TRILATERAL MARKET
COUPLING

ALGORITHM APPENDIX

Group ine rn eXt

September 2006

EEEEEEEEEEEEEEEEEEEEE



Table of contents

1 Definitions and Abbreviations........ocvvuiiuiiiiiiiiiiiiiiiiiii e 4
A [ 14 (oo [8 ot 4 o] o HO PPN 6
3 Purpose of the Trilateral Market Coupling Algorithm........coviiiiiiiiiiiiiiiiiiiiiiiiiiiii e, 8
3.1 Input of the Trilateral Market Coupling Algorithm................cociiiiiiiiiiiiiiint. 8
3.2 Output of the Trilateral Market Coupling Algorithm ...........ccociiiiiiiiiiiiiiiiiiininnen... 8
3.3 High Level Properties. .......couiiiiiiiiii ittt et e eeeaeaees 8
3.3.1  Market Coupling High Level Properties........ccuieveeiitiieiiiiiiiiiiiiiiiieeneeneeneanenns 8
3.3.2  Power exchanges High Level Properties ......cceuieeiiiiiiiiiiieiniiieeiieeeieeenneeneens 11

I 1o 0T o O = 12
Overview of the Market COUPLING PrOCESS .....euuinuiiniiii ittt eiieeetneeeeeeeeneneenns 14

5.1 Initial calCUlations. ..ottt e eaeaes 15
5.2 Iterative calculations ...........cciuiiiiiiii i e 15
5.3 Final calCulations........o.oiuiiniiiiii i ettt et eaeeaes 16

6  Functioning of the coordination Module .........oiiiiiiiiiiiiiiii i e e eeeeeeenns 17
6.1 Solving two-Market CoUPliNG.......ccciniiiiiiii i e e aees 17
6.2 Solving three-Market COUPIING .........coiuiiuiiniiiiiiiiiii i eeeeaees 18
6.3 Price and quantity determination rules.............cooiiiiiiiiiiiiiiiiiiiiiiiiiieeees 22
6.3.1 Quantity determination FULES ... .vineiiiiiiiii i i e e e ereeneereeeeeeaanes 22
6.3.2  Price determination FULES ......cooviiiiiniiiiiiiiiiiiiiiirri s 23

7 Functioning of the bloCK SElEeCtOr ....i.uuiii i et e et e e e eeeeas 27
7.1 Definition of the Winning Subset ........ ..o 27
7.2 Adjustment of the Winning Subset ............coiiiiiiiiiiiii e 27

8  HLPs in case Of deCOUPLING ...ceiuttitiiiiiiitiiiiiteertteieeeereaeeeneeeneeeanesaneseneennnsenneennenns 28

POWERNEXTO APXOBELPEXO 2/28



POWERNEXTO APXOBELPEX® 3/28



1 Definitions and Abbreviations

For the purpose of this Trilateral Market Coupling Algorithm Appendix the definitions of the Market
Rules and the Functional Procedure shall apply to capitalized terms and expressions. In addition the
definitions set out hereunder apply to capitalized terms and expressions.

This document has been elaborated in common by APX, Belpex and Powernext SA and shall be
implemented by them in view of market coupling between the power exchanges they each operate.
As a result certain terms and definitions used in this document may differ from the terms and
definitions used in the APX Rules and Regulations DAM. In case of contradiction in terms, this
Trilateral Market Coupling Algorithm Appendix will prevail over the terms and definitions being used
in the APX Rules and Regulations DAM.

ATC: Available Transfer Capacity;

ATC, , n: ATC from Market X to Market Y for Settlement Period h of the following Day, as defined
daily by the TSOs prior to the Market Coupling matching. For each interconnection involved in the
Market Coupling, an ATC is defined for each Settlement Period and in each direction;

Bid: a Block Bid or a Divisible Hourly Bid;
Block Bid: a Block Order for the purchase of electricity;
Block Offer: a Block Order for the sale of electricity;

Block Order: an Order on a product comprising of one or several consecutive Settlement Periods,
that can either be executed for its entire quantity and over all Settlement Periods or not be
executed at all; the Price Limit of a Block Order has to be compared with the average of MCPs over
the corresponding Settlement Periods;

Divisible Hourly Bid: a Divisible Hourly Order for the purchase of electricity;
Divisible Hourly Offer: a Divisible Hourly Order for the sale of electricity;

Divisible Hourly Order: an Order on a product defined by one Settlement Period, and that is not a
Block Order; an Order is defined by a product, a Price Limit, a quantity and a direction (purchase or
sale);

High Level Properties (HLP): the set of properties that are met by the Market Coupling results;

Hub: A bilateral market platform in a country where electricity is exchanged between the balance
perimeters of market actors;

Market Coupling: a decentralised coordinated day-ahead international congestion management
mechanism by which the market prices and schedules of the day-ahead markets operated by the
power exchanges of two or more neighbouring Hubs are simultaneously determined together with
the use of the daily ATC.

