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Abstrakt
Hlavním úkolem této práce je detailní rozkrytí clearingového procesu na spotovém
energetickém trhu Evropské energetické burzy (EEX) z hlediska použitých algoritmických postupů. Práce zahrnuje matematickou formulaci diskrétního optimalizačního problému řešeného při určování ceny a při hledání takové kombinace blokových
a hodinových kontraktů k uskutečnění, která minimalizuje společenské náklady spojené se zvolenou kombinací kontraktů, zatímco bere v potaz tržní a síťová omezení
typická pro obchodování s elektřinou. V úvodu jsou též nastíněny základní principy
obchodování na pražské Power Exchange Central Europe (PXE). Součástí práce je
navíc empirická analýza spotových cen českého a německého trhu, která využívá
vektorové autoregrese k testování hypotézy závislosti cenového vývoje českého spotového energetického trhu na předchozím vývoji německých spotových cen.

Klíčová slova
EEX, PXE, spotové trhy, clearingový proces, COSMOS, diskrétní optimalizace, branch-and-bound

Abstract
The main purpose of the thesis is providing a detailed description of the clearing
process on power spot market of European Energy Exchange (EEX), in view of the
algorithmic methods employed. The thesis encompasses the mathematical formulation of the discrete optimization problem solved in the price determination process
while the algorithm searches for such combination of block and hourly orders to be
executed that would minimize the social cost associated to the chosen combination
of orders. The market and network constraints typical for electricity trading are
considered by the algorithm in the price determination process. The first chapter
also provides the reader with basic knowledge of the trading on the Prague-based
Power Exchange Central Europe. The last chapter contains an empirical analysis
of the spot prices of the Czech and German power markets, which uses vector autoregression to test the hypothesis of dependance of the development of Czech spot
energy prices on their German counterparts.
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Introduction
Liberalization of European markets driven by the pursuit of deeper economic integration and an ambition to establish a common European market did not leave the
energy markets unaffected. The process has given origin to several regional power
markets where energy prices are determined transparently under the market forces
of supply and demand. The leading Czech and German power markets, Power Exchange Central Europe (PXE) and the Leipzig-based European Energy Exchange
(EEX) are not an exception.
The task of the electronic trading platforms of the exchanges is to accept bids
and offers from the market participants and to match these orders with respect to
the market and network constraints. The algorithms employed for the matching of
orders have to be able to cope with the limitations that follow from the nature of
electricity which not only can not be stored efficiently in large amounts but also
faces restrictions in terms of cross-border available transmission capacities.
Simply said, market coupling is a method of finding the optimal allocation of
cross-border transmission capacities among the markets involved in a particular
coupling scheme. The COSMOS algorithm used in the day-ahead market segment
of EPEX Spot provides the market coupling solution for the Central West European
region. The importance of the algorithm for the Czech power market lies within the
planned market coupling project between the Czech, Hungarian and Slovak markets,
the launch of which is scheduled for mid-to-late 2012 (OTE, 2012b), since the welltried COSMOS algorihm was chosen to become the matching algorithm employed
in the coupling program (EPEX Spot, 2011e).
A comparative study which aims at highlighting the similarities and differences
between the governance, trading systems, and risk management of PXE and EEX
was done by (Endrštová, 2009). Moreover, (Michalovský, 2010) has described in
detail the spot and futures markets of PXE and the pricing models of futures contracts. However, to the best of our knowledge, no recent study aims at analyzing
the price determination mechanisms at the exchanges as such. We have made it
our goal to explain the workings of the COSMOS matching algorithm used at the
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day-ahead auction market of the power spot market of EEX.
The first chapter of the bachelor thesis which was written as a summary of various rules and regulations issued by the exchange as well other official documentation
should provide the reader with basic knowledge of the internal workings, the governance and products traded on the leading Czech energy exchange PXE. The second
chapter casts light on the corporate structure of EEX and, more importantly, introduces the reader to the main part of the study where more attention has been paid
to the spot market branch of European Energy Exchange, EPEX Spot SE. This part
of the thesis is devoted to providing a detailed description of the price determination
mechanism of the day-ahead auction market of EPEX Spot, which uses methods of
discrete optimization to provide a solution to the market coupling problem of the
interconnected markets of the Central West Europe region. The procedure followed
by the COSMOS algorithm, which is employed on the day-ahead market of the exchange, is included to illuminate the technical price determination mechanism. The
last part consists of an econometric analysis of the relationship between the clearing
spot energy prices of the German and Czech market areas. We mean to test the
hypothesis, that German prices project to the energy prices on Czech power market
and that this happens with a certain lag.
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1

PXE

Prague Energy Exchange (PXE) was founded on January 8, 2007 as an electronic
trading platform designed for trading with electric power in the Czech Republic. The
main purpose of establishing PXE was creating a wholesale electricity market which
would take on the leading role in setting the electricity prices for the Czech Republic
which were up until the start of trading on PXE given mainly by the annual auctions
organized by ČEZ. Within less than three years of its existence, PXE has expanded
its business activities throughout the Central European area and started trading
in electricity power futures with the place of delivery in Slovakia and Hungary. In
July 2009, the company’s name and legal status underwent a change as it became a
joint-stock company registered under the name POWER EXCHANGE CENTRAL
EUROPE, a.s. , which better reflects its dominant position within the region.
The founders of the company, as they are recorded in the Commercial Register,
are Prague Stock Exchange, UNIVEC, and Central Securities Depository each of
which is a holder of 20 registered ordinary shares in documentary form the face
value of which amounts to 1 million CZK per each. In total, the registered capital
sums to 60 million CZK.
I have composed this chapter using information extracted from the four Annual
Reports available on the PXE web site (PXE, 2008), (PXE, 2009a), (PXE, 2010a),
(PXE, 2011a) plus the official documentation which is referenced throughout the
subsections. The internal workings of the exchange are described as of January
2012.

1.1

Organization of the company

The supreme body of the company is the General Meeting. Any shareholder is
entitled to participate in the General Meeting (either in person or via his or her
statutory body or a representative) as well as are the members of the Exchange
Chamber and the Supervisory Board. The General Meeting is held at least once a
year and its competence is defined in the Articles of Association (PXE, 2009b) and
the Statutes of the Exchange (PXE, 2011b).
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The Exchange Chamber is the statutory body of the exchange. It is responsible
for the governance and business management of the company, compliancy of the accounting records and it is entitled to act in the company’s name. It consists of three
members, two of which are elected and dismissed by the General Meeting, the third
one is appointed and dismissed by the responsible body of the state administration.
The Exchange Chamber is competent of appointing the company’s Secretary General and establishing additional Exchange committees, permanent or temporary, to
perform the Exchange Chamber’s duties (PXE, 2009b).
The official body responsible for the supervision of the Exchange Chamber’s
activities is the Supervisory Board. It monitors the accuracy of the company’s
financial statements and the adherence of the company ’s activities to the Articles
of Association, current legislation and decisions of the General Meeting. Supervisory
Board consists of three members who are appointed and dismissed by the General
Meeting (PXE, 2009b).

