service
sector) because a typical industrial load profile differs significantly from others in the course of
the day and the week.
In a first step, yearly consumption data is distributed from national level (available from IEA
Statistics Electricity Information 2014) to regional level for industry, households and other
customers (service sector, construction and agriculture). For households, the proportion of a
region’s population compared to national population serves as a distribution key. For industry
and other customers, the proportion of the gross value added (GVA) in the sector considered
(again compared to national values) is used. For both, population and GVA, data from Eurostat
is used. In Germany, data of industrial electric consumption for a whole year is directly
available from the statistics agency Statistisches Bundesamt, which just has to be supplemented
based on GVA data for a few regions with missing data.
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The regional yearly consumption is then used to scale the national load profiles for industry and
others to regional level. By adding both components a regional load profile is created.
In France, direct consumption data is available on NUTS 2 level from RTE. Yearly
consumption at NUTS 3 level is aggregated to NUTS 2 level again to compare it to the available
data. NUTS 3 level data is then scaled accordingly.

Load profiles
< 100 MWh/a

German
consumption (not
industry)

add
no

Infeed profile
low voltage

Load profile
Germany

Scale
Already included?

Scale

Calculate
difference

Industry
consumption for
each country

Overall
consumption for
each country

Load profile other
countries

German load
profile other

German load
profile industry

Scale

Each country: load
profile industry

Scale

Calculate
difference

Each country:
load profile other

Figure 6: Creation of typical hourly load profiles for (1) industry and (2) combined households, service
sector and others

Prior to this procedure, the load profiles on national level for industry and other customers have
to be calculated, which is shown in Figure 6.
Overall (sector independent) national load profiles are available from Entso-E. These profiles
are not necessarily reflecting the entire electricity consumption and therefore are scaled to
match yearly consumption in each country.
In Germany, distribution grid operators are obliged to publish load profiles of all customers
with a yearly consumption below 100 MWh. As a typical profile for non-industrial customers
in Germany (load profile other), we use the average profile from a representative set of
distribution grid operators (EVNG, Netrion, Stadtwerke Landshut, Stromnetz Berlin), scaled to
yearly national consumption of non-industrial customers. The typical load profile for industry
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is then calculated as the difference between the overall load profile in Germany and the load
profile for other customers.
Furthermore, the industry load profile is assumed to be valid for all countries (scaled to national
industrial consumption) and can be used to derive a typical profile for other customers in each
country by calculating the difference to the complete national load profile.

Figure 7: Average daily load profile for weekdays

Figure 7 shows exemplary results of an average load profile for weekdays. The overall load
profile for Germany is shown in blue. The load profiles of Wolfsburg and Berlin, scaled to
match the overall German consumption for better comparability, are shown in green and in
purple. As intended, Wolfsburg, being an industry-dominated city, has a profile which exceeds
the German load profile during night, morning and afternoon hours and resembles the German
industrial load profile shown in yellow. Berlin on the other hand with no significant industry
compared to the size of its population and service sector, has a profile which exceeds the
German profile only in the evening and rather resembles the load profile of households and
services (Not industry).
2.2.2 Regional modelling of renewable infeed
The procedure used to calculate regional renewable infeed profiles is shown in Figure 8. For
both wind and pv infeed data, a typical regional profile (NUTS 3 level) normalized to a capacity
of 1 kW is derived (The procedures for wind and pv differ significantly in this step, therefore
they are described in more detail in the next two sections). This profile is either scaled with the
regional installed capacity or with the regional yearly production, depending on the availability
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of data from national authorities. The regional capacity/production for 2020 is extrapolated
from their development between 2010 and 2014. If no data is available at NUTS 3 level, it is
taken from the lowest administrative level available and distributed to NUTS 3 regions based
on population (pv) or area (wind). Table 6 describes the available data per country and the used
data source.
Regional Capacities or
Production 2011-2014

Extrapolate
to 2020

Regional reference
profile 2012

Scale

National reference
profile
Scale

Scale hourly

Regional
profile 2020

National capacity
2020

Figure 8: Creation of regional wind an pv profiles

Table 6: Availability of local capacity and yearly production data
Country
AT
BE (Flanders)
BE (Wallonia)
CH
DE
FR
LU
NL

Production or
Capacity
Production
Capacity
Capacity
Production
Capacity
Capacity
Production
Production

Regional Level

Available Years

Source

Nuts 2
Nuts 3
Nuts 1
Nuts 1
Nuts 3
Nuts 3
Nuts 3
Nuts 3

2011-2013
2011-2014
2011-2014
2012
2010-2014
2012-2014
2012
2011-2014

Statistik Austria
VREG
Elia
IEA
Energymap.info / TSOs
Department of Environment
IEA
Department of Infrastructure

Usually the national infeed profiles of 2012 taken from the national TSOs are used as national
reference profiles. In some cases no national profile is available and therefore a profile from a
nearby region is treated as the national reference profile. Table 7 lists the data sources for the
national reference profiles. National reference profiles are scaled to match the expected
installed capacity in 2020 (Table 3 and Table 4).
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Table 7: National reference profiles for wind and pv - data sourves

Country
AT
BE
CH
DE
FR
LU
NL

Wind onshore
Elia
Tennet
Elia
Elia + TenneT

Wind offshore
APG
Elia
TransnetBW
nat. TSOs
RTE
Amprion
Amprion

PV
TenneT Bavaria
Amprion
TransnetBW
nat. TSOs
RTE
Amprion
TenneT Lower Sax.

In a final step an hourly scaling factor is applied to the regional profiles of each country to make
sure the sum of all profiles matches the national profile for each hour. If the sum of the regional
infeed exceeds the national infeed, hourly energy production is scaled directly. If national
infeed exceeds the sum of the regional infeed, the difference between regional capacity and
regional production is scaled, according to the following formula:

𝐸𝑟′ = 𝐸𝑟 +

𝐸𝑁 − ∑ 𝐸𝑟
∗ (𝐶𝑟 − 𝐸𝑟 )
∑(𝐶𝑟 − 𝐸𝑟 )

(5)

where 𝐸𝑟 is the regional infeed, 𝐸𝑟′ is the scaled regional infeed, 𝐸𝑁 is the national infeed and
𝐶𝑟 is the regional installed capacity. All sums are calculated in respect to regions. This makes
sure that regional infeed never exceeds regional capacity while the sum of the regional infeed
is adjusted to the national infeed.
2.2.3 Modelling of the regional wind power profile
The methodology for simulating infeed data of wind farms is shown in Figure 9. The Website
thewindpower.net provides a list of wind turbines, covering around 50 GW of installed capacity
in CWE for which a geographical position is available.
For each wind turbine position, a yearly profile of hourly wind speed data is gathered from a
near node of the European numeric weather prediction model COSMO-EU. In order to get wind
speed profiles which are as close as possible to real measurements, the data from the data
assimilation process is used only. The wind speed is shifted to the hub height of the turbine
according to a logarithmic wind profile (with v(z) representing the wind speed at height z, vr
representing the wind speed at the reference height zr and z0 representing the roughness length
at turbine position):