MCPy,n: MCP of market X for Settlement Period h;
MCVy ,: Market Clearing Volume of market X for Settlement Period h;

NBVyx hi: Net Block Volume is equal to the (accepted) sale block volume minus the (accepted)
purchase block volume of market X for Settlement Period h and iteration k;

NEC: Net Export Curve;
NECx n «: NEC of market X for Settlement Period h and iteration k, see section 4;

Net Position Ex s for each TSO X and each Settlement Period h, the TSO Net Position; the Net
Position Ey j, is equal to the Net Position Qx, of the corresponding power exchange, within a margin
allowing for rounding;

Offer: a Block Offer or a Divisible Hourly Offer;

PRB: Paradoxically Rejected Block; i.e. a Block Order that is rejected even though its price is
compatible with the average of the MCPs of the relevant Settlement Periods;

Price Limit: the Price Limit is the submission price of an Order;
Qxn: Net Position (positive = export, negative = import) of market X for Settlement Period h;

Q*: the volume on a horizontal segment of a NEC representing the maximum volume of trade at that
price in the local market;
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Settlement Period: one hour;
Trilateral Market Coupling Algorithm: the algorithm described in this document;

TSO: transmission system operator, i.e. Elia System Operator SA/NV, RTE SA and/or TenneT TSO
B.V. as the case may be;

TSO Net Position: the net quantity of electricity bought or sold by the TSO as a result of the
matching on the power exchange operating in its Hub;

Winning Subset: the subset of the set of Block Orders in a market which are accepted at a given
iteration.
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2 Introduction

Market Coupling is both a mechanism for matching Orders on a power exchange and an implicit
cross-border capacity allocation mechanism. Market Coupling improves the economic surplus of the
coupled markets: the highest Bids and the lowest Offers of the coupled power exchanges are
matched, regardless of the area where they have been submitted; matching results depend however
on the ATC between the coupled hubs.

Market prices and schedules of the day-ahead power exchanges of the several connected markets
are simultaneously determined with the use of the ATC defined by the relevant Transmission System
Operators (TSOs). The transmission capacity is thereby implicitly auctioned and the implicit cost of
the transmission capacity from one market to the other is the price difference between the two
markets. In particular, if the transmission capacity between two markets is not fully used, there is
no price difference between the markets and the implicit cost of the transmission capacity is null.

Basics of Market Coupling
This section is meant to give a qualitative explanation of Market Coupling.

Market Coupling relies on the principle that the market with the lowest price exports electricity to
the market with the highest price. Two situations may appear: either the ATC is large enough and
the prices of both markets are equalized (price convergence), or the ATC is too small and the prices
cannot be equalized. These two cases are described in the following examples.

Suppose that, initially, the price of market A is lower than the price of market B. Market A will
therefore export to market B, thus the price of market A will increase whereas the price of market
B decreases. If the ATC from market A to market B is sufficiently large, a common price in the two
markets may be reached, so that no market tends to export/import to the other anymore.

P (€/MWh) P (€/Mwh)
A Market A A Market B
Purchase, _ Purchase, Purchase Import
PB
PA* = PB*
Yr] DR R, el
PA

Sale, Sale,

QA > Q

Q (MWh) QB" ™ Q (Mwh)

Figure 1- Representation of Market Coupling for two markets, no ATC congestion.

Another situation happens when the ATC is not sufficient to ensure price harmonization between
the two markets. The amount of electricity exchanged between the two countries is then equal to
the ATC and the prices are given by the intersection of the purchase and sale curves. Exported
electricity is bought in the export area at a price of P,*, and is sold in the import area at a price of
Pg*. The difference between the two prices multiplied by the exchanged volume —i.e. ATC— is
called congestion revenue, and is collected and used pursuant to article 6.6 of the Regulation (EC)
N°1228/2003 of the European Parliament and of the Council of 26 June 2003 on condition for access
to the network for cross-border exchanges in electricity.

POWERNEXTO APXOBELPEXO 6/28




Figure 2- Representation of Market Coupling for two markets, ATC congestion
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3 Purpose of the Trilateral Market Coupling Algorithm

3.1
The Trilateral Market Coupling Algorithm takes as an input:

Input of the Trilateral Market Coupling Algorithm

e The ATC between each area for each flow direction and each Settlement Period of the
following Day —i.e. for each hour of the following Day;

e The (Block Free) NECs of each market for each Settlement Period of the following Day, i.e.
the difference between the total quantity of Divisible Hourly Bids and the total quantity of
Divisible Hourly Offers for each price level (see section 4). The NEC reflects a market’s
import or export volume sensitivity to price;

e The Block Orders submitted by the participants in each local market.

3.2 Output of the Trilateral Market Coupling Algorithm

The Trilateral Market Coupling Algorithm provides as an output for each market:
e The set of accepted Block Orders;
e The Net Position for each Settlement Period of the following Day;

e The price (MCP) for each Settlement Period of the following Day.

3.3 High Level Properties

The results of the Trilateral Market Coupling Algorithm are consistent with a number of ‘High Level
Properties’. The High Level Properties can be divided into two subsets: (1) Market Coupling High
Level Properties, and (2) power exchanges High Level Properties.

3.3.1  Market Coupling High Level Properties

The Market Coupling High Level Properties are constraints that the Market Results fulfil for each

Settlement Period.

