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Maximize Social welfare
Subject to: 
Supply - demand balance (price = Lagrangian multiplier)
Supply side constraints
Demand side constraints

• To drive innovation, improve transparency 

Demand
curve

Supply 
curve

Consumer surplus = Area under the demand curve and up to the market price

Producer surplus =  Area above the supply curve and up to the market price

Social welfare = Area between the supply and demand curve 
(total of the supply and demand surplus)
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• Bidding zones A and B operate as separate markets and have their own prices due to no exchange in between them.

Lower price zone Higher price zone
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• Bidding zones A and B have enough transmission capacity to allow for exchanges such that prices are equal in both zones.
• Intuitive flows: flow from low price zone to higher price zone (improves social welfare)

Equal prices



• Price differences arises due to congestion in the network.
• This price difference multiplied by the exchanged volume gives the congestion income to TSOs. 
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Maximize Social welfare
Subject to: 
Supply - demand balance (price = Lagrangian multiplier)
Transmission constraints 
Supply side constraints
Demand side constraints

Market 
clearing point 
is determined 
by: 

Social welfare = Producer surplus + 
Congestion income +
Consumer surplus
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Physical grid Commercial 
representation

Capacity calculation is done 
by translating the complex 
physical grid into a simplified 
form that can be utilised by 
the power exchange

Detailed 
grid model

Bidding zone 
model

• Zonal pricing: In a zonal market, the transmission system is divided into several zones and the wholesale price of electricity is set for each settlement 
period, as a separate uniform price for each zone. 

• Nodal pricing: The price at each node reflects the locational value of energy (incremental cost of serving one additional MW of load at each location 
subject to system constraints), including the cost of the energy and the full cost of delivering it including network losses and congestion.

Source of figures: Swedish TSO, SVK   



Source: Annex 16.2 Educational example “How does flow-based capacity calculation work?”
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IGMs based on production, consumption 
forecasts 

Critical Network Elements

Generation and load Shift keys

Reliability Margins

Bidding zone definitions

TSOs

Merged Common Grid 
Model

Flow-based parameters

Nordic RCC



CNE - Critical Network Element - a single network element which may limit the power transfer between bidding zones
CDC - Combined Dynamic Constraint - a combination of network elements (usually a group of lines) may limit the power transfer between bidding zones
CNEC - Critical Network with Contingency - a network element which may limit the power transfer between bidding zones in the case of a specific contingency



IGMs based on production, consumption 
forecasts 

Critical Network Elements

Generation and load Shift keys

Reliability Margins

Bidding zone definitions

TSOs

Merged Common Grid 
Model

Flow-based parameters

Nordic RCC
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Zonal market model

Node to bidding zone
(GSK: Generation 
Shift Key factor) 
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C

1000 MW



Generation Shift Key (GSK) defines how a change in net position is mapped to the generating units in a bidding area 

Different GSK strategies

Source: Annex 16.2 Educational example “How does flow-based capacity calculation work?”



The reference flow (Fref) under N conditions is the physical flow computed from the common 

base case: it reflects the loading of the critical branches given the exchange programs of the 

chosen reference day. 

Source: Annex 16.2 Educational example “How does flow-based capacity calculation work?”



Under N-conditions, the PTDF factors of  

line 1 and line 2, when changing the net 

position of zone C, are: 

For line 1, the PTDF(C), line1 = -0.1 MW. 

For line 2, the PTDF(C), line2 = 0.1 MW. 

Source: Annex 16.2 Educational example “How does flow-based capacity calculation work?”



PTDF

• Every CNEC at a given time has a PTDF value corresponding to each bidding zone.

• Same CNEC at a different time might have a different PTDF with respect to the same bidding zone.

…



Physical flow
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Slope of this line = PTDF 

F0

Source: Inspired by Nordic RCC presentation 

Fref = F0 + Σz PTDF*NPz

• Physical flows are non-linear function of 
net positions.

• To find PTDF: DC load flow analysis 
• Linearization at Base case net position

F0: Flow on the CNE in case all bidding zones are operating 
at zero NP.

Fref: reference flow on CNE. 



F0 = Fref - Σz PTDF*NPz



“True”: The CNEC is constraining the flow-based domain. 
“FALSE”: the CNEC represents a redundant constraint

“True”: The constraint has been considered in flow-based 
parameters calculation. “False”: The constraint has been 
disregarded in the flow-based parameters calculation. 



Physical flow
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Source: Inspired by Nordic RCC presentation 

FAAC, IVA

• Fmax: the maximum allowed flow on a CNE/operational 
security limit 

• This maximum flow is then altered due to:
- Flow Reliability Margin (FRM) (accounting for uncertainties 

in forecasts/modelling errors )
- Remedial Action (RA) 
- AMR (Adjustment for min RAM to ensure RAM >=0)
- FAAC (Already allocated capacity on CNE for FRR)
- IVA (Individual validation adjustment by TSOs during domain  

validation)

• The net capacity available after the alterations:
Fmax – FRM + RA +AMR – FAAC - IVA 

• The flow on CNE can be given as: F0 + Σz PTDF * NPz

• Market constraint: 

F0 + Σz PTDF*NPz <= Fmax – FRM + RA +AMR  – FAAC - IVA

Σz PTDF*NPz <= RAM

where RAM = Fmax– FRM– F0 + RA + AMR– FAAC– IVA





FRM’ 
= FRM – RA –
AMR + AAC + IVA
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Capacity Calculation Capacity allocation

A B

C

Maximize Social welfare
Subject to: 
Supply - demand balance 
(price = Lagrangian multiplier)
Transmission constraints 
Supply side constraints
Demand side constraints

time

TSOs and Nordic RCC NEMOs



D2CF (D-2 Congestion 
Forecast)

(net positions, flows )

Nodal PTDFs 

Fmax, FRM, Fref

Zonal PTDFs 
GSKs

Remaining 
Available Margin

Min/Max net 
positions, min/max 

flows

Flow-based 
domain

CNECs, CNEs, 
CDCs



Presolved flow-based domain and net positions for SE3 and NO5

• PTDFs of SE3 and NO5 and RAMs published for each non-redundant presolved CNEC is used to obtain the