1.2

Products

The range of electricity products that are being traded via PXE has been widened
significantly since the initiation of trading on July 17, 2007. Besides the futures
contracts with physical delivery of electricity that have been traded on PXE from
the very beginning, commodity spot market has been launched and subsequently
joined the OTE spot market thus creating the Common Day-Ahead Market of OTE
and PXE1 . The interconnection which was implemented in pursuit of improving the
liquidity of Czech power spot market and increasing the transparency in setting the
spot electricity prices for the Czech Republic is in operation as of April 1, 2009
(OTE, 2009). The subject matter of the trading is electric power with constant
hourly output of 1MW during all hours of all days of the delivery period (with the
exception of hour spot contracts where the output is only 1kW), (PXE, 2012b).
In terms of the futures, PXE facilitates purchase/sale of futures contracts with
physical delivery of electricity and of cash-settled futures contracts. Both cash1

OTE, a.s. is the operator of the Czech electricity and gas market and it is in charge of operating

the Common Day-Ahead market
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settled futures and futures with physical delivery are traded for Czech, Slovak and
Hungarian markets. Contracts with physical delivery represent a commitment to pay
for/deliver the contracted amount of electricity during a specified delivery period.
The cash-settled electricity futures represent a commitment of financial compensation and are settled in cash against the corresponding Spot Market Base/Peak Load
rather than being physically delivered (PXE, 2010b). Both types of the futures can
be further divided into base and peak load futures (according to the daily delivery
time) with delivery period lengths of one month, one quarter, or one year (PXE,
2012b).
Commodity contracts with prompt delivery are traded on PXE in the form of
hour and day contracts in base and peak load profile with physical delivery in the
Czech Republic or Hungary. The day contracts are usually listed for the nearest two
delivery days, while hours are traded only during the day that immediately precedes
the delivery day2 (PXE, 2012b).
In 2011, the total volume of traded futures contracts, the absolute majority of
which were in base load profile, exceeded 24 TWh with a value of more than EUR
1.3 bn. The average daily volume traded on the exchange throughout 2012 was more
than 96 GWh. The magnitude of the spot segment of PXE is considerably smaller
- the 31 GWh of total value of more than EUR 1.6 mil were easily exceeded by the
10 TWh traded on the Common Day-Ahead Market of OTE and PXE where the
volume has grown by 73% compared to the previous year (OTE, 2012a), (PXE,
2012c).

1.3

Trading

The permission to trade on PXE is given to members of the exchange, legal entities
which were established in order to regulate the commodities market, or other entities
who are authorized to produce or process the subject matter of the trading or who
are authorized to trade with it or to provide related services. In the last case, the
entities do not have direct access to the electronic trading platform and they have
to close the deals via an exchange agent and the electronic trading system (PXE,
2

As of April 2012 trading with Hungarian spot products ceased to be facilitated through PXE
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Figure 1: COSMOS algorithm flowchart
2012a).
The structure of the trades that PXE deals in is depicted in Figure 1. Registered
trades are first arranged outside the PXE Trading System and consecutively registered in the system only for settlement purposes while the term automatic trade
is used for any trade that has been agreed upon directly via the electronic Trading
System of PXE.
Automatic trades consist in matching of buy and sell orders, which are continuously being entered into the Trading System, based on the principle of price priority.
In case the orders cannot be matched unambiguously, time priority is taken into consideration. Automatic trades come in the form of continuous trading and auctions.
In the continuous trading, the participants may consider all the up to date marketrelated information, which is provided to them by PXE, before placing their orders
which are subsequently matched on a continuous basis. On the other hand, the auction trading consists in processing the orders to buy and sell a particular product
with respect to a certain point in time. The price of the product is set simultaneously. PXE may organize two types of auctions - basic and hours auctions. As for
the basic auctions, the Trading System assesses the status of the order book continuously and, in particular, it computes the theoretical excess supply or demand,
cumulated number of contracts to buy or sell, and the theoretical auction price, i.e.
the price at which the trading would be effected, had no restrictions been put on
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the allowable spread, and at which the number of the contracts that are bought or
sold is the highest. The hours auction takes place only once per an exchange day
and concerns only the spot hourly products. The auction price is set at the intersect
of the supply and demand curves that are drawn up for that purpose. In case the
curves intersect at more than one price level, the highest and the lowest of the prices
will then form the limits of the spread. If the reference price (i.e. the arithmetical
mean of the last three auction prices that were set for the given hour and day of the
week) lies within the spread, then the reference price becomes the auction price. If
the reference price is higher than the upper limit of the spread, the auction price is
set equal to the upper limit. The alternative case is analogous (PXE, 2012d).
Once the conditions of the registered trades are negotiated, the registered OTC
trades can be entered into the system via an Exchange Agent, who then enters a
bilateral instruction into the Trading System. It is necessary that both sides confirm
the bilateral instruction for the trade to be considered officially registered (PXE,
2012d).
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2

EEX

As a consequence of the electricity market liberalization, which was officially triggered by the 1996 EU directive 96/92/EC, specialized power trading exchanges
started emerging throughout Europe, two of which came into existence in Germany
in the year 2000. Namely, it was the Leipzig Power Exchange which was, as the
name suggests, located in Leipzig and the Frankfurt-based European Energy Exchange (EEX). Both exchanges aspired to become more than just simple platforms
for trading in physical power. They were planning on providing a more comprehensive range of commodities that would include financial derivatives which at first
raised doubts due to the specific characteristics of electric power that make it quite
different from other commonly traded commodities. Very soon it became clear that
not having to compete with each other would make attaining the position of a leading
power exchange in Continental Europe easier. Effective from the beginning of the
year 2002, the two exchanges merged under the name of European Energy Exchange
(EEX, 2011a).

2.1

Sub-Markets of the Exchange

In the course of its existence, EEX has developed into a group with a rather sophisticated structure of strategic partnerships and targeted spin-offs.
Power and power derivatives trading on the day-ahead and intraday spot market is organized by EPEX Spot SE, a Paris-based joint venture between a French
investment firm Powernext SA and EEX, both of which hold a 50% interest in the
company. Nowadays EPEX Spot covers power spot trading for German, Austrian,
French and Swiss power markets all of which together comprise more than one third
of the total amount of annual European consumption of power (EEX, 2011a). The
market volume of the whole exchange has increased by 12.5% in 2011 to 314TWh,
while the Day-Ahead auction trading has accounted for 296TWh of the total traded
volume (EPEX Spot, 2012c).
As a consequence of being determined in the highly competitive environment of
EPEX Spot with a large number of trading participants, the resulting prices serve
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as an important benchmark for other power exchanges. Moreover, the exchange
calculates and publishes the so called Phelix (Physical Electricity Index) index,
specifically the Phelix Day Base which is computed as the average price for base load
electricity traded on the German/Austrian auction and its peak profile alternative
- Phelix Day Peak (EEX, 2011a). The day-ahead segment of EPEX Spot will be
discussed in more detail later on in the study.
In 2007, French and German power derivatives trading was spun-off into a subsidiary EEX Power Derivatives GmbH in which an 80% majority stake is owned by
EEX and the remaining interest in the company belongs to its French partner Powernext SE (EEX, 2011a). Unconditional futures contracts (Phelix, German, and
French futures) as well as conditional futures contracts (Options on Phelix futures)
are traded on the exchange as a means of hedging against the risk of price volatility.
The traded futures derivatives differ in delivery periods (weeks, months, quarters,
years), load profile (base, peak, off-peak), place of delivery, contracted volume, etc.
(EEX, 2011b).
The generating company that wishes to sell its generated power during a future
time period and wants to hedge against the risk of falling energy prices may do so by
selling the cash-settled contracts of the Phelix futures for that particular period. The
actual energy is then sold by placing independent bids for each delivery day of that
period and as a result the company receives payment for the energy at a price that
is equal to the average value of the daily spot market index - Phelix. In the case
of falling energy prices the expected revenue is higher than the realized revenue,
however, the loss is fully offset by the additional profits from the Phelix futures
contracts that are given by the amount of contracted energy in megawatthours
multiplied by the difference between the formerly expected price and the average
spot market price (EEX, 2011c).
The crucial difference between futures contracts and options on futures lies within
the symmetry in obligations that follow from the particular derivatives. Unlike the
futures, only the holder of the short option position (the seller) has the obligation
to sell or buy the underlying futures contract, depending on whether a buy or a
sell option is the matter in hand, provided that the holder of the long position
9