3.3.1.1 Description

Constraint

Relevance

HLP1

MCP’s are positive;

Negative market prices are
permitted on any power exchange;

currently not

HLP2

The absolute value of the sum of the
TSO Net Positions is smaller than or
equal to 1 MW;

The TLC-calculated electricity exchanges between
the individual hubs must be in balance. The TSOs
in aggregate should not be net buyers or sellers
(with a small tolerance to allow, inter alia, for
rounding issues);

HLP3

Every export or import schedule
resulting from the TSO Net Positions
is smaller than or equal to the ATC
on the relevant interconnection in
the relevant direction;

The TLC-calculated electricity exchanges should
be consistent with the published ATCs

HLP4

The MCP at the importing side of an
interconnection is not smaller than
the MCP at the exporting side minus

The TLC-calculated electricity exchanges should
flow from the low-price market to the high price
market (with a small tolerance to allow, inter
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€0,10; alia, for rounding issues);

HLP5 Whenever the export or import|If the interconnection is being used efficiently,
schedule resulting from the TSO Net | the TLC-calculated electricity exchanges will be
Positions is smaller than the ATC on | such that either prices have converged (with a
the relevant interconnection in the | small tolerance to allow, inter alia, for rounding
relevant direction, the MCP at the | issues), or they have reached the physical ATC
importing side of the interconnection | limit (in which case prices are likely to be
is not higher than the MCP at the | different).

exporting side plus € 0,10.

Table 1- Market Coupling High Level Properties

3.3.1.2 Formulation

These constraints correspond to the following mathematical expressions, expressed with the
correspondent notations and definitions:
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Mathematical formulation

HLP1 | For eachiand h, P;, 20
HLP2 | For each h,
> E in|S VT
HLP3 | For each i € {F, NL} and each h,
- ATCpe,ip SEin <ATC, gen
HLP4 | For each i € {F, NL} and each h,

E,',h >0 = PBE,h - P,"/-, > -PT
E,',h <0 = P,',h - PBE,h > -PT

HLP5

For each i € {F, NL} and each h,
(-ATCpe,i<Ei<ATC; gr)
= |Psen-Pin | <PT

Table 2- Mathematical formulation of
Market Coupling High Level Properties
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Notations
i,j Represents a Hub and ranges over
{FR, BE, NL}
FR: France, BE: Belgium, NL: the
Netherlands
h Represents a Settlement Period and
ranges over {1, ..., 24}
ATC; ;» | Represents the value of the ATC from
i to j for Settlement Period h
(MW)
Ein Represents the Net Position of TSO;
on power exchange; for Settlement
MW) | Period h (positive if an export,
negative if an import)
Pi,n Represents the Market Clearing Price
of power exchange; for Settlement
€M) | Period h
vT Represents the volume tolerance
level. This positive value is
MW) | determined to allow rounding in the
numerical computations of the
Trilateral Market Coupling Algorithm.
VT = 1MW
PT Represents the price tolerance value.
This positive value is determined to
(E/MW)

allow rounding in the numerical
computations of the Trilateral Market
Coupling Algorithm.

PT = 0.1 €/MWh

10/28

Table 3- Notations for the mathematical
formulation




3.3.2

Power exchanges High Level Properties

The following power exchanges High Level Properties are constraints that the Market Results must
fulfil for each Settlement Period. They reflect the requirements of individual participants trading
on the power exchanges.

Description Relevance

HLP6 A Divisible Hourly Offer is not | Divisible Hourly Offers are only contracted at
accepted when the MCP is lower than | prices greater than or equal to the offered price;
the offer Price Limit;

HLP7 A Divisible Hourly Bid is not accepted | Divisible Hourly Bids are only contracted at prices
when the MCP is higher than the bid | less than or equal to the bid price;

Price Limit;

HLP8 A Divisible Hourly Offer is not | All Divisible Hourly Offers with Price Limit
rejected when the MCP is higher | smaller than the MCP are contracted;
than the offer Price Limit;

HLP9 A Divisible Hourly Bid is not rejected | All Divisible Hourly Bids with Price Limit greater
when the MCP is lower than the bid | than the MCP are contracted;

Price Limit;

HLP10 | A Divisible Hourly Order is not | A Divisible Hourly Bid or Offer may be partially
partially accepted unless the MCP is | accepted, but only if the bid or offer Price Limit
equal to the Price Limit of that | is equal to the MCP;

Order;

HLP11 | A Block Offer is not accepted when | Block Offers may only be contracted if the
the average of MCPs over the | average Market Clearing Price over the relevant
relevant Settlement Periods is lower | Settlement Periods is greater than or equal to the
than the Price Limit of this Order; offer Price Limit;

HLP12 | A Block Bid is not accepted when the | Block Bids may only be contracted if the average
average of MCPs over the relevant | MCP over the relevant Settlement Periods is less
Settlement Periods is higher than the | than or equal to the bid Price Limit;

Price Limit of this Order;

HLP13 | A Block Order is not partially | A Block Bid or Offer should either be fully
accepted; accepted or fully rejected;

HLP14 An Order s not executed for a Volume order limits must be respected.

quantity in excess of the quantity
specified in the Order.

Table 4- Power exchanges High Level Properties

POWERNEXTO APXOBELPEXO
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4  Net Export Curves

It is important, before describing the algorithm, to introduce the concept of NEC. The NECX(h) of a
market X is the Net Position QX(h) of this market as a function of the MCPX(h), i.e. the difference
between total sales and total purchases at that price, provided that every Block Order is fixed to
either a rejected or accepted state.

The NEC of each market for each Settlement Period of the following Day is determined by
calculating the volume difference between Divisible Hourly Bids and Divisible Hourly Offers for each
price level between the minimum and the maximum prices (extreme prices are harmonised between
the power exchanges), after having considered accepted Block Orders as price-inelastic Divisible
Hourly Orders on each Settlement Period they apply to. Depending on the market, Divisible Hourly
Offers and Divisible Hourly Bids are defined in two different ways, either with points or with
segments.