(6)
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The power curve of the turbine is then used to transform the wind speed profile into a power
profile.
If the hub height and the turbine specific power curve are not available for a turbine in the
database, a reasonable value is assumed based on their rated power and their geographic
position. The hub height is in this case calculated based on a linear regression model depending
on latitude, longitude and logarithm of rated power.
In an iterative process the power curve is calculated as the average of available power curves
of turbines in a certain radius (starting with 20 km). If no turbine with available power curve is
found, the distance is doubled. During this process turbines from the same manufacturer and
with the same rated power are preferred if available.

Figure 9: Calculation of the infeed of wind farms

All turbines are assigned to a NUTS 3 region based on their geographic position. The reference
profile for each region is calculated as the capacity-weighted mean of the assigned turbines. If
no turbine is assigned to a region, the reference profile is calculated as the capacity- and inversedistance-weighted mean of the next four regions with assigned turbines.
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2.2.4 Modelling of the regional solar power profile
The main difference to the procedure used to calculate wind power profiles (section 2.2.3) is
that the relationship between the meteorological key input, which is the global radiation in the
case of solar power, and the power output is almost linear. Besides, solar power infeed time
series are available publicly for many sites. By choosing representative solar power plants, the
infeed of the non-observed solar power plants can be estimated by using inverse distance
weighting. The selection of representative solar power plants in Germany is shown in Figure
10.

Figure 10: Selection of representative solar power plants in Germany

Each solar power plant with an available infeed time series is assigned to a NUTS 3 region. The
reference profile for each region is calculated as the unweighted mean value of all assigned
plants (we do not assume that bigger plants are more representative here). If no turbine is
assigned to a region, the reference profile is calculated as the inverse-distance-weighted mean
of the next four regions with assigned plants.
2.2.5 Regional modelling of conventional units
Yearly profiles of hourly power output for each unit are directly provided by the market model.
Only units feeding into subordinated grids are used and assigned to NUTS 3 regions based on
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their regional position. The infeed of a unit with unknown position is distributed among all
region inside the units’ country based on the already assigned capacity of the units’ fuel type.
Infeed from biomass plants with unknown coordinates is distributed according to the area of
the NUTS 3 regions.
2.3

Grid Model

The open source program MATPOWER is used for all grid related calculations. MATPOWER
allows EWL to write its programs and codes in addition to the existing functionalities. This
enables modelling of the current state of the network based on the current data for the entire
ENTSO-E grid. Furthermore, network extensions, which are envisaged in the TSOs’ national
grid development plans and ENTSO-E’s TYNDP, are incorporated within the MATPOWER
data format. Thereby CREG and EWL agreed to consider a delay of 4 years for proposed
projects where construction works have not yet started, in order to achieve reliable and realistic
results. I. e., only those line projects are included in the grid model which have already been
completed, or where construction has started or where completion has been scheduled before
end of 2016.
Load flow calculations, security analysis and optimal power flow (OPF) implemented in
MATPOWER are described subsequently.
The key functions of the grid model used within this project are:


Calculation of locational marginal prices (LMPs) using an OPF



Calculation of both Zone-to-Hub and Zone-to-Zone PTDF-Matrices using generation shift
keys (GSKs)



Calculation of remaining available margins (RAMs) and Notified Transmission Flow
(NTF)

2.3.1 Calculation of locational marginal prices
LMPs are computed, as aforementioned, by MATPOWER’s DC-OPF function in combination
with the MIPS solver to solve the OPF. Moreover, an interface to GAMS has been implemented
in order to use GAMS’s CPLEX solver in case the limited MIPS solver is not converging.
Regarding SC-OPF, EWL implemented a decomposed algorithm using Benders Decomposition
(cf. Li and McCalley, 2009). The main problem is divided into smaller sub-problems that are
then solved in parallel. In order to further reduce the computing time the SC-OPF can take a
list of critical branches as an input.
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During project execution when calculating LMPs for a whole year, even the decomposed SCOPF is identified as too time consuming. Therefore, it is decided to set the capacity of
transmission lines to 85% to simulate n-1 secure prices.
To carry out the OPF, important key figures are imported from the JMM and the vertical load
model. Those are notably:


Import and export to countries outside of CWE: Volumes are computed by JMM and
simulated as infeed or demand at nodes of cross-border transmission lines in the grid model



Hydro Power Plants: Infeed of run-of-river plants are computed by the JMM and simulated
as an infeed in the grid model. Reservoirs and pumped storage plants are optimized within
the OPF. The decision whether plants are in pump- or turbine-mode is based on averagedaily prices respectively shadow prices that are computed by the JMM



Vertical Load: The vertical load for each node, as described afore, is derived within the
vertical load model and then assigned to nodes in the grid model

2.3.2 Calculation of PTDF matrices
Next to calculation of LMPs, the grid model is used for PTDF and GSK calculation that are an
important input for the JMM model. Both the Zone-to-Zone and Zone-to-Hub values are
calculated similar to Marien et al. (2013).
First of all, Zone-to-Hub matrices are computed by multiplying the PTDFs with GSKs. The
PTDFs are computed by a simple MATPOWER standard function. GSKs are derived according
to the ENTSOE-Handbook where three standard methods are described:


Method A: All chosen injections are modified proportionally to the remaining available
generation capacity



Method B: All chosen injections are modified proportionally to the current generation
(used in emergency cases)



Method C: The chosen injections are modified proportionally according to a merit order

In accordance to what is perceived as current practice of TSOs, Method A has been selected for
modelling.
Hence the Zone-to-Zone matrices are computed:
𝑃𝑇𝐷𝐹𝑧𝑜𝑛𝑒 𝐾−𝑡𝑜−𝑧𝑜𝑛𝑒 𝐿 = ∑𝑛𝑜𝑑𝑒 𝑛 𝑜𝑓 𝑧𝑜𝑛𝑒 𝐾[𝐺𝑆𝐾𝑛 ∗ 𝑃𝑇𝐷𝐹𝑛−𝑡𝑜−ℎ𝑢𝑏 ]
- ∑𝑛𝑜𝑑𝑒 𝑛 𝑜𝑓 𝑧𝑜𝑛𝑒 𝐿[𝐺𝑆𝐾𝑛 ∗ 𝑃𝑇𝐷𝐹𝑛−𝑡𝑜−ℎ𝑢𝑏 ]
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(7)