(the buyer) exercises the option. The options on futures traded on EEX are the
so called European-style options, i.e., the buyer of the option cannot exercise the
option sooner than the last trading day, which might render the options worthless
since there is no guarantee that the option will be in-the-money at its maturity.
When a buy (sell) option is exercised, a long (short) position in the underlying
futures contract opens automatically for the buyer (seller) of the option and a short
(long) position in the futures contract opens for the seller (buyer). The options on
Phelix futures are traded in the base profile only with delivery periods of one month,
one quarter, or one year (EEX, 2011c).
When a generating company wants to plan its production for a particular period
knowing its production costs are higher than the current market price of the futures
contract for that period, it may wish to sell a buy option on the Phelix base future
at a price equal to the production costs. That way the generating company receives
the premium payment for the option upon the sale of the option. Furthermore, if
the option is out-of-the money when it matures, i.e., the price of the futures contract
is lower than the contracted price, the option is likely to expire and the generating
company can make further profits by selling the energy on the spot market for a
price that is higher than the contracted price. In case the option is in-the-money
on the last trading day and therefore exercised, the producer receives payment for
the energy at the price which was set in the underlying futures contract. Either way
the seller of the option safely gains the premium on top of the revenues generated
by the sale of the underlying electric power (EEX, 2011c).
Besides electricity the EEX group organizes trading with natural gas, its derivatives and even offers OTC clearing for gas futures contracts though only a marginal
part of the total result within the EEX group is generated by gas and gas related
trading. This may be attributed to its prevailing bilateral-agreement nature. In line
with the plan for increasing the proportion of gas trading that takes place on EEX,
the daily trading period on the spot market with gas was extended in 2011 to full 24
hours, 7 days a week and the spot exchange now offers closing deals on within-day,
day and weekend contracts (EEX, 2011a).
Since 2005, EEX organizes the world’s biggest emission trading system for CO2
10

emission allowances through which the EU climate policy target is pursued. EEX
is in charge of the secondary market for trading in EU Allowances, its derivatives
and futures on Certified Emissions Reductions as well as of the primary market
where the initial allocation of emission rights among several EU states is determined.
Moreover, coal futures trading and OTC clearing of coal swaps is provided by EEX
(EEX, 2011a).
Although not an EEX sub-market as such, European Commodity Clearing AG
(ECC), a subsidiary which took over the clearing and settlement of all the transactions of EEX, constitutes an important part of the EEX group. It was founded
in 2006 as an independent subject, the services of which are also available to other
exchanges. Nowadays, besides the spot and derivatives market of EEX, it serves
as the clearing house for Hungarian HUPX, Dutch APX-Endex Derivatives B.V.,
French exchanges EPEX Spot and Powernext, and Austrian CEGH (EEX, 2011a).
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As was premised in the previous chapter, we now turn to the power spot market
of EEX and, more specifically, to its day-ahead auction segment, the price determination mechanism of which represents the main field of our interest.

3

EPEX Spot

Proper governance of the exchange is ensured by its two main bodies - the Exchange
Council and the Market Surveillance Office. The main function of the Exchange
Council, a body elected from the Exchange Members, is to set appropriate rules and
regulations for the exchange trading and to decide on various matters related to the
exchange in general. The Market Surveillance Office, as the name suggests, oversees
the proper functioning of the exchange as well as Exchange Members’ adherence to
the rules and regulations (EPEX Spot, 2012a).
The two market segments of EPEX Spot, the intraday and the day-ahead market,
differ mainly in the nature of the order matching. In the intraday market, all the
contracts are traded continuously during the predetermined trading sessions in which
buy and sell orders are entered into the order book for immediate execution. The
focus of our analysis, however, lies within the day-ahead segment of EPEX Spot
where orders are matched in daily closed-book auctions. Unlike the continuous
trading which is made available only for the German and the French power markets,
the auction trading serves a considerably broader market base - in particular, the
Austrian/German, French and Swiss power markets. Moreover, market coupling, an
important feature of auction trading, is implemented wherever possible in line with
the objective of creating a pan-European electricity market with a transparent price
determination mechanism. Price and volume coupling are the two types of market
coupling used on EPEX Spot as a means of allocating capacity congestions between
adjacent markets (EPEX Spot, 2012a).

3.1

Market Coupling

The purpose of market coupling is to achieve an efficient solution of the crossborder allocation problem by matching all bids and orders regardless of the market of
12

origin provided that these result in profitable deals and that the capacity constraints
allow the orders to be executed (EPEX Spot, 2011b). EPEX Spot has introduced
several successful market-coupling projects starting from 2006 when French, Belgium
and Dutch day-ahead markets were coupled under the scheme of the so called TriLateral Market Coupling (TLC). This was further extended on 9th November 2010
with the introduction of the program for Market Coupling in Central West Europe
(CWE), which now covers the market areas of Benelux, France, and Germany and
which operates on the principle of price coupling . Moreover, the CWE region
is interconnected with the Nordic region of Denmark, Estonia, Finland, Norway
and Sweden via Interim Tight Volume Coupling (ITVC) managed by the European
Market Coupling Company (EMCC), which is, among others, partially owned by
EEX (EPEX Spot, 2012e).
As for the future plans, EPEX Spot has issued several press releases announcing
its deepened cooperation with the Nord Pool Spot company, which operates the spot
electricity market in the Nordic region. The plans comprise the creation of a joint
venture company which would operate common trading platforms for day-ahead
and intraday markets and the launch of which is scheduled for the second half of
2012 (EPEX Spot, 2011d). Yet an even more ambitious plan comes into view with
the Price Coupling of Regions project designed in cooperation with 5 other power
exchanges (APX-Endex, BELPEX, GME, Nord Pool Spot, and OMEL) which, if
everything goes as planned, would result in one price coupling solution for an area
covering over 80% of total European consumption no longer than in 2014 (APXEndex, 2010), (APX-Endex, 2011). In addition to that, EPEX Spot has been
chosen as the provider of market coupling services for the Czech, Slovakian and
Hungarian power exchanges which together annouced a plan for trilateral market
coupling (EPEX Spot, 2011e).
The basic notion behind the price coupling is that the market with lower energy
prices exports electricity to markets with higher energy prices thus causing tighter
price convergence and increasing the total welfare. In order to make sure that
the solution obtained from market coupling will be a feasible one, the available
transmission capacity (ATC) between the relevant market areas is communicated by
13

the corresponding transmission system operators (TSO). The physical transmission
rights, which are the underlying assets of market coupling contracts, constitute
a right to use a specified quantity of the ATC. These are sold to ECC by the
market coupling facilitator at a price equal to the difference between the price of
the importing market area and that of the exporting market area. In the end, ECC
nominates the allocation of the contracts between the coupled markets. There are
two possible results of Price Market Coupling - either the ATC between the two
coupled markets is sufficiently large in which case a common market price is set,
or the ATC is not sufficient for the price harmonization to occur and thus only an
amount of electricity equal to the ATC is transmitted to the market area with higher
electricity prices. The price difference between the two markets multiplied by the
volume of power transmitted across borders is called the congestion revenue and is
collected and shared among the TSOs involved in the market coupling in accordance
with the criteria agreed upon beforehand (EPEX Spot, 2011b).
In the volume market coupling framework, a company admitted to the exchange
as a Trading Member with Special Tasks, or an Auction Office as it is called, calculates the price-independent buy and sell orders for the hourly contracts which
ensure that the capacity utilization is optimal, all this based on the aggregated and
anonymized bid curves of EPEX Spot SE as well as of all the other markets involved. Subsequently, the company submits these orders to EPEX Spot which then
carries on with the auction process while taking into account the newly obtained
information. The Auction Office does not have permission to enter block orders
into the trading system and in case the exchange does not receive orders from the
Auction Office within a fixed time limit, than the auction can be carried out without
considering these orders (EPEX Spot, 2012b).