For a deeper understanding of the NEC concept, the construction of the two types of NECs is
presented in the box below.

e If Divisible Hourly Bids and Offers are defined with price-quantity couples, the curve is
obtained by joining the points to each other. Thus the NEC is (piecewise) linear, as shown
in the picture below. This type of NEC is used by the French market Powernext.

P (€ /mwh) P (€ / Mmwn)

Divisible hourly

offers curve

Net Export Curve

>

A /L

Divisible hourly

bids curve
—> <

>

Volume (Mwh Import (Mwh) 0 Export (Mwh)

Figure 3- Linear NEC

e If Divisible Hourly Bids and Offers are defined with price-quantity range pairs —i.e. for
each price a range of feasible quantities is defined—, the curve is obtained by joining the
segments to each other. Thus the NEC is a stepwise curve, as shown in the figure below.
This kind of NEC is used by the Belgian market Belpex and by the Dutch market APX.

P (€ / Mwh) P (e/vwh)
4 Divisible hourly A
bids curve
_I Divisible hourly —

S| offers curve -

7 ,I
Net Export Curve

Pi < I _
qi q > <= >
Volume (Mwh) Import (mwh) 0 Export (vwh)

Figure 4- Stepwise NEC
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On each horizontal segment of the NEC, a range of quantities is feasible for a given price. The
executed volume (bids + offers) on the power exchange is maximised for one quantity of this range;
this quantity is written Q*. The Q* quantity is not necessarily reached at the extremity of the
horizontal segment, but can be reached on any point of the segment.

For example, at the price Pi, the NEC has a horizontal segment and the executed volume on the
power exchange is maximised if the offered volume is q1 and the bid volume is q2. Hence Q* is
equal to g1 minus g2; this quantity is indicated on the NEC. Note that the Q* volume is not at the
extremity of the horizontal segment.

Box 1 Construction of NECs

A market may construct several NECs for every Settlement Period, considering every possible
combination of accepted and rejected Block Orders. These combinations of accepted Block Orders
are called “Winning Subsets”. A particular instance of the NEC is the block-free NEC, constructed
strictly from Divisible Hourly Orders, thus excluding all Block Orders.

All other possible NECs of the same Settlement Period can be derived from the block-free NEC, as
they only differ from each other by the Winning Subset. For the NEC construction, the Block Orders
within the Winning Subsets are represented by price-inelastic Divisible Hourly Orders. As a result,
the hourly demand and/or offer curves shift to the right. The difference between the shifts of the
offer curve and the demand curve - the net volume resulting from the Winning Subset for a
particular Settlement Period - is called the Net Block Volume (NBV). Thus each possible NEC for a
particular Settlement Period is a horizontal translation of the block-free NEC by a NBV(h,k), as
illustrated in Figure 5. The NBV can be either positive or negative. A Net Block Offer Volume is
positive and causes the NEC to shift to the right while a Net Block Bid Volume is negative and causes
the NEC to shift to the left.

P (€MWh) Block Free NEC Block Free NEC + NBV

]

—_—
Net Block Volume

0 Net Export (MWh)

Figure 5- Shifted block-free NEC.
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5 Overview of the Market Coupling process

Using the ATCs and NECs, the Trilateral Market Coupling Algorithm can determine for each
Settlement Period the price and Net Position of each market (i.e. a point on the NEC). Now, as
mentioned above, a NEC is built for a given set of accepted Block Orders (Winning Subset). When a
set of NECs is used to determine the prices and the Net Positions of each market, the set of prices
returned for each market may very well not be compatible with this assumed Winning Subset. The
Winning Subset needs to be updated and the calculations run again with the derived new NEC. This
procedure must be repeated until a stable solution is found.

As a consequence, the Trilateral Market Coupling Algorithm involves iterations between two
modules:

e The coordination module which is in charge of the centralised computations (presented in
detail in section 6);

e The block selector of each power exchange which performs the decentralised computations
(presented in detail in section 7).

The iterative nature of the algorithm derives from the treatment of Block Orders, as explained
above.

The data flows and calculations of the iterative algorithm are described in the rest of this section.
Figure 6 gives a representation of the entire sequence of calculations required to perform Market
Coupling. The dotted area defines the perimeter of the Trilateral Market Coupling Algorithm within
that series of calculation.

ATCs submitted by TSO’s
™  Block Orders ()b Block
[}
|
5 . NEC Selector Portfolio __, Market
5 Divisible Orders == Creator € Allocator Results
~ Block Orders m—— gIOIth
) elector
o i Market
2 . NEC Portfolio
Q
F:fl Divisible Orders === Creator —> aIIocator_’ results
Block Orders =— Block n

Portfolio
x NEG Selector \ allocator Market
B Divisible Orders = results

Creator

Inputs: orders & ATC
Iterative process between Coordination

o
e Module and Block Selectors
©

Outputs: prices and net positions

Figure 6 - Overview of the Market Coupling process
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5.1 Initial calculations
Data collection

For each market and each Settlement Period of the following Day, the Divisible Hourly Orders are
aggregated into a block-free NEC (see section 4) and the coordination module collects these block-
free NECs.

For each market the Block Orders are collected by the local block selector.

The coordination module collects the ATCs, defined between each area, in each flow direction and
for each Settlement Period.

Initialisation

The algorithm is initialised with a first Winning Subset including all Block Orders. The block selector
of each market computes the initial NBV for each Settlement Period by selecting all the Block
Orders. The initial NBVs are collected by the coordination module.