All congested lines with a PTDF-factor above or equal to 5% are considered as critical branches
in line with the ENTSO-E handbook.
2.3.3 Calculation of RAMs
Aside of the PTDF matrices the JMM requires information about the remaining available
margins in order to run the Flow-Based-Market-Coupling algorithm according to:
𝑅𝐴𝑀 = 𝐹𝑚𝑎𝑥 − 𝐹𝑟𝑒𝑓 − 𝐹𝑅𝑀

(8)

Thereby Fmax corresponds to the total capacity of a line, Fref is the line loading in a reference
case and FRM is the flow reliability margin. The derivation of adequate values for the latter two
is discussed subsequently.
Choice of FRM
Since FRM describes a margin to cope with uncertainties in the cross-zonal flows, the FRM
should be chosen as a function of the number of price zones – the smaller the zones, the less
uncertainty about the exact location of generation shifts and hence the lower the FRM value.
According to CREG (2015), a FRM of 5% for a configuration with 12 zones and a FRM of 12%
for a configuration with 4 zones and the current FBMC-configuration are adequate.
Accordingly, a FRM of 6.3% is chosen for the optimized configuration with 7 zones and a value
of 12% for the FBMC-scenario. The nodal scenario is computed with a FRM of 0.5%.
Computation of Fref
Fref is the physical flow resulting from the base case. In the base case, internal trade and
generation is computed for each zone individually. Thereby every zone itself is balanced so that
generation and demand in each zone are equal. Thereby a correction of demand for exports and
imports to and from non-CWE countries is made (cf. section 2.3.1, e.g. French exports to Italy
increase the French demand).
ENTSO-E operational handbook (appendix 4) refers to Fref as “an estimate of the flow that is
already present on the critical branch or border connection prior to the allocation”. According
to Marien and Luickx (2014) Fref is the “determination of the physical flows present in the
transmission network and pre-existing to the cross-border allocation process receiving priority
access to capacity”.
The final computation of Fref is a two-stage process. In a first step the aforementioned base case
is computed, in which every zone is balanced. In a second step the zones are connected. The
resulting flow on internal critical branches and cross-border lines between the balanced zones
determines the reference flow on these internal critical branches and cross-border lines
respectively.
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This means that the base case varies not only with every hour but also with every zonal
configuration. E.g. the same unit that is required in a small zone in scenario 3 to balance demand
and generation might not be necessary in scenario 2 in case the small zone becomes part of a
larger zone.
2.3.4 Utilized Grid Model
The current grid model consists of 2300 nodes and 4300 branches. Information on power plants
is based upon the data used also in the market model, which relies on PLATTS data and publicly
available data provided by national regulators. Publicly available grid data, such as the French
RTE static grid model, are used for grid modelling and, as mentioned above, the TYNDP and
German network development plan are the basis for the incorporation of network extensions.
2.4

Clustering Approach

In order to generate an alternative, optimized Bidding Zone Configuration the LMPs derived
from an optimal power flow calculation (cf. section 2.3.1) are clustered in a hierarchical cluster
algorithm3. Therefore an algorithm is developed that has a clear economic objective function,
namely the minimization of within-zone price variations. Thereby nodes are weighted
according to their relevance for overall generation and demand. By this the importance of nodes
with high infeed or demand is acknowledged. This shall provide an incentive to aggregate
smaller zones rather than larger ones at similar price differences. At the same time, this
weighting enables a consistent aggregation which maintains the variance decomposition
property (cf. below).
Starting point is the total (weighted) variance of prices within the system under study, in this
case the CWE Region.
2

𝑉 = ∑ ∑ ((𝑝𝑛,ℎ − 𝑝ℎ ) ⋅ 𝑊𝑛 )
𝑁

(9)

𝐻

The weights of the nodes reflect the sum of average generation and load in these nodes. Details
on the calculation of the individual weights can be found in the appendix. The average hourly
prices can be derived from:

𝑝ℎ = (∑[ 𝑝𝑛,ℎ ⋅ 𝑊𝑛 ] ) ⋅
𝑁

3

1
∑𝑁[𝑊𝑛 ]

Burstedde (2012) as well as Breuer and Moser (2014) describe approaches applying the same basic idea, yet
there are substantial differences in the details, e.g. in the weighting of the prices.
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(10)

Using a decomposition of variance approach, it can be shown that the within-zone price
variations and the price variation between zones add up to the total price variance in the system:
𝑉 = 𝑉 𝑤𝑖𝑡ℎ𝑖𝑛 + 𝑉 𝑏𝑒𝑡𝑤𝑒𝑒𝑛

(11)

The main objective is then to identify price zones that minimize the within-zone price variations.
Thereby, the weights and average prices are used for computing the within-zone variations.
Summed over all clusters, this yields the (squared) within variations as follows:
2

𝑉 𝑤𝑖𝑡ℎ𝑖𝑛 = ∑ ∑ ∑ ((𝑝𝑛,ℎ − 𝑝ℎ,𝑐 ) ⋅ 𝑊𝑛 )

(12)

𝐶 𝑛∈𝑁𝑐 𝐻

Flowchart of Clustering Algorithm
The objective function of the algorithm, the minimization of within-zone variations, is based
on the aforementioned equations. The algorithm aggregates nodes stepwise in order to
determine a new price zone delimitation. During each step the increase in within-zone price
variations is computed for every possible merger of two zones. All nodes (zones) that have a
physical connection (transmission line) form such a possible new merger. Then the two zones
(nodes) with the least increase in within-zone price variations are merged to form a new one.
This increase in weighted within-zone variations is computed as follows:
∆ 𝑉𝐶𝑤𝑖𝑡ℎ𝑖𝑛
= ∑ ∑ [(𝑝𝑛,ℎ − 𝑝𝐶
𝑖,𝑗

𝑛𝑒𝑤

) ∗ 𝑊𝑛 ]
,ℎ,

2

𝑛∈𝐶𝑖,𝑗 𝐻

−

𝑉𝐶𝑤𝑖𝑡ℎ𝑖𝑛
𝑖

−

(13)

𝑉𝐶𝑤𝑖𝑡ℎ𝑖𝑛
𝑗

First, the within-variation for the new zone, including all nodes from both old zones, are
computed. Second, the weighted within-zone variations of the two old zones are deducted to
derive the increase.
The algorithm is visualized through the flow chart in Figure 11. In total, the algorithm
comprises four parts. Those are:


processing of input data



initial calculation of all increases



iterative bidding zone configuration, where the stepwise aggregation takes place



final result
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Part 1
- LMP for N Nodes and H
hours
- Weight for each Node
- Node adjacency matrix
(NAM)

Part 2

Calculation of increase of
weighted least squares for
each possible new zonal
configuration

Part 3
Start
k=1

Adjust/update NAM and list
with zonal configuration
and corresponding increase
of weighted least squares

k=k+1

Take combination of
new cluster with
smallest increase and
merge them

Any further
connections
remaining?