3.2

Auction Market of EPEX Spot

EPEX Spot has the authority to sign Trading Agreements with the Exchange Members upon their application, thereby assigning them the roles of Trading Members,
Designated Brokers or Trading Members with Special Tasks. Each Exchange Member is obligated to either appoint an Exchange Trader who shall trade on his behalf
14

or he may choose to trade via a Designated Broker, in which case there is no need for
the Exchange Member to have his own Exchange Trader as all the trading is carried
out solely by the Designated Broker. Entities engaged in market coupling obtain
the status of Exchange Members as well, regardless of whether these are Trading
members with Special Tasks (volume coupling) or Market Coupling Faciliatators
(price coupling) (EPEX Spot, 2012a).
Orders placed in the auctions on EPEX Spot come in two types; they can either
be the single-contract orders which relate to one expiry only or the so called block
orders which combine several expiries into one unit (an expiriy is the delivery period
of a contract which can last either 1 hour or 15 minutes, depending on the order
specifications). What makes the block orders somewhat precarious is that they can
only be executed in full extent by matching them with another block order or the
same combination of single-contract orders, which as a consequence makes the price
determination algorithm a lot more complicated. Moreover, orders may be placed
without a price limit in which case they are executed at the price determined by
the trading system. An alternative to the unlimited orders are buy or sell orders
with a specified price limit which in case of the sell orders can only be executed at
a price equal to or greater than the price limit. Analogously, the limited buy orders
can only be executed at a price equal to or lower than the price limit. All orders
entered into the Trading System of EPEX Spot remain in the order book until they
are canceled or modified by the Exchange Member who placed them or until they
are executed (EPEX Spot, 2012b).

3.3

Price Determination

Auctions on EPEX Spot are carried out once per day after the closing of the order
book. The time at which the order book closes depends on the particular market
segment and the complete list of information is to be found in the first chapter of
the EPEX Spot Operational Rules (EPEX Spot, 2012b). After the order book is
closed, all the individual offer and ask bids from Single-Contract Orders and Block
Orders are aggregated into supply and demand curves and the price at which the
orders will be executed is determined by a specific algorithm designed to optimize
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the total welfare, i.e., the seller surplus, the buyer surplus and the congestion rent.
As I mentioned earlier, the presence of the block orders with the restrictions resulting
from the fill-or-kill constraint makes the price determination mechanism somewhat
complicated. The matching of orders can be described as a Mixed Integer Quadratic
Problem (MIQP), which is solved by the state of the art method called branchand-bound. The so called COSMOS algorithm, which is based on the branch-andbound method and which was designed to solve the CWE Market Coupling problem,
was developed by BELPEX in cooperation with N-SIDE, an optimization solutions
provider that specializes in application of operational research models in IT (EPEX
Spot, 2011b).

3.4

COSMOS

The information given thereinafter is to be found partly in the short description of
the COSMOS algorithm which was issued by (EPEX Spot, 2011b) in cooperation
with BELPEX and APX-Endex and partly in the EPEX Operational Rules (EPEX
Spot, 2012b). COSMOS was designed to handle all market and network constraints
imposed on the price determination process as well as the curtailment issues in
cases where purchase and sale imbalance leads to extreme prices. Several feasible
solutions converging to the mathematically optimal one are found during the course
of COSMOS’ execution. The process stops as soon as it finds the mathematically
optimal solution or after the time limit of 10 minutes set for the coupling process
expires.
As was stated earlier on in the study, the optimality of the solution lies in the
level of social welfare which is intended to be maximized. The classic definition of
social welfare applies here as well, i.e, the difference between the cumulative amount
which the consumers are willing to pay and which the producers want to receive for
the electric power. We took the liberty of transforming the original maximization
of social welfare, as it is described in the official COSMOS documentation, into an
equivalent problem of minimizing the social costs since the minimization approach
is more usual in mathematical optimization. Hoping for more clarity in the mathematical formulation, I chose to stick to the notation used in the official description.
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The MIQP is formulated as follows:
minimize

X


q0 · ACCEP T o

o


p0o + p1o p0o − p1o
+
(1 − ACCEP T o ) +
2
2
X
X
+
pb · ACCEP T b
qb,h
b

subject to

h∈hours(b)

qo · (M CP bidding area(o), hour(o) − p0o ) ≥ 0 if ACCEP T o > 0

(1)

ACCEP T o = 1 if qo · (p1i − M CP bidding area(o), hour(o) ) < 0

(2)

ACCEP T o = 0 if qo · (p0o − M CP bidding area(o), hour(o) ) > 0

(3)

M CP bidding area(o), hour(o) = p0o + (p1o − p0o ) · ACCEP T o

X

if 0 < ACCEP T o < 1

qb,h · M CPbidding area(o), hour(o) − pb ≥ 0

(4)

if ACCEP T b = 1

(5)

h∈hours(b)

F LOW l,h ≤ Capacityl,h

(6)

F LOW l,h = Capacity l,h if AT C_P RICE l,h > 0

(7)

AT C_P RICE l,h = M CPto(l),h − M CPf rom(l),h
X
X
ACCEP T o · qo +
ACCEP T b · qb,h =

(8)

o,bidding area(o)=m,
hour(o)=h

b,bidding area(b)=m,
h∈hours(b)

=

X

F LOW l,h −

l,f rom(l)=m

X

F LOW l,h

(9)

l,to(l)=m

where ACCEP T o , ACCEP T b , F LOWl,h , M CPm,h , AT C_P RICEl,h are the actual variables. The indices m, h, o, b and l describe the sets of bidding areas, hours of
the day, hourly orders traded on the exchange, block orders traded on the exchange
and unidirectional ATC lines, respectively. Thus ACCEP T o ∈ h0, 1i is a continuous
variable representing the acceptance of the hourly order o. ACCEP Tb ∈ {0, 1} is
an integer variable representing the acceptance of the block order b (intuitively, it
assumes the value of 1 for an accepted order and 0 for a rejected one). The variable
F LOW l,h assumes only non-negative values since it denotes the electricity flow on
line l during hour h. M CP m,h represents the market clearing price in bidding area
m at hour h and finally AT C_P RICE l,h is a non-negative number denoting the
congestion price of the capacity constraint of unidirectional ATC line l at hour h.
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Moreover, each hourly order entered into the trading system must specify the
quantity qo supplied or demanded (positive for offers and negative for bids), the
price p0o at which the order o starts being accepted, the price p1o at which the hourly
order is fully accepted, the bidding area bidding area(o) in which the hourly order o
originates and finally the actual hour hour(o) to which the hourly order relates. The
prices p0o and p1o are equal for stepwise orders (traded on BELPEX and APX-Enedex),
while for linearly interpolated orders (traded on EPEX Spot) the inequalities p0o ≤ p1o
and p0o ≥ p1o hold for the supply and demand side of the market respectively.
Similarly, each block order b carries the information about the quantity qb,h
demanded or supplied during hour h, which is once again positive for offers and
negative for bids and it also sets the price limit pb of the block order. Specifics
about the the bidding area in which the block order originates and about the hours
on which the block order spans are denoted by bidding area(b) and hours(b).
Furthermore, the available transmission capacity during hour h on line l, which
originates in the bidding area f rom(l) and leads to the bidding area to(l), is denoted
by capacity l,h .
The first five constrains form the set of market constraints imposed on the algorithm. Constraint (1) ensures that a combination of hourly orders, block orders
and electricity prices is chosen by the COSMOS algorithm so that every hourly offer
(bid) can be executed only if it is at-the-money or in-the-money, i.e. the market
clearing price is higher (lower) or equal to the price limit associated with the hourly
offer (bid). Any hourly block must be fully executed in case it is in-the-money, as
follows from equation constraint (2). Conversely, due to the constraint (3), every
hourly order is rejected when it is out-of-the-money, i.e., the market clearing price
is lower (higher) than the price limit associated with the hourly offer (bid). In case
the market clearing price is equal to the price limit of the hourly order or is right
between the two price limits of the order, the order may be partially executed, see
constraint (4). However, this does not hold true for block orders. Due to the fill or
kill constraint imposed on them, none of the block orders can be executed partially
or paradoxically3 . On the other hand, it may happen that a block order is rejected
3