5.2 Iterative calculations

Coordination module (detailed in section 6)

At each iteration, the coordination module, for each Settlement Period:
e Takes as an input

o For each market, the NEC obtained by translating the block-free NEC by the NBV
received from the block selector;

o For each border and direction, an ATC;
e Returns for each market a point of the NEC, i.e.

o aprice;

o a Net Position;

such that the set of prices and Net Positions complies with the list of Market Coupling “pure” (i.e.
with no tolerance levels) High Level Properties described in section 3.3.1. When the set of “pure”
HLPs is not sufficient to determine a unique set of results, the coordination module applies
additional price and quantity determination rules described later in sections 6.3.1 and 6.3.2. Details
of the computations performed by the coordination modules are presented in section 6.2.

Block selector (detailed in section 7)

At each iteration, the block selector of each market:
e Receives as an input
o A price for each Settlement Period, as determined by the coordination module;
e Returns as an output
o A NBYV for each Settlement Period.

For that purpose, the Block Selector proceeds in two steps: first, a “pure” Winning Subset is
determined, where each Block Order is either selected or rejected on the basis of the set of prices
received from the coordination module; second, the block selection is refined in order to avoid
large oscillations or cycling behaviour. Details of the computations performed by the coordination
modules are presented in section 7.
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5.3 Final calculations

Convergence
The iterative process stops when a stable solution has been found, meaning that prices found for
each market and for each Settlement Period are equal to those of the previous iteration.

At convergence, the coordination module returns to each power exchange a price and a Net Position
for each Settlement Period. Each power exchange uses this data to determine the individual
schedules of its participants/ portfolios (portfolio allocation phase) according to its own rules.
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6 Functioning of the coordination module

This section describes the computations performed by the coordination module to produce results
compliant with the High Level Properties (sections 6.1 and 6.2). It also describes the price and
quantity determination rules which are applied when the HLPs are not sufficient to determine a
unique solution (section 6.3).

6.1 Solving two-Market Coupling

In the case of two markets, the prices and the amount of electricity exchanged between the
markets can easily be determined with NECs. The price read on the NEC for a zero import quantity
is the isolated MCP of the market - i.e. before electricity is exchanged between the areas. The
market with the highest isolated MCP will import electricity from the market that has the lowest
isolated MCP. The importing market has its NEC inverted as shown in the figure below, since for a
two-market case, imports on one side are exports on the other. Hence the equilibrium price and
quantity for the two markets is reached at the intersection point of the two curves. Indeed, at this
point the prices of each market are equal and the readiness of Market 1 to export electricity is
equal to the readiness of Market 2 to import electricity.

P (€/MWh) 4

Market 2 inverted NEC NEC of Market 2

Isolated MCP
Market 2

NEC of Market 1

“Imports 0 Exports (MWh)

Figure 7- NEC of importing market (Market 2) is inverted

The prices between the two markets are equal if sufficient ATC is available between the two
markets —i.e. non-congested situation. Otherwise, the two NECs cannot intersect and the amount of
electricity exchanged between the two markets is equal to the ATC value. As a result, Market 1 and
Market 2 have different prices — i.e. congested situation. These two cases are illustrated in the
figure below, where the NEC of Market 2 has been inverted.
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Non conge sted situation Conge sted situation
(ATC,, > flow,,(Q,,) (ATC,,, limits flow,,(Q,.,)

P (€/Mwh) P (€/MwWh)

P, =P, :\:I

NEC Market 1 P,
(exporting)

NEC Market 1
(exporting)

NEC Market 2 ATC,, NEG Market 2 A ATC,,
(importing) (importing) P,
—/J N
I_| I—| N
>
Q (Mw

Figure 8- Computation of MCP and MCV using NECs

6.2 Solving three-Market Coupling

Principle of the calculations

For three markets, the prices and the amount of electricity exchanged between the markets cannot
be determined as easily as for the two markets case since the export of one market is not
necessarily imported by the other (unique) one; several steps in the computations are needed. First
the three markets are ordered regarding their isolated MCP: M1 is the market with the lowest
isolated MCP and M3 is the market with the highest isolated MCP (Py1<Py2<Py3). Then two 2-Market-
Coupling steps are performed:

e Step 1: the lowest isolated MCP market (M1) exports to the highest isolated MCP market (M3)
(potentially via M2 if M2 is Belgium), which causes P1 to increase and P3 to decrease; this
continues until either one of those markets

o a) gets isolated; this is the case when one market has used its entire ATC and cannot
export or import anymore, or

o b) “merges” with the market M2 with (middle isolated MCP): this is the case when P1
or P3 equals to P2.

o In case a), the isolated market remains isolated and a two-Market Coupling takes
place between the two other markets;

o In case b), the two “merged” markets jointly export to or import from the third
market. This amounts to a two-Market Coupling between a combined market on the
one side and the third market on the other side. Figure 9 illustrates the case where
Market 1 and Market 2 export jointly to Market 3.

40 - M2 40 M1 + M2

30 - 30 =

20 — 20 =

NEC of Market 1 + Market 2

Figure 9 - Aggregation of two NECs
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The section below illustrates the several possible cases for step 2 through an example.

The NECs of the three markets are represented in figure 6. The isolated prices of the three markets
are ordered as follows: PoBE < PoFR < PgNL, it means M1 is Belgium, M2 is France and M3 are the
Netherlands.