Part 4
Clustering
finished

Figure 11: Flowchart of Cluster Algorithm
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Part 1: The processing of input data
The developed algorithm takes the previously computed locational marginal prices (output of
the DC-OPF) of the year 2020 as inputs. By this, a variety of grid situations and topologies, e.g.
for different demand or infeed patterns, are represented. Additionally, the weights and the node
adjacency matrix (NAM) are required in order to start the computation. The NAM is necessary
to obtain the information about connected nodes.
These information are then entered in the aforementioned hierarchical clustering algorithm.
Part 2: The initial calculation of all increases
Before the stepwise algorithm starts, every possible zonal merger and its increase in weighted
within-zone price variance is examined. A possible new zonal configuration is a merger of two
physically connected nodes. Thus, every two connected nodes form a potential new zone,
corresponding to a potential new configuration.Figure 12 illustrates this methodology for a grid
with 5 nodes and 5 lines. The information regarding physical connections is obtained from the
NAM. For all these potential new zones, the increases in weighted variation are calculated
according to equation (13). Every two nodes and the respective increase in within variance are
saved in a list to reduce computing time. Configurations do not have to be recalculated during
subsequent iterations, if both zones are unaffected by a previous merger (as shown later in
Figure 13). This list and the NAM are handed over to the iterative part (part 3) of the algorithm.

Figure 12: Exemplary grid and corresponding node adjacency matrix (NAM) and list of possible
mergers and their increases
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Part 3: Iterative merging
From all possible configurations of the list, the two nodes (zones) with the least increase in
within price variance are merged. Accordingly, the node admittance matrix is adjusted. The
new zone is adjacent to all neighbours from both old zones. In addition, the aforementioned list
containing all possible zonal configurations has to be updated. Figure 13 illustrates the
methodology.
All affected configurations, meaning all neighbouring nodes of either one of the two merged
zones, and their possible increase of within variance have to be adjusted. That means the
configurations and their corresponding increases need to be either deleted or recalculated, since
the new zone has new neighbours and therefore contains new nodes. This results in new
weighted (average) hourly prices and new increases in within-zone variance for possible
mergers.
All other possible zonal configurations, where neither of the two zones have a direct physical
connection to the two recently merged zones, maintain the same prices, weights and merger
possibilities.

Figure 13: Adjustment of NAM and list of possible mergers

Hereinafter, when the two zones with the minimum increase in within price variance are
merged, the affected zonal configurations and the NAM are adjusted again and a new minimum
of the list can be identified. The next two zones with the least increase in within price variance
of the updated list are merged and the list and the NAM are adjusted again.
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Part 4: End
When there are no zones left to merge or the list with all connections is empty, the cluster
algorithm is finished.
2.5

Assessment of price zone configurations based on grid model results

The grid model delivers optimized configuration of bidding zones for the CWE region. These
may be assessed using multiple criteria, also against alternative bidding zone configurations. A
number of criteria is defined in the CACM grid code, yet these are frequently not clearly defined
and not easily quantifiable. We therefore focus on a number of criteria that are observable and
are related to key criteria of economic efficiency.
Based on the grid model results, notably the following criteria may be assessed:


Shape of price zones



Size of price zones



Relation of price zones to national borders



Within-zone price variations



Price volatility of zonal prices over time

Whereas the first three criteria are rather straight forward, the two latter deserve a more detailed
description.
2.5.1 Share of within-zone price variations
This criterion is directly linked to the objective function of the clustering approach. It may be
computed both for endogenously determined price zones and for pre-specified configurations
such as the current price zones. It relates the within-zone price variations to the overall variance
as follows:

𝑠 𝑤𝑖𝑡ℎ𝑖𝑛 =

𝑉 𝑤𝑖𝑡ℎ𝑖𝑛
𝑉

(14)

It is a measure of the congestion not removed through the price zone configuration since the
within-zone variations reflect internal congestions.
2.5.2 Price volatility of zonal prices over time
As a second criterion derived from the cluster prices, the price volatility over time may be
considered. It is a measure of the risk to which a producer is exposed who produces in the
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corresponding price zone. Hereafter the standard deviation of prices within the price clusters
are used as a measure of risk:

1
𝜎𝑐 = √ ∑[𝑝
̅̅̅̅̅
̅𝑐 ]²
𝑐,ℎ − 𝑝
𝐻

(15)

𝐻

Additionally the individual absolute price deviations from the mean are also investigated to
identify price outliers:

𝛿𝑐,ℎ = √[𝑝
̅̅̅̅̅
̅𝑐 ]²
𝑐,ℎ − 𝑝

(16)

As an overall indication whether the prices fluctuate more or less depending on the bidding
zone delimitation, the weighted average of the corresponding variances may be compared
across bidding zone configurations:

1
1
1
2
𝜎=√
∑ 𝜎𝑐2 ⋅ 𝑊𝑐 = √
(∑ ∑[𝑝
̅̅̅̅̅
̅𝑐 ] ⋅ 𝑊𝑐 )
𝑐,ℎ − 𝑝
∑𝐶 𝑊𝑐
∑𝐶 𝑊𝑐
𝐻
𝐶

2.6

𝐶

(17)

𝐻

Assessment of price zone configurations based on market model results

For evaluating the effects of the different price zone configurations, the following aspects
derived from the market model are assessed in detail:


Production quantities by fuel and price zone /country



Net electricity exports / imports by price zone / country



Base prices for each bidding zone



System costs without consideration of redispatch



Redispatch costs



Overall system costs

The following sections provide further details on the calculation.
2.6.1 Production quantities
The calculation of production quantities is straight forward as they are immediate model results
of the Joint Market Model. For ease of comparison a backward aggregation of the production
28

quantities to countries is performed. Where necessary, the production quantities are capacityweighted in order to assign them to the different countries participating in the same price zone.
2.6.2 Net electricity exports / imports
The net imports or exports may be assessed for each zone in the configuration. Additionally the
net electricity exports / imports are assessed on a per country basis, based on the production
quantities (aggregated to countries) and the demand quantities.
2.6.3 Base prices
Base prices are also immediate model results of the Joint Market Model. For making base prices
comparable the demand weighted average is calculated for each country (reaggregation).
2.6.4 System costs without consideration of redispatch
The system costs include, among others, fuel costs, CO2 emission costs, start-up costs and
variable operation and maintenance costs. A more comprehensive description is provided in
Meibom et al. (2006). In addition the different start and end water quantities in reservoirs are
valued in order to take into account opportunity cost of generating electricity from hydro units.
Such value is used for adjusting the system costs. For consideration of electricity exports /
imports from CWE to / from the surrounding countries the aggregated system costs for CWE
and the surrounding countries are adjusted accordingly. The resulting system costs are the main
indicator for the impact on the socio-economic welfare for the case that no internal grid
constraints were existing (copper plate within price zones).
2.6.5 Redispatch costs
In order to compute redispatch costs, all relevant congestions have to be considered. I. e. either
the full grid model is used or at least a market model plus all flow gates causing congestions
within zones and between zones. Both approaches are very computationally intensive and
therefore it has been decided to use an approximate approach to determine the redispatch costs
in this study: The redispatch costs may be assessed by comparing the system costs for the nodal
configuration to the ones for the price zone configuration under study. The system costs for the
nodal configuration include the costs to remove grid congestions whereas these are only partly
included in the other system costs – namely as far as congestions are related to interzonal flows
and thus effectively managed through flow-based market coupling. It can be expressed as
follows.
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𝐶𝑅𝑒𝑑𝑖𝑠𝑝𝑎𝑡𝑐ℎ,𝑎𝑛𝑎𝑙𝑦𝑧𝑒𝑑 𝑐𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛
= 𝜆𝑅𝐷−𝑐𝑜𝑠𝑡𝑠
𝑃𝑅𝐼𝐶𝐸
∙ ∑ ∑⟦𝐹𝑖,𝑡 𝑓𝐹,𝑖
+ 𝑃𝑖,𝑡 𝑜𝑖
𝑖∈𝐼 𝐶𝑊𝐸 𝑡
+ 𝐹𝑖,𝑡 𝑓𝐹𝐸𝑀𝐼𝑆𝑆𝐼𝑂𝑁 𝑝𝐸𝑀𝐼𝑆𝑆𝐼𝑂𝑁 ⟧𝑛𝑜𝑑𝑎𝑙 𝑐𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛

(18)

𝑃𝑅𝐼𝐶𝐸
− ⟦𝐹𝑖,𝑡 𝑓𝐹,𝑖
+ 𝑃𝑖,𝑡 𝑜𝑖

+ 𝐹𝑖,𝑡 𝑓𝐹𝐸𝑀𝐼𝑆𝑆𝐼𝑂𝑁 𝑝𝐸𝑀𝐼𝑆𝑆𝐼𝑂𝑁 ⟧𝑎𝑛𝑎𝑙𝑦𝑧𝑒𝑑 𝑐𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛
𝑃𝑅𝐼𝐶𝐸
In the equation above, 𝐹𝑖,𝑡 is the fuel consumption of the unit group i at time t and 𝑓𝐹,𝑖
is the

corresponding fuel price. 𝑜𝑖 stands for the variable operation and maintenance costs per MWh
and 𝑃𝑖,𝑡 is the electricity generation of the unit group. 𝑓𝐹𝐸𝑀𝐼𝑆𝑆𝐼𝑂𝑁 is the emission factor of the
fuel and 𝑝𝐸𝑀𝐼𝑆𝑆𝐼𝑂𝑁 the price of CO2 emission certificates. The change in the variable costs of
the units thus is taken as the measure of the cost of a fully efficient redispatch. With 𝜆𝑅𝐷−𝑐𝑜𝑠𝑡𝑠
a factor is included that summarizes all procedural and cost inefficiencies occurring in the
redispatch process.
Ultimately the sum of the system costs explained further above and the costs for redispatch is
the relevant figure for comparing the socio-economic welfare of the different scenarios.
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3

Results

Subsequently key results of the study on price zone configurations are presented. Section 3.1
describes different configurations of optimized price zones obtained with the cluster algorithm
and thus highlights the drivers and impacts of optimized price zones. As described in Section
2.4, the cluster algorithm is based on price variations. Section 3.2 describes the selection of
scenarios for the further investigations. Section 0 then compares selected indicators from the
grid modelling for the chosen scenarios and section 3.4 discusses the corresponding results from
the market model.
3.1

Optimized Price Zone Configurations

3.1.1 Exemplary Clustering Results
In the following exemplary results of the cluster algorithm are presented. They are presented in
inverse order, starting with the most aggregated price zones and then considering stepwise finer
disaggregations.
Figure 14 shows the optimized configuration for 2 price zones. Almost entire France remains a
single price zone, the other CWE countries form the other zone.

Figure 14: Clustering results - two price zones
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The results for three, four, five, ten and fifteen zones are presented in Figure 15 to Figure 19.

Figure 15: Clustering results - three price zones

Figure 16: Clustering results - four price zones
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Figure 17: Clustering results - five price zones

Figure 18: Clustering results - ten price zones
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Figure 19: Clustering results - 15 price zones