an order is said to be executed paradoxically when it is executed despite being out-of-the-money
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despite being in-the-money. This happens when taking the block order into consideration influences the market clearing price in such a way that the limit criteria
on the block order is not fulfilled. Though, should the block order be rejected, the
calculated market clearing price changes causing the block order to be in-the-money
(EPEX Spot, 2012b). Satisfaction of constraint (5) implies that any accepted block
order must necessarily be in-the-money. In general, a block offer (bid) is accepted in
case the average of the rounded market clearing prices weighted by the volume limits
entered for the corresponding hours is higher (lower) than the price limit specified
in that order.
COSMOS was designed to handle the network constraints of several types of network representations such as the ATC-Based or the Flow-Based representation. It is
also able to tackle possible future ramping constraints (i.e. restrictions imposed on
the electricity flow in case a change of direction occurs between two hours) or constraints which come as a consequence of using high-voltage direct current (HDVC)
cables, such as the NordNed cable that has been successfully interconnecting Norwegian and Dutch power grids since January 12, 2011 (EPEX Spot, 2011c). Even
though the physical properties of electric power are modeled more accurately by
the Flow-Based network representation, the ATC-Based network representation is
currently the one in use for the CWE market coupling. Under the constraint (6), the
electricity flow on ATC line l on hour h must not be higher than the available capacity of that line. Unless the ATC of line l on hour h is fully exhausted, no congestion
revenue is collected and the M CP for hour h equalizes on both sides of the interconnection with a price tolerance of 0.005 EUR/MWh. A positive congestion price
AT C_P RICE l,h automatically implies that line l is fully congested during hour h,
as follows from constraint (7). From the mathematical point of view, the variable
AT C_P RICE l,h corresponds to a Lagrange multiplier of the capacity constraint
(6). It is zero unless the line is fully congested in which case it starts assuming
positive values equal to the price difference between the two interconnected market
segments, see equality (8). The last network constraint (9), expresses the state of
balance in which the bidding area must be on hour h and which exists between all
the block and hourly orders (offers or bids) originating in the bidding area and the
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net import/export position of the bidding area.
A short graphical description of the COSMOS algorithm can be found in a
flowchart Figure 2 which was included in order to illuminate the clearing process.
At the beginning, COSMOS ignores the fill or kill constraints of the block orders,
a step which transforms the MIQP into a much simpler Quadratic Program (QP),
and allows all the block orders to be executed partially if needed. In case the solution obtained from the QP does not result in any block orders being executed only
partially - or in other words results in a feasible solution - than COSMOS has found
the optimal solution at the first step. Otherwise, the algorithm proceeds by forcing
the partially executed blocks to be fully executed or rejected one by one.
From then on, there are two possible situations in which the algorithm can be
found at any given step. Firstly, COSMOS may force some of the partially executed
block orders to be either fully executed or rejected while leaving the rest of the block
orders only partially executed - this is what we call a partial solution. The value of
the social cost resulting from the partial solution is the lower bound of the social
cost of any other solution that may be obtained by completing the partial solution,
i.e., enforcing the remaining block orders to be either fully executed or rejected. In
case the lower bound of the social cost of the partial solution is higher than the
value of social cost of the best solution found so far, the partial solution is discarded
at once and COSMOS returns to the beginning of this step, only this time it selects
a different combination of block orders to be executed and rejected. Otherwise,
COSMOS chooses a block order that is only partially executed and creates two subcases by forcing the block order to be executed in the first case and to be rejected
in the other one. The other possible outcome at the particular step is one where
all block orders are either fully executed or rejected in which case COSMOS still
has to find prices compatible with the solution and make sure all the constraints
are fulfilled. If such prices cannot be found additional constraints are used for
transforming the problem into one were the set of possible solutions excludes the nonfeasible solution. Finally, if COSMOS can find prices compatible with the solution
than we say that a feasible solution has been found. In case the social cost resulting
from this particular solution is lower than the social cost associated with the best
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Figure 2: COSMOS algorithm flowchart
solution found so far, than this solution is marked as such. COSMOS will then
return to examining a different setup of block orders to be executed and rejected if
any remains pending.
After the COSMOS algorithm finds the optimal price for each hour, linear interpolation is used to determine the quantities bought and sold by the exchange
members whose orders were submitted to the Trading System. The prices used
for the linear interpolation are rounded off according to the contract specifications
stated in the Operational Rules of the exchange right after the interpolation. In

21

Figure 3: Simple case of price indeterminancy (EPEX Spot, 2011b, page14)
case total sold and purchase quantities are not in balance as a consequence of the
commercial rounding, the remaining quantities are reassigned to Exchange Members
on portfolio basis.
An indeterminancy is what we call a situation when the algorithm provides multiple solutions to the market coupling problem all of which are associated with the
same cost (or alternatively - same social welfare). There are two types of indeterminancy situations described in the COSMOS documentation (EPEX Spot, 2011b).
The first one, the price indeterminancy, occurs when there are multiple solutions
with the same combination of orders to be executed, the same social cost associated
to the solution but different market clearing prices. Such situation most frequently
results from the aggregated supply and demand curves sharing a vertical segment,
for illustration see Figure 3, where U B is the upper bound and LB is the lower
bound of market prices compatible with the solution.
In a simplified way, COSMOS will then proceed by picking the mid-point M CP ∗
as the market clearing price.The other case, volume indeterminancy, occurs when
there are multiple solutions compatible with identical prices, social cost, and feasible
block selections. The difference here lies within the volume sold and bought on the
markets (see Figure 4). In general, COSMOS will tackle the problem by maximiz-
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Figure 4: Simple case of volume indeterminancy (EPEX Spot, 2011b, page 16)
ing the traded volume to M CV ∗ , however, the procedure of dealing with volume
indeterminancies includes also avoiding and sharing curtailment. In fact, priority
is given to solving curtailment issues before the actual volume maximization, since
extreme prices lead to volume indeterminancies. We leave the details excluded, as
this is not the main concern of the theses. For further discussion see (EPEX Spot,
2011b).