NEC FR NEC NL
40 . M2 40 . M1 NEC BE M3 40 .
30 | 30 | 30 |
20 | 20 | 20 |
10 6 10|
| 1 1 1 1 1 1 1 1 1 1 1
Qexp Qimp

Figure 10- Individual NECs of the three markets, ATCs are very large.

Step 1
Market M1 exports electricity to market M3.

The amount of electricity exchanged between market M1 and market M3 depends on the values
taken by the Q¢ and Qin, quantities that are represented on figure 10. The Q. quantity
represents the volume that - were there no transmission constraints - market M1 would be willing
to export at market M2’s isolated MCP. The Qin, quantity represents the volume that -were there
no transmission constraints - market M3 would be willing to export at the isolated MCP of market
M2. If the Qeyp (respectively Qinp) quantity is greater than the ATC for exporting (respectively importing)
electricity, then Q. (respectively Qi) is limited to the ATC value. During step 1, the amount of
electricity exported from market M1 to market M3 is equal to the minimum value between Qe, and Qimp.

Step 2
The computations performed in step 2 are subject to the values taken by Qex, and Qimp:

e In case the smaller of Qe and Qimp is limited by the transfer capacity, a market (either M1
or M3) is “isolated”; it means no transfer capacity is available for additional exchanges
between this market and the two other ones. A 2-Market Coupling computation is
performed between the two remaining markets.

® In case the smaller of Qey, and Qiyp is NOt limited by the transmission constraint, the NEC of
market M2 is combined with market M1 if Qe is smaller than Qin, and with market M3 if
Qimp 1s smaller than Q.. It is presented below how the NECs of two markets are combined
and how the 2-Market Coupling computation is performed between the combined NEC and
the remaining market.

NEC combination

We consider that Q.,, and Qin, are not constrained by transmission constraints and Qe is smaller than
Qimp- Hence the NECs of market M1 and market M2 are combined, as presented in figure 11. Since M3 is
the importing market, its NEC is flipped horizontally, see figure 12.
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Figure 11- Combined export curves M1+M2 and individual curve M3 (to be flipped)
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Figure 12- Combined export curves M1+M2 and individual import curve M3
Based on the congestion patterns, there are now four possible scenarios:
Scenario 1- No congestion limitations, full price convergence.

Figure 13 shows the combination of the NECs in case there is no limitation by ATCs and the
prices of the three markets converge to 16. The figure shows also that both market M1 and
market M2 have contributed to the import volume of market M3 (see the yellow and purple
line pieces). The individual market volumes of markets M1 and M2 are found by projecting
the equilibrium price 16 on the individual market M1 and market M2 NECs.

40 =
30 =
20 =
6+ —L I
10 =f —— ,
T T | T . T | | T
Import M3 ;

Figure 13- No congestion limitations, full price convergence
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Scenario 2- ATC limitation for market 3 (market 3 is isolated), markets 1 and 2 still have full price
convergence.

Figure 14 shows the situation where ATC23 limits the imports to market M3. Because the markets
M1 and M2 are merged their prices are equal to P1 = P2 = 12. Since market M3 became isolated its
price is higher and equals P3 = 20. The individual market volumes of markets 1 and 2 are found by
projecting the equilibrium price for these markets (12) on the individual market M1 and market M2
NECs.

40
30
20 mf--=-=-1 :
12 i
10 4°--=°7 :
|| || || E 1 || || ] ||
Import M3:
ATC23

Figure 14- ATC limitation between markets 2 and 3, markets 1 and 2 still have full price
convergence

Scenario 3- ATC limitation for market 1 (market 1 is isolated), markets 2 and 3 still have full
price convergence.

In figure 15 the ATC12 limits the exports from M1 which causes its price to stick at P1=10. Between
M2 and M3 there is no restriction so the prices merge to P2 = P3 = 16. The individual market
volumes of markets 1 and 2 are found by projecting the equilibrium price for these markets
(respectively 10 and 16) on the individual market M1 and market M2 NECs.

40
30 =

20 =

T .
10—

Import M3

Figure 15- ATC limitation between markets 1 and 2, markets 2 and 3 still have full price
convergence

Scenario 4- ATC limitation between markets 1, 2 and 3, three different prices.

Figure 16 presents the situation where both ATCs are restrictive. As a consequence all prices are
different. The individual market volumes of markets 1 and 2 are found by projecting the
equilibrium price for these markets (respectively 10 and 16) on the individual market M1 and
market M2 NECs.
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Figure 16- ATC limitation between markets 1 and 2 and between markets 2 and 3, three different
prices

In a similar way, if Qim, Were lower than Q.,,, we would also have a combined NEC (between market M2
and market M3) and four scenarios as described before.

Box 2 Detailed coordination module computations for three markets

6.3 Price and quantity determination rules

In some cases the calculations above produce outcomes where a range of prices or a range of
quantities are possible, while one single combination of price and quantity is required as outcome
for each individual period. In this case, choices, which comply with the High Level Properties, are
necessary to come to establishment of hourly prices and quantities. Price and quantity
determination rules are used for this purpose.

6.3.1 Quantity determination rules

For a given price, a range of volumes may be possible for stepwise NECs. At maximum and minimum
prices, several volumes may also be possible for linear NECs; they correspond to price-inelastic Bids
and Offers. In that case, a horizontal segment is graphically visible on the NEC. Hence the NEC
calculations may lead to one, two or three quantity indeterminations.