In the three, four, five and even ten zone configurations France remains a single zone. This
result may be linked to the applied methodology of clustering price variations. In the applied
model, nuclear units in France have approximately the same marginal costs, thus an optimal
power flow calculation will set their output level to avoid congestion and congestions arising
under actual operation schedules might not be identified in the computations.
In parallel first one, then two small zones in northern Germany develop where a lot of windcapacities are located, especially in the year 2020. Due to the assumption that the grid
construction plans will be delayed by four years, the necessary grid enforcement to enable a
transport of significant amounts of wind energy towards southern regions are not included.
Those enforcements are planned to be finished 2017 or later. The dark and light blue coulors
indicate their low average prices in comparision to the other zones.
In contrast to the other presented configurations, France is split apart in the 15 zone
configuration. A region around Alsace and Lorraine emerges with somewhat higher prices.
The eastern part of Austria, i.e. almost all states except Vorarlberg and Tirol, emerges soon as
a separate price zone, which does not align with the claim that there is no substantial bottleneck
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at the German-Austrian border. When comparing the model results to the current situation one
should however bear in mind that the model describes an expected situation in 2020 (both for
the renewables and the grid and other factors, such as nuclear capacities), not in 2015 or earlier
years. But also modelling imperfections e.g. concerning the modelling of hydro reservoir
operation may drive the obtained result. This result of potential high political relevance should
therefore be confirmed by further investigations and sensitivity checks.
Belgian, the Netherlands, the southern part of Germany, the western part of Austria and
Switzerland first form a single price zone which then gradually splits up into several areas
which however do not exactly align across national borders.
3.1.2 Interpretation of the Clustering Results
Overall, the results of this cluster analysis should not be overinterpreted since they may well be
influenced by inaccuracies in the grid and vertical load model as well as some simplifying
assumptions – such as the assumption of constant year-round availabilities of conventional
power plants. So the actual delimitations of price zones are rather tentative results than firm
indications on optimal splits.
Yet at a more general level, some general ideas about optimized bidding zones are found to be
confirmed, whereas others have to be refuted. The most important general findings may be
summarized as follows:
1. The optimal delimitation of price zones is strongly dependent on the status of the grid
development (e.g. in the case of the northern German zones).
2. Optimized price zones do not tend to be of similar size – even with a clustering
algorithm which penalizes price variations within larger zones.4
3. Price zones generally do not coincide with national borders.
4. Since price zones have to be defined several years in advance of their actual operation,
several scenarios about the actual status of the grid should be considered when
determining the price zones.
5. Inaccuracies in the modelling of the grid and the (vertical) load distribution as well as
the operation of the generators may considerably impact the zone delimitations.
3.1.3 Comparison of configurations with 5 price zones
The current configuration in CWE includes 5 price zones: Germany and Austria form one
market whereas France, Netherlands, Belgium and Switzerland form single price zones on their

4

In Marien and Luickx (2014) it is suggested that it is rather the size than the number of bidding zones that is
of relevance.
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own – Luxemburg being electrically split between the neighboring countries. This
configuration may be compared to a configuration with 5 optimized price zones as obtained
from the cluster algorithm (cf. Figure 20). This allows to conclude on the potential merits of
redesigning price zones – with the result not being distorted by the effect of a sheer increase in
the number of price zones.

Comparison of Variations
80

Variations [%]

70
60
50
Vwithin

40

Vbetween

30
20
10
0
Current Configuration

Optimized 5-zone Configuration
Optimizded

Figure 20: Comparison of current configuration with 5 zones and optimized configuration with 5 zones

As identified on the figures before, a French price zones remains, whereas the borders of the
other 4 price zones do not align with national borders anymore. For instance eastern Austria is
split apart from the German market. Thereby the German market itsself is split in three further
parts: A small northern region, a larger north-eastern region and a south-western region that
includes Belgium, the Netherlands and Switzerland as well. The small northern region
obviously includes only a limited amount of generation and load and may therefore be subject
to strategic behaviour of the generators and suppliers. This has not been considered explicitly
here.
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The different price zone shapes result in significant different within-zone and between-zone
variations. The between-zone variations refer to the variations in the computed cluster prices
compared to the system average price (cf. section 2.4) 5. The share of between-zone variation
nearly doubles while the within-zone variations are reduced by about 50%.
This suggests that the current configuration might not be the optimal solution. Prices within a
zone are more homogenous when borders of price zones are optimized. Less price differences
within a zone are in general a consequence of less congestions within the zone since congested
lines lead to price spreads between the connected nodes. Rearranging the price zones may thus
substantially reduce the need for redispatch within the zones.
3.2

Selection of scenarios for further investigations

In the previous sections, different optimized configurations have been presented. In order to
decide which configuration is chosen for the further investigations, the development of withinzone and between-zone price variations is investigated (cf. Figure 21).

Figure 21: Development of within-zone and between zone variations

Obviously the within-zone variation increases with a decreasing number of zones. The bigger
the zones, the higher the price variations within a zone. When each node equals a zone (nodal
configuration) the within-zone variation is obviously zero. Accordingly the between-zone
variations decrease the less zones exist and is zero for one single zone in CWE.

5

The formula for the computation of the between-zone variation can be found in the appendix.
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For the optimized price zone configuration, the share of within-zone price variation does not
deliver a unique result. Considering both this share and the shape and size of the obtained price
zones, the configuration with 10 zones has been selected – with a share of within-zone price
variation of around 17%. Examining this configuration, three small zones are identified that are
likely to be a result of modelling inaccuaracies (cf. Figure 22). Those are a small region around
Geneva, a small zone within Paris and a small zone at the Belgium coast. Those three zones are
merged with the neighbouring ones resulting in a 7-zone configuration (cf. Figure 23).

Figure 22: 10 zones configuration with highlighted small zones
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Figure 23: 7 zones configuration: optimized price zone configuration (scenario 2) for further
investigations

Given that a full nodal modelling is not feasible due to computation restrictions in the market
model, the (almost) nodal configuration is chosen such that only 1 % of the price variance is
occuring within zones. This third scenario comprises 122 zones (cf. Figure 24). This is expected
to provide a good proxy to a calculation with 2300 nodes.
Also for the 122 zones, a detailed inspection reveals that the zones are of unequal size. So this
confirms the observation that optimization the price zones will not necessarily lead to zones of
similar size.
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Figure 24: 122 zones configuration: (almost) nodal configuration (scenario 3) for further investigation

Overview
Table 8 gives a short summary of the 3 scenarios.
Table 8: Overview over the 3 scenarios in scope

Scenario 1

Scenario 2

Scenario 3

“Current configuration”

“Optimized configuration”

“Almost Nodal
Configuration”

- Current national borders
define price zones
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- 7 new zones
- national borders do not
necessarily align with
borders of price zones

- 122 new zones
- borders of prices zones
differ from national
borders

3.3

Further grid model results for the selected scenarios

3.3.1 Size of price zones
Regarding the size of zones, both volumes of demand and generation but also the amount of
nodes for each zone and the weights6 are shown in Figure 25 for scenario 2 with optimized
bidding zones.

Amount of Nodes and Weight of each Zone
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Figure 25: Amount of nodes and weight of each zone in scenario 2

Figure 26 additionally provides the split of demand and generation over the zones.