3.5

Mathematical framework underlying the algorithm

As was already mentioned earlier on in the study, the mathematical problem solved
by COSMOS can be classified as a mixed integer quadratic program. Its quadratic
character follows from the objective function of the minimization problem on page
17, which is quadratic in the term ACCEP T o . Without the fill or kill constraint
on block orders, the problem would be reduced to a simpler quadratic program as
both ACCEP T o and ACCEP T b variables would be continuous. However, with
ACCEP T b assuming only values of 0 and 1, we are dealing with a problem where
an integer variable is mixed with other variables of a continuous nature. In this
section, we have worked with the theoretical framework outlined in the first, second
and thirteenth chapter of (Li and Sun, 2006).
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(Li and Sun, 2006) provide the following general formulation of a mixed integer
nonlinear programm (MINLP) P :
minimize f (x, y)
subject to gi (x, y) ≤ 0, i = 1, . . . , q,
hi (x, y) = 0, i = 1, . . . , l,
x ∈ X ⊆ Rn , y ∈ Y ⊂ Zm ,
where f : X × Y → R, gi : X × Y → R (i = 1, ..., q) , hi : X × Y → R (i = 1, ..., l) and
Zm is the set of m-dimensional integers. X and Y are assumed to be a non-empty
convex set in Rm and a finite integer set in Zm , respectively. A feasible solution
(x̃, ỹ), where x̃ ∈ X and ỹ ∈ Y , is one such that ∀i = 1, . . . , q : gi (x̃, ỹ) ≤ 0 and
∀i = 1, . . . , l : hi (x̃, ỹ) = 0. The optimal solution is a feasible solution (x∗ , y ∗ )
such that f (x∗ , y ∗ ) ≤ f (x, y) for every feasible solution (x, y). A possible way of
finding the optimal solution is generating a sequence of lower and upper bounds of
the optimal solution of the original problem P . The feasible solutions usually give
the upper bounds of the optimal solution whereas the lower bound can be found
in several ways, one of them being the so called continuous relaxation used in the
branch-and-bound method, which is, as was already said, the method underlying
the COSMOS algorithm.
First of all, (Li and Sun, 2006) define a relaxation of the primal problem (P )
as a problem (R(ξ)) with a parameter ξ for which the optimal value v(R(ξ)) of
problem (R(ξ)) is always lower than the optimal value of the primal problem (P ),
i.e., v(R(ξ)) ≤ v(P ) for all possible values of the parameter ξ. Due to the integer
character of y (ACCEP T b in COSMOS) the feasible region of the MINLP is nonconnected. This difficulty can be removed by relaxing the integrality of variable y,
i.e., by using a continuous relaxation P̄ of the primal problem:
minimize f (x, y)
subject to gi (x, y) ≤ 0, i = 1, . . . , q,
hi (x, y) = 0, i = 1, . . . , l,
x ∈ X ⊆ Rn , y ∈ conv(Y ),
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where conv(Y ) is the convex hull of the integer set Y and thus Y ⊂ conv(Y ),
therefore it holds v(P̄ ) ≤ f (x∗ , y ∗ ).
The branch-and-bound is a strategy based on partial enumeration where points
are arranged into a node-tree structure branching from top to bottom with every
node carrying information necessary for formulating and solving the subproblem
corresponding to the given node. The algorithm starts from the top and systematically discards all points (subproblems) that are clearly not leading to the optimal
solution. This can be done since the value of the objective function at a given
node presents the lower bound of all the values the objective function may reach
at any feasible point that can be found by continuing the branching process from
that particular node. The integer set Y is divided into n subsets (n ≥ 2) giving us
Y1 , Y2 , . . . , Yn where each one of the sets corresponds to one node. Than instead of
solving the problem (P (X, Y )), the algorithm looks into the n nodes associated with
subproblems (P (X, Y1 )),(P (X, Y2 )), . . . , (P (X, Yn )) and for each node i, it computes
the lower bound LB i of the optimal value of the subproblem (P (X, Yi )) and compares the value of LB i to the incumbent, i.e., to the best solution found so far. In
case the optimal value of the subproblem (P (X, Yi )) is greater than the value of the
objective function for the incumbent, then the branch is automatically discarded
(fathomed ). Otherwise the branch with subproblem (P (X, Yi )) is left to be further
examined. Every time the algorithm finds a feasible solution with the objective
value lower than the incumbent, the solution is marked as such. When all the nodes
of the same level have been examined, one unfathomed node is selected, branched
and further searched for better solutions. This process continues until there are no
more subproblems left to be solved.
A stepwise notation of the branch-and-bound algorithm as it was published by
Li and Sun follows (Li and Sun, 2006) . Only slight adjustments have been made
to adjust the algorithm to the mixed integer nature of the problem:
(1) (Initialization)
Divide the initial problem into a set of subproblems L = {P (X, Y )}. Mark the
initial feasible solution as the incumbent (x∗ , y ∗ ) and set v ∗ = f (x∗ , y ∗ ). If there
is no feasible solution to the problem, set v ∗ = +∞.
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(2) (Node Selection)
If L = ∅, then stop and (x∗ , y ∗ ) is the optimal solution to problem (P ). Otherwise, select one or more nodes from the set L and denote the set of k selected
nodes by Ls = {P (X, Y1 ), . . . , P (X, Yk )}. Let L := L \ Ls . Set i = 1.
(3) (Bounding)
Find the lower bound LB i of subproblem (P (X, Yi )). Set LB i = +∞ if the
subproblem (P (X, Yi )) is non-feasible. If LB i ≥ v ∗ , jump to (6)
(4) (Feasible solution)
Save the best feasible solution found in (2) or generate a better one when possible
by certain heuristic method. Replace the values of the incumbent (x∗ , y ∗ ) and
v ∗ whenever needed. Remove all (P (X, Yj )) satisfying LB i ≥ v ∗ , i ≤ j ≤ i. If
i ≤ k, then set i = i + 1 and return to (3). Otherwise, continue with step (5).
(5) (Branching)
If Ls = ∅, then go to (2). Otherwise, select a node (P (X, Yi )) from Ls . And further divide Yi into smaller subsets so that we have Lsi = {(X, Yi1 ), . . . , (X, Yin )}.
S S
Then remove (P (X, Yi )) from Ls and set L := L Ls Lsi . Proceed to step (2).
(6) (Fathoming)
Remove (P (X, Yi )) from Ls . If i < k, set i := i + 1 and go back to step (3).
Otherwise continue with step (5).
It is known that the algorithm reaches the optimal solution within a finite number
of iterations since the set of integer points Y is finite and thus only a finite number
of branching steps can be taken. In the end the set of subproblems L will be empty
and the optimality of the best solution that has been found so far will be obvious.
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4

Empirical Part

With the worldwide gradual liberalization of electricity markets over the past two
decades, many studies have been published, in which different approaches have been
taken to estimate the extent of mutual (or one-sided) influence the markets have on
each other and the level of integration between them.
The vector error correction model was used in a cointegration analysis for 11
regional US markets (De Vany and Walls, 1999). Devany and Walls tested daily
power spot prices for evidence of market integration using strong and perfect market
integration tests which can detect whether a shock in one of the markets reflects in
all other market prices and whether the market prices of different regional markets
are perfect predictors of one another.
Lagged effects of price and volatility spillovers between Australian power markets
were studied by Worthington et al. on a data set containing daily spot averages spanning over two years from the commencement of the Australian National Electricity
Market (Worthington et al., 2005). The study has suggested using a multivariate
GARCH model to estimate to what extent do the past own and cross prices project
into current prices and estimate the own and cross-volatility persistence.
Principal Component Analysis was applied on a sample of wholesale electricity
prices from six European countries (including Austria, Germany and the Czech
Republic) spanning from 2002 to 2006 by (Zachmann, 2008) to test the hypotheses
of full market integration. Furthermore, Zachmann suggested estimating the level
of market integration with the use of a time varying coefficient model which, as he
describes, can be also altered to account for the effect of congestion charges.
Haldrup et al. propose using a regime dependent vector autoregressive (VAR)
model for the integrated markets of Nord Pool Spot (Haldrup et al., 2009). The
model captures the univariate nature of the electricity price process when no congestion price is charged whereas under congestion the price process switches to a
bivariate one.
The goal of our analysis is to test the hypothesis that German spot electricity
prices strongly affect, possibly with a lag, the price development on the Czech power
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spot market. We intend to model the dependance using vector autoregression (VAR
model). Prior to proceeding with the actual estimation, we look into the specifics of
the data and make sure the basic assumptions of the VAR model are not violated.