For a deeper understanding of the algorithm, the rules applied in case of one, two or three quantity
indeterminations are presented in the next box. The general rationale behind the rules is that when
several sets of Net Positions are possible for the same equilibrium prices:

e The set of Net Positions should be chosen so as to maximise total executed volume;

e In case several volume-maximising sets of Net Positions are possible, the volume should be
spread evenly between the markets.

1. One quantity indetermination

The total net export quantity of the three markets has to be null (see HLP2). Therefore if there is
quantity indetermination for one market only, its quantity is easily determined according to the
quantities of the two other markets.

2. Two quantity indeterminations

For a given price, different volumes are possible for two markets. In that case, the volumes are
defined so as to maximise the total executed volume; using the Q* volumes (black dots in the
figure below). However, if we apply such volumes, the flow may be inconsistent and the total net
export of the three markets may be different from zero. This volume is called imbalance in the
figure below and is shared between the two markets as equally as possible.

POWERNEXTO APXOBELPEXO 22/28




P (€/Mwh)
A M2 M3 M1

= o—
/
//
~ /
///
Q2 Q=2 0 Q@3 Q@3 Q*1 Net Export (Mwh)
h h
Imbalance / 2 Imbalance / 2

Step 1: Imbalance total net exports due to Q*1+Q*2+Q*3 # 0

Step 2: Divide imbalance over markets 2 and 3

Figure 17- Two quantity indeterminations; equilibrium price is P. Imbalance volume is equally
shared between M2 and M3.

3. Three quantity indeterminations

At extreme prices, linear NECs as well as stepwise NECs may have a horizontal segment. Therefore
if the three markets are at an extreme price, specific rules have to be applied to determine the
Net Positions of the three markets. The rules are applied depending on the number of markets
which were initially —i.e. for a null net export— at an extreme price.

If one market was initially at an extreme price, the Q* rule is applied to the two other markets;
and since the sum of the Net Positions has to be null, the Net Position of the third market is easily
determined. However the Net Position calculated for the third market might not be reachable. In
this case the maximum possible quantity is taken for this market. Net Positions for the two other
markets are determined regarding the rules defined for two quantity indeterminations (Q* rule).

If two markets are initially at maximum price or if two markets are initially at minimum price, the
Q* rule is applied to the third market. Net Positions for the two other markets are determined
according to the rules defined for two quantity indeterminations.

If all the three markets are initially at the maximum price or all the three markets are initially at
the minimum price, the quantities exchanged between the markets are null.

Box 3 Quantity determination rules

6.3.2 Price determination rules

Once the Net Positions are calculated for each market, a range of feasible prices may be possible
for linear NECs as well as for stepwise NECs. Graphically, it means that equilibrium is found on
vertical segments of the NECs. When such indeterminacy arises, the middle of the feasible range is
chosen.

If several vertical segments have common prices, the middle of the common range is chosen. In the
following picture, the price applied to the three markets is P, which is the middle of the common
range on the three NECs.
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Figure 18- Three price indeterminations; equilibrium price is the middle of common
range.

Other cases are described in the box below. They all follow the same philosophy.

A vertical segment may also overlap independently with the two other ones. Such a situation
happens when the market overlaps exactly at the ATC value of one or both borders. Prices are then
set taking into account the geographical configuration of the Region, in order to respect the High
Level Properties.

If Powernext’s price can be equalised with either the price of Belpex or the price of APX, it is
equalised with the Belpex price at the middle of the common range. If APX’s price can be
equalised with either the price of Belpex or the price of Powernext, it is equalised with the Belpex
price at the middle of the common range (see Figure 19). These rules are applied if the market
overlaps exactly at the ATC value of one or both borders.

P (€ /MWh) BE |
1
NL |
oo ... FR_
Py 4 = } Common
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, | eI Range2
—
|
””””””””””””””””” p1 £ } Common
— T Range 1
|
Qne 0 Qge SFR Net Export
Result: /E’»
= ATC ER BE
Per= P1 -

Figure 19- APX's NEC independently overlaps Powernext's and Belpex's NECs.

If Belpex’s price can be equalised with either that of APX or that of Powernext, and if only one
border is congested, then Belpex’s price is set in the middle of the common range with the non-
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isolated market price (e.g. APX in the figure below).
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Figure 20- Belpex's NEC independently overlaps APX's and Powernext's NECs. ATC FR-BE is
fully utilised.

In the case where both borders are congested and Belpex’s NEC overlaps independently with the
two other NECs, then the prices of APX and Powernext are determined in the middle at their own
possible range. Then the Belpex prices determined regarding the flow configuration on the borders.
If Belpex is exporting to APX and Powernext, Belpex’s price is the minimum between Powernext’s
and APX’s prices; on the contrary if Belpex is importing from APX and Powernext, Belpex’s price is
the maximum between Powernext’s and APX’s prices. If Powernext exports to Belpex, which
exports to APX, or if APX exports to Belpex which exports to Powernext, then Belpex’s price is the
average between the two other power exchange prices (see Figure 21).

If the ATC is null between two regions, the rules are slightly different: Belpex’s price is equal to
the non-isolated market price. Whenever this price cannot be reached, Belpex closest possible
price is taken. If both ATCs are null, price on Belpex is the middle of its own price range.
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Figure 21- Belpex's NEC independently overlaps APX's and Powernext's NECS. Both borders are
congested.

Box 4 Price determination rules
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7 Functioning of the block selector

This section describes the computations performed by the block selectors to determine the set of
accepted Block Orders at each iteration.