6

Equations for the calculation of weights are listed in the appendix
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Demand and Generation Volumes
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Figure 26: Size of zones in terms of vertical load and generation volumes for each zone in scenario 2

Region 3 and Region 7 are both located in Northern Germany and thus have high installed wind
capacity and less conventional generation. The overall demand (residual load) in these two
zones is even negative. For the computation of the weights however the absolute value of
demand in each hour is taken, so a negative residual load also leads to a positive weight. Region
6, the French region, generates more electricity than consumed within the region. It appears that
this energy is transported to zone 5, the German/ Dutch/ Belgium/ Swiss-Region and zone 1,
the Belgium/ Dutch-Region. A driver for this result are obviously the low variable production
costs of the French nuclear power stations.
Regarding the weights of the single zones, it occurs that for the French and German regions the
weight is smaller than the number of nodes whereas the opposite is true for the other regions.
In the German and French grid hence the average importance of nodes regarding demand and
infeed is lower compared to nodes in Belgium or Netherlands.
The results of scenario 3 show, that there are significant differences between zones even in the
“almost nodal” configuration.
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Figure 27: Amount of nodes and weight of each zone in scenario 3
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Figure 28: Size of zones in terms of demand and generation volumes for each zone in scenario 3

3.3.2 Price volatility of zonal prices over time
The weighted standard deviation of the FBMC scenario is the lowest of all three scenarios that
are in scope (12.22 €/MWh). The optimized price zone and the (almost) nodal scenario result
in a standard deviation of 12.52 €/MWh and 12.89 €/MWh respectively. So the difference is
not very pronounced. When considering the standard deviations of the single zones, the almost
nodal scenario shows some price zones with considerably higher price volatility compared to
the FBMC- and optimized price zone scenario (cf. Figure 29, Figure 30 and Figure 31).
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Figure 29: Standard deviations of prices over time in scenario 1

Figure 30: Standard deviations of prices over time in the 7 zones in scenario 2
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Figure 31: Standard deviations of prices over time in the 122 zones in scenario 3

Figure 32 presents the weighted price volatility as a function of the number of zones in the
optimized configurations. The difference between the one zone and the full nodal configuration
is about 1.50 €/ MWh. This is another indication that the price volatility – as computed here –
is not much affected by the zonal aggregation.
This result requires further confirmation since it has been derived using the aggregated cluster
prices which do not reflect that prices will form differently, once the market zones have been
defined. Yet as it stands, it implies that the transition to a more disaggregated pricing system
would not per se lead to a strong increase in the average risk for market participants.

Figure 32: Development of standard deviation of prices in dependence of amount of zones
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3.3.3 Absolute Deviations of Prices within different scenarios
In addition to the investigation of average price risk, the absolute variations of prices in the
three scenarios are presented (cf. Figure 33 to Figure 35).
It is obvious to observe, that more high absolute deviations occur with a higher amount of zones.
Within the first scenario, the maximum deviation is around 60 €/MWh. This value doubles
within the second scenario (Zone 2). Within the third scenario this value is even exceeded
(around 125 €/MWh) and occurs more frequently.

Figure 33: Absolute price deviations in scenario 1
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Figure 34: Absolute price deviations in scenario 2

11jplöä
Figure 35: Absolute price deviations in scenario 3
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3.4

Market model results for the selected scenarios

Subsequently key results of the market modelling for the three selected scenarios are presented,
starting with production by fuels and price zone, followed by prices, net exports and system
costs.
3.4.1 Production by price zone
The overall production does not change substantially between the scenarios as evidenced when
comparing the following figures, Figure 36 to Figure 41.
Figure 36 illustrates the difference in size of the current price zones. The German / Austrian
price zone and the French zone are much larger than the others. Obviously also in 2020 the
generation mix differs quite strongly between the zones.

Figure 36: Production by fuel for CWE countries, scenario 1
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Figure 37: Production by fuel for selected neighbouring countries, scenario 1

Figure 38: Production by fuel for CWE countries, scenario 2
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Figure 39: Production by fuel for selected neighbouring countries, scenario 2

Figure 40: Production by fuel for CWE countries, scenario 3
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Figure 41: Production by fuel for selected neighbouring countries, scenario 3

Figure 42 illustrates that also the redefined price zones are of rather unequal size and generation
mix. The small northern German zones R3 and R7 have high shares of wind in their total
generation mix, yet in absolute terms R4 and R6 have more generation. R6 is the large French
zone with an important share of nuclear, whereas R4 and R5 cover the larger part of Germany
in the north-east and south-west respectively.
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Figure 42: Production by fuel for price zones, scenario 2

3.4.2 Prices by price zone
Figure 43 and Figure 44 show the average prices weighted by the electric demand in CWE and
neighboring countries, comparing all three scenarios. Prices in the neighboring countries are
lower than those in CWE across all scenarios with the exception of UK, Italy and Spain.
Inside CWE, as expected Belgium, Luxemburg and especially the Netherlands show prices
above average in scenario 1, whereas prices in Germany are lowest, followed by Austria and
France. Also here the assumed interconnection capacities between Germany and Austria are
not sufficient to fully prevent congestion – and correspondingly somewhat higher prices in
Austria. Austria does indeed show the highest increase in prices of around 6 €/MWh when
looking at scenario 2 with optimized bidding zones compared to scenario 1. Germany and
Switzerland also see a price increase whereas France, Luxemburg and the Netherlands
experience a decrease in the average price with the latter’s price falling significantly by around
4 €/MWh. Prices in Belgium on the other hand stay almost the same between scenario 1 and 2.
In scenario 3 prices in all CWE countries decrease compared to scenario 2. In Belgium, France,
Luxemburg and the Netherlands prices fall below the level of the scenario 1 while in Austria,
Switzerland and Germany prices are still higher than in scenario 1.
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Figure 43: Average base prices for CWE countries

Figure 44: Average base prices for selected neighbouring countries
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Figure 45 shows the regional prices within CWE for the case of optimized bidding zones. The
two small wind zones R3 and R7 in northern Germany both exhibit prices far below average,
and region R4 in the north-east of Germany is third in terms of prices. By contrast the French
region R6 has quite high prices, probably related to the fact that lower nuclear availability in
summer implies higher prices in these months compared to the modelling used in the grid
model.
Figure 44 indicates that a redesign of the CWE price zones does not only affect the (weighted)
average price within CWE, but also the prices outside CWE. The Czech Republic experiences
an increase in the base price in scenario 2 since it is connected to the higher price areas in the
south. Conversely, prices in Scandinavia (especially Denmark) drop since it is connected to the
low price area in northern Germany. For the remaining countries, the impact is less pronounced.