4.1

Data

All the data used in the study are publicly available from the web pages of OTE
(OTE, 2012c) and EPEX Spot (EPEX Spot, 2012d)4 . As was explained earlier
on in subsection 1.2, the spot markets of OTE and PXE have been interconnected
as of April 2009 and since then the electricity delivery price for any given day is
derived from the indexes published by OTE. The dataset that have been collected
for the purposes of the study contains a time series of Czech Spot Market Base
Load Index and Phelix Day Base Index for German/Austrian market, both of which
correspond to the average of spot hourly prices on a given day. German/Austrian
spot prices are used for one simple reason - strictly German prices are not available
as the delivery areas of German and Austrian TSOs form only one market zone.
The sample contains data starting from June 1, 2009 and is spanning over almost
three years to April 30, 2012 which all together gives us precisely 1065 observations.
Figure 5 shows the plotted spot prices for both markets. Negative prices were
not allowed in the Czech spot market until February 2012 when submission of bids
with negative prices were firstly allowed in line with the desired harmonization
of the Czech market with the CWE region (OTE, 2011). Unfortunately, as a
consequence of the negative prices on the German/Austrian side of the market, we
are not able to use logarithms of the spot prices which would most likely be more
suitable for our analysis because a logarithmic transformation narrows the data and
makes the estimates less susceptible to extreme values and outliers. Needless to say,
it is a known convention to use rather logarithms than levels of prices in regression
analyses.
Simple visual observation suggests that the data might not be stationary. Nevertheless, before we deal with the more complex issues of non-stationarity, we might
want to look into the seasonal and trending nature of the data. Autocorrelograms
4

the data was downloaded on 1st May 2012
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Figure 5: Czech and German power spot prices
(and partial correlograms) of the two time series are plotted in Figure 6, where the
long persisting spikes on every 7th lag give us a reason to believe there might be
a weakly pattern in the electricity prices. In fact, this only seems logical considering the nature of electricity (e.g., limited storage capacities) and the deviations in
demand which are likely to follow a certain pattern due to working days, business
hours etc.
4.1.1

Seasonality

In order to remove the observable slight linear trend and the weakly pattern in the
prices, we regressed the time series on a trend variable and a set of dummy variables
for days of the week. The dummy variables dt2 through dt7 are defined in Table B-1
in the Appendix.
CZt = β0 + β1 t + α2 dt2 + α3 dt3 + α4 dt4 + α5 dt5 + α6 dt6 + α7 dt7 + t
GEt = γ0 + δ1 t + δ2 dt2 + δ3 dt3 + δ4 dt4 + δ5 dt5 + δ6 dt6 + δ7 dt7 + φt
We can think of the residuals from the regressions above as being deseasonalized and
linearly detrended, thus from now on we will be using them in place of the original
time series. The seasonal adjustment of part of the data can be seen in Figure 7.
Furthermore, autocorrelograms, partial correlograms, and a cross-correlogram are
included in Figures 8 and A-1 to better demonstrate the change in the nature of the
time series which prior to detrending and - even more importantly - deseasonalizing
might have been a source of spurious relationships.
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Figure 6: Autocorrelograms and partial correlograms of GEt and CZt time series

Figure 7: Seasonal adjustment of CZt and GEt spot prices
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Figure 8: Autocorrelograms and partial correlograms of GEt and CZt after the trend
and seasonality adjustment
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4.1.2

Stationarity

Another important issue that needs to be addressed is stationarity of the data at
hand. Non-stationary time series are characteristic for having a long memory, i.e., a
shock that occurs at time t may never subside, whereas for stationary time series its
influence diminishes at least gradually. Regressing two non-stationary time series
one on each other may lead to spurious regression giving us misleading information
in terms of the mutual relationship between the two stochastic processes (Cipra,
2008). Moreover, when dealing with non-stationary data one cannot rely on the
usual t and F statistics as they follow a distribution that has come to be known as
the Dickey-Fuller distribution (Wooldridge, 2003).
When detecting stationarity, one has to bear in mind that there are more than
one sources of possible non-stationarity each of which needs to be treated differently.
Deterministic non-stationarity can be easily eliminated by including a trend in the
regression (detrending the series), whereas elimination of stochastic non-stationarity
requires special stochastic models (Cipra, 2008). Random walk is an example of
the later and can be easily transformed from a non-stationary I(1) process to a
stationary I(0) process by first-differencing. We use the Augmented Dickey-Fuller
(ADF) test to detect whether the deseasonalized series of spot prices include a unit
root. The null hypothesis of the ADF test is H0 : time series has a unit root and
thus the unit root cannot be rejected unless the test provides strong evidence against
it.
It is strongly advised to combine the ADF test with the Kwiatkowski-PhillipsSchmidt-Shin test (KPSS) as the null hypothesis of the later is inverse to the null hypothesis of the ADF test, i.e., the null of KPSS states H0 : time series is stationary.
Only the cases when ADF rejects the null while KPSS does not (and vice versa) are
considered conclusive (Cipra, 2008).
As we have already detrended the data, there is no need to adjust the ADF test
to account for a deterministic trend. Furthermore, the MSIC information criteria
was used for determining the optimal number of lags to be included in the ADF test
in order to better describe the dynamics of the process and to make sure there was
no serial correlation in the residuals. It is possible to estimate the optimal number
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of lagged differences with the help of other criteria, several of which yield different
number of lags. However, the conclusions of the tests were invariant regardless of
the chosen criterion - we strongly rejected the null hypothesis of a unit root on 1%
significance level in both GEt and CZt time series. The results of the ADF test are
included in Table B-2 in the Appendix.
The KPSS test did not provide enough evidence for rejecting the null hypothesis
of stationarity of the CZt time series on 5% level. On the other hand, the LM statistic for GEt is marginally significant on 5% level, however, as the significance truly is
only marginal (see Table B-3), we conclude that the detrended and deseasonalized
data is stationary.

4.2

VAR model

The empirical part aims at determining whether the German power spot prices
project into the Czech power market and if so, with what lag do the Czech prices
react to changes of their German/Austrian counterparts. For this we will be using
a vector autoregressive model in its reduced form which is for order p defined as
follows V AR(p):
yt = ϕ0 + φ1 yt−1 + · · · + φp yt−p + t , t = 1, . . . , n
where n is the number of observations, yt is a (m×1) vector of time series y1t , . . . , ymt
such that yt = (y1t , . . . , ymt )> , ϕ0 is a m-dimensional vector of constants, t is a
multidimensional zero mean white noise t ∼ (0, Σ ) where Σ is a positive definite
covariance matrix, and φ1 through φp are (m × m) coefficient matrices. All the
processes y1t , . . . , ymt included in the VAR models have to be stationary (Cipra,
2008).
(Cipra, 2008) points out, that the VAR models present a combination of AR(p)
processes with simultaneous equations models and are used instead of the later to
describe more complex equation systems. They bring many advantages, one of them
being the fact that there is no need to determine which variables are exogenous and
endogenous as all of them are automatically considered endogenous. Compared to
simple AR(p) models they present a useful extension as the variables are no longer
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explained only by their own lagged values but also by lagged values of the other
variables (in case of the reduced VAR model which is the one used in the study).
One of the limitations of the VAR model is its inability to deal with non-stationary
data. In case the process contains a unit root we can still use the VAR model on
the stationary first differences, although this approach may lead to loss of information concerning the long-term relationship between the time series. Cointegration
and vector error correction models (VECR) are designed to reveal the long-term
relationship between non-stationary time series (Cipra, 2008). However, the VECR
models are beyond the scope of this text.
4.2.1