7.1 Definition of the Winning Subset

The Winning Subset is the set of accepted Block Orders at each iteration. The Net Block Volumes
(NBVs) for each Settlement Period will be computed taking into account the Block Orders enclosed
in the Winning Subset. At the first iteration, all Block Orders are accepted: the Winning Subset is
made of all Block Orders. For the next iterations, the Winning Subset comprises the Block Orders
accepted reflecting the prices returned by the coordination module:

e If the average market price is higher than — or equal to — a Block Offer’s Price Limit,
then the block is accepted;

e If the average market price is lower than — or equal to — a Block Bid’s Price Limit, then
the block is accepted;

e all other blocks are rejected.

7.2 Adjustment of the Winning Subset

In a second step, the Winning Subset needs to be adjusted. Indeed, it may be impossible to find a
solution without rejecting “paradoxically” some Block Orders. A Paradoxically Rejected Block Order
(PRB) is a Block Order that is rejected in the market results although it appears that it should have
been accepted considering the MCPs. However, if these Block Orders were accepted, the
equilibrium would have been adapted in such a way the Block Order would no longer be compatible
with these new MCPs. Typically the algorithm would cycle in these cases as follows: a certain Block
Order is accepted at iteration k, the coordination module computes new MCPs at iteration k+1, the
Block Order is rejected at iteration k+1, the coordination module computes new MCPs at iteration
k+2, the Block Order is accepted again at iteration k+2 ... in such case it is likely that without
rejecting such Block Order no solution can be found.

In order to prevent the algorithm from cycling and to ensure convergence in a reasonable time, a
number of rules are implemented to allow paradoxical rejection of some Block Orders. The main
assumption of such rules is that Block Orders rejected at the previous iteration and accepted at the
current one are considered as potential PRBs. At each iteration, it is made increasingly difficult for
such blocks to re-enter the Winning Subset so that cycles are less likely to occur as the number of
iterations increases. Eventually, in order to force convergence, if the algorithm has not stabilised by
a predefined number of iterations, Block Orders cannot re-enter anymore the Winning Subset; the
algorithm converges a few iterations later.

The potential PRBs are ordered by the increasing difference between the Price Limit of the Block
Order and the average MCPs of the relevant Settlement Periods (this difference being called AP).
Then, the n first Block Orders for which the sum of these APs is smaller than a defined parameter
AP are paradoxically rejected. The block selector thus rejects firstly potential PRBs which price is
the closest to the MCPs. Indeed, it is less acceptable to reject paradoxically a Block Order which
Price Limit is far from the MCPs than a Block Order which Price Limit is close to the MCPs.

The greater the AP value, the fewer the potential PRBs accepted. The value of the AP parameter is
adapted at each iteration so as to gradually further restrict the re-insertion of Block Orders in the
Winning Subset, but also so as to avoid large oscillations of the algorithm from one iteration to the
next that could result in PRBs with a Price Limit far from the MCPs.

Complementary stabilisation and reintegration rules are implemented by the block selector, with
the same view of avoiding large oscillations from one iteration to the next.
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8 HLPs in case of decoupling

Table 5 lists the High Level Properties applicable in case of decoupling of one coupled power

exchange, to the two power exchanges that remain coupled.

Note that if the Belgium market decouples, Powernext and APX can still be coupled. ATCs between

France and the Netherlands are in this case the minimum of the ATCs in each direction:

®  ATCrgnih = min (ATCrr ge,n , ATCge,nin) for all h
o ATCNL,FR,H = min (ATCBE,FR,h , ATCNL,BE,h) for all h
3-market case FR is decoupled BE is decoupled NL is decoupled
HLP1 | Pegp 2 0 Poen 2 0 Pean 2 0 Pexn 2 0
PBE,h >0 PNL,h >0 PNL,h >0 PBE,h >0
PNL,h >0
HLP2
Eirn +Egen + ENL.h‘ svr ‘EBE.h +En| SVT Eirn +Enpy| SVT Eirn + Epgn| SVT
HLP3 | - ATCge rr n< Errn < ATCrrgen | - ATCoennS EncnS ATChigen | - ATCae rrnS Errn < ATCrr gE - ATCae rr,h< Err h< ATCrr e h
- ATCge Nih< Ench < ATCyi e b - ATCge Nih< Enih < ATChi e h
HLP4 | Ecpp > 0 = Pogn- Pern> -PT | Enn >0 = Pagn - Puon> - [ Errn >0 = Pun - Pern> -PT | Ern > 0 = Peepy - Perpn > -
Errn < 0= Prrpn - Poen> -PT PT Errn <0 = Perp- Pan> -PT PT
Ewn<0 = Pun- Poen> - Eran <0 = Prgn- Poy > -
Enih > 0= Pegn - Pan> -PT pNTL'h Noh T TBER Exh >0 = Perp - Paon> -PT PfF'h PR T TBEN
Eninh <0 = Paih - Peen> -PT Ennh <0 = Puin - Perpn> -PT
HLP5 | (-ATCgeni < Enc < ATCyipe) (-ATCgenw < Enu < ATCyige) (-ATCee,rr < Err < ATCrp pe) (-ATCpe rr < Err < ATCrr gE)
= [Pgen-Pun | <PT = |Pgen-Pun | <PT and (-ATCpen < Enu< ATCuige) | = |Peen - Pran | < PT
(-ATCae,rr < Err < ATCrr pE) = |Pwn-Peen | <PT
= [Pgen-Prrn | <PT

Table 5- Market Coupling High Level Properties in case of decoupling
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