Figure 45: Average base prices in the optimized bidding zones in scenario 2

3.4.3 Net exports by price zone
The net exports by price zones are summarized in Figure 46 and Figure 47. The figures indicate
that the largest importing regions shown are the Netherlands and the UK across all three
scenarios. The results for the single CWE countries in Figure 46 are in line with expectations,
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with France being the largest net exporter in CWE followed by Germany. By contrast, the
Netherlands consume considerable amounts of imported electricity.
When comparing scenario 1 to scenario 2 and 3, the trade balance decreases in all CWE
countries, so that Germany and France experience lower net exports and Austria, Luxemburg
and especially the Netherlands higher net imports. The exception is Belgium which imports
significantly less in both scenario 2 and 3 compared to scenario 1. The difference between
scenario 2 and 3 is rather small for all countries in CWE.
Figure 48 shows that reshaping the price zones does not necessarily mean that those may
become more or less self-sufficient. The net excess of R6, which by and large corresponds to
France, is even some what higher than the one of France in scenario 1. Additionally now R5
appears to rely heavily on imports whereas the small wind zones R3 and R7 also export
substantially. Overall the new price zones are rather characterized either by substantial export
excesses or substantial needs for imports. This is not odd but rather an indication of the price
zones now being delimited by binding export or import constraints.

Figure 46: Trade balances for CWE countries
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Figure 47: Trade balances for selected countries

Figure 48: Trade balance of the optimized bidding zones in scenario 2
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3.4.4 Total system costs without cost of redispatch
The investigations show that even without consideration of redispatch costs, the total system
costs decrease somewhat when the price zones are optimized. For the current configuration
(scenario 1), system costs are evaluated to be 52.8 billion € per year. With optimized bidding
zones (scenario 2), the system costs drop to 52.4 billion € per year, i.e. savings of about 400 M€.
This is certainly to a certain extent related to the fact that the FRM, the flow reliability margin,
has been set to a lower value for the optimized price zones given the higher number of zones
(cf. section 2.3.3).
For the almost nodal configuration (scenario 3), the system costs drop again slightly to 52.3
billion € per year.
3.4.5 Redispatch costs and total system costs
Against prior expectations, the costs in the almost nodal scenario is lower than in the two other
scenarios. Hence it is not possible to determine meaningful redispatch cost by subtracting the
cost of the other scenarios from those of the almost nodal scenario.
A plausible explanation for that effect is the impact of the different reliability margins used for
the different scenarios. The cost decrease induced by the lower reliability margin in the almost
nodal scenario obviously exceeds the cost impact of the additional grid constraints imposed
through the smaller zone delimitation.
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4

Summary and Conclusion

This study is a first in its kind by considering not only optimized price zones but also an (almost)
nodal configuration. It builds on a novel clustering algorithm, which allows to describe
consistently the impact of the price zone configuration on price variations between zones and
congestions within zones (as measured through nodal prices). The algorithm is based on
clustering prices obtained from nodal pricing in an optimal power flow run. Along with other
methodological innovations, the approach enables a thorough assessment of the potential for
optimized price zones.
The results of the performed optimization of price zones should not be overinterpreted since
they may well be influenced by inaccuracies in the grid and vertical load model as well as some
simplifying assumptions – such as the assumption of constant year-round availabilities of
conventional power plants. So the actual delimitations of price zones are rather tentative results
than firm indications on optimal splits.
Yet at a more general level, some general ideas about optimized price zones are confirmed
through the investigation, whereas others are rather invalidated. The most important general
findings may be summarized as follows:
1. The optimal delimitation of price zones is strongly dependent on the status of the grid
development.
2. Optimized price zones do not tend to be of similar size – even with a clustering
3.
4.

5.
6.

algorithm which penalizes price variations within larger zones.7
Price zones generally do not coincide with national borders.
Since price zones have to be defined several years in advance of their actual operation,
several scenarios about the actual status of the grid should be considered when
determining the price zones.
Inaccuracies in the modelling of the grid and the (vertical) load distribution as well as
the operation of the generators may considerably impact the zone delimitations.
A reconfiguration of the price zones has also various impacts on the operational
processes. One impact is that the so-called base case used to determine the possible
exchanges is modified and may include different operating plants.

Nevertheless the results suggest that there is substantial potential for reducing intra-zonal
congestion by redesigning price zones. Even while maintaining the current number of five price
zones within CWE (including Switzerland and Austria), our results suggest that the intra-zonal
price variations may be halved compared to the status quo. And with seven price zones, even
less than one third seems achievable. The price volatility of zonal prices thereby does not seem
to increase dramatically.
7

See also footnote 3 on p. 21.
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The market simulation results indicate that a rearrangement of price zones would not have
strong impacts on production quantities. Yet the exchanges between areas and more importantly
the prices would be strongly affected. This would lead to a reduction in total system costs of
400 M€ in 2020 when changing the current price zones delimited by country to seven optimized
price zones and another 100 M€ when assuming an almost nodal configuration with 122 zones.
Since electricity demand is taken to be inelastic, system costs can be used as a proxy for welfare.
Therefore the results of this study imply higher cost savings or equivalently higher welfare
gains through the redesign of price zones than were estimated for the implementation of flowbased market coupling in the context of CREG decision 1410, namely 132 M€ for 2014 (cf.
CREG (2015), p. 55).
Further research is needed to investigate the robustness of the results obtained and to develop
methods which allow, e.g. through scenario variations, to derive robust price zones from the
outset. A primary objective of the price zone reconfiguration is to reduce the redispatch.
Therefore further research may also investigate in depth, whether other methods for identifying
price zone delimitations exist which address more directly the reduction of redispatch in their
objective function.
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Appendix
Calculation of weights
Each node is weighted according to its relevance for overall supply and demand in the system.
For ease of interpretation, the weights are normalized.

𝑊𝑛0 = ∑(|𝑞𝑔𝑒𝑛,ℎ,𝑛 | + |𝑞𝑑𝑒𝑚,ℎ,𝑛 |)

(19)

𝐻

𝑊𝑛0 =

∑𝑛 𝑊𝑛0
𝑐𝑎𝑟𝑑 𝑁

𝑊𝑛 =

(20)

𝑊𝑛0

(21)

𝑊𝑛0

In order to avoid numerical singularities, a weight of 0.001 is assigned to those nodes that carry
neither load nor infeed.

𝑊𝑐 = ∑ 𝑊𝑛

(22)

𝑛∈𝑁𝑐

The cluster average price is the weighted average of the nodal prices for the nodes within the
cluster.

𝑝
̅̅̅̅̅
ℎ,𝑐 = ( ∑ [ 𝑝𝑛,ℎ ∗ 𝑊𝑛 ] ) ∗
𝑛∈𝐶

1
∑𝑛 ∈ 𝐶[𝑊𝑛 ]

(23)

Between-zone variations
The between-zone variation refers to the weighted sum of squared price differences between
the hourly average prices in the clusters and the overall hourly average price in the system:
2

𝑉 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 = ∑ ∑(𝑝
̅̅̅̅̅
ℎ,𝑐 − 𝑝ℎ ) ∗ 𝑊𝐶
𝐶

(24)

𝐻
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