Model identification

Prior to the actual estimation, one has to decide on the appropriate order of the
VAR model. The information criteria suggest using a VAR model of order 9, 3, and
1. We choose to use the VAR(9) model as it was marked as the most suitable one
by two of the criteria and, unlike the other models, satisfied the requirement of no
serial correlation in the errors.
CZt = ϕ10 +

9
X

φ1i CZt−i +

i=1

9
X

φ1i GEt−i + 1t , t = 1, . . . , 1065

i=1

The equation for the German/Austrian prices is analogous. The estimated equation
is:
CZt = 0.42CZt−1 + 0.13CZt−3 + 0.13CZt−7 + 0.29GEt−1 + 0.1GEt−6 − 0.08GEt−9
GEt = 0.3CZt−1 + 0.15CZt−7 + 0.38GEt−1 − 0.13GEt−7 , t = 1, . . . , 1065
where only the explanatory variables with a t statistic greater than 2 in absolute
value were reported. The complete regression results are included in Table B-7 in
the Appendix.
4.2.2

Model diagnostics

Before we proceed with interpretation of the model’s findings, we must verify that
the essential requirements of the model are satisfied. In a nutshell, we test the stability of the model and check whether there is any serial correlation in the error term.
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The model is stable when all the inverse roots of the autoregressive polynomial lie
inside the unit circle; this was confirmed by the stability test (see Table B-4). In
the next step I used the Breusch-Godfrey-LM and the Portmanteau tests for serial
correlation, none of which provided enough evidence against the null hypothesis of
no serial correlation in the residuals (see Table B-5). Unfortunately, the residuals appear to follow a non-normal distribution (see Table B-6) which according to
Luetkepohl (2011) does not pose a problem for many of the statistical procedures
applied to VAR models, however, it may be a sign of other model deficiencies such as
structural change in the VAR parameters. In fact, a structural change is expected
given the span of the sample (June 2009 - March 2012), as the market coupling
solution integrating market areas of Germany, France, and Benelux was launched
on 9th November 2010. For this reason, we estimated the VAR model in the same
specification once more for the shorter sample starting from the critical date. See
the results in Table B-9 and Figure A-3. The same set of tests was applied to the
shorter time series (ADF, KPSS, stability, LM, Portmanteau) with results similar
to those obtained for the full sample.
4.2.3

Results

The results of the estimation are summarized in Table B-7 in the Appendix. Unfortunately, as we have rejected the hypothesis of normality of the residuals , we can
not rely on the usual t statistics provided in the regression output. Nonetheless,
we proceed with the usual inference being aware of the limited power of our model
and hoping that the rightfulness of the conclusions drawn based on the estimation
results will not be too affected.
The finding that German and Czech prices lagged by one period are highly
significant for explaining the Czech prices is in line with our expectations. The
significant coefficient of Czech prices lagged by one week suggests that the weekly
pattern of electricity trading prevails even after the data was deseasonalized. On the
other hand, the significance of the Czech prices lagged by three periods and of the
German prices lagged by nine and six periods are rather misleading and, as can be
seen, are absent in the regression result for German prices. One should also bear in
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mind that the residuals do not follow a normal distribution therefore the t-statistics
should be treated with reserve. Repeating the analysis for a different time period
might also bring other information as to whether the lagged effects in question truly
project to the current prices or whether this is merely a feature of the dataset at
hand.
The regression results of German prices are, in a way, interesting but also more
straightforward. Only the first and seventh lags of German/Austrian and Czech
prices project to the current German/Austrian prices with a significant effect. The
seventh lag can be again attributed to the persisting weekly pattern. What appears
to be less foreseeable is the highly significant effect of Czech prices which suggests
that not only has the German electricity market a strong impact on Czech power
market, but there exists a feedback relationship between the two price processes.
Granger-causality is an important concept in VAR analysis. We say, that variable
GEt is a Granger-causal for the variable CZt if the information contained in past and
present values of GEt helps predict the future values of CZt (Cipra, 2008). If GEt
Granger-causes CZt without CZt Granger-causing GEt we say there exists a unidirectional relationship between the two variables. If the relationship is not unidirectional, i.e., CZt Granger-causes GEt in return, we say there is feedback between the
two variables - this turns out to be the case for German/Austrian and Czech prices,
as shown in Table B-8 in the Appendix. The test rejects the null hypotheses of H0 :
GEt does not Granger − cause CZt and H0 : CZt does not Granger − cause GEt
on any common significance level.
However, Granger-causality does not specify whether the causal relationship has
a negative or a positive influence, neither does it show for how long the response to
an initial shock persists. Impulse response function (IRF) allows us to observe the
reaction of any variable to a shock in one of the model’s equations (Cipra, 2008).
The IRFs of the model are included in Figure A-2. As we can see, the effect of the
initial shock in a stationary model always gradually subsides.
Now we briefly turn to the results of the model that were estimated on the
shortened sample (see Table B-9 and Figure A-3). As we can see, the significant
impact of first lags of German/Austrian and Czech prices on their current values
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remained more or less unchanged. On the other hand, the previously persisting
day-of-the-week effect had almost disappeared. Thus we conclude that the only
significant lagged effect that remained stable over time was the effect of the previous
day.
The seemingly significant feedback relationship, regardless of how unexpected it
is, raises questions as to how to interpret this result practically. One might think that
the relative size of the markets would justify considering the German/Austrian prices
as exogenous in the model. On the other hand, one must also consider the exportoriented nature of Czech industry, the energy industry inclusive. For illustration,
from the beginning of 2012, more than CZK 4.2 billion worth of electric energy have
been exported to Germany which makes the German market the second biggest
importer of Czech energy among its neighboring states (after Slovakia) and the first
net importing market (Czech Statistical Office, 2012). Another explanation may
lie in the structure of market participants of the OTE exchange. If we compare the
list of market participants trading on the Czech spot market with the list of market
participants who are entitled to trade on EPEX Spot, we find that the number of
market participants shared between the two exchanges is non-negligible and also
includes the Czech energetic giant ČEZ, a.s.
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Conclusion
The main purpose of the study was to provide a detailed description of the matching algorithm employed in EPEX Spot, that is to say the auction segment of the
power spot market of European Energy Exchange (EEX). We found that the COSMOS algorithm designed to provide the market coupling solution for Central West
Europe uses methods of discrete optimization to tackle the limitations that come
with allowing the entering of block orders with fill-or-kill constraints along with the
single-contract orders into the order book. More specifically, the market coupling
problem solved by the algorithm can be described as a mixed integer quadratic
program, the solution of which is based on the state of the art branch-and-bound
optimization algorithm.
The empirical analysis in the third part of the study aimed at testing the hypothesis that the German power spot prices influence the Czech power spot market
and that this happens with a certain lagged effect. We found that the time series
of spot prices of both German and Czech markets follow a strong weekly pattern
which is likely to be caused by the nature of electricity and its consumption. Prior
to applying a vector autoregressive model to analyze the own and cross lagged effect
of power spot prices, the data has been seasonally and trend adjusted in order to
reduce the possibility of finding a spurious relationship between the two time series.
However, whilst confirming our hypothesis of the dependance of Czech electricity
prices on their German counterparts and their lagged values presents a valuable
contribution, another interesting result was obtained as a by-product of the analysis.
As it turns out, not only do the Czech spot prices to a certain extent copy the
development on the neighboring German/Austrian power spot market but the same
statement can be made apropos the German prices. We believe this could form basis
for further research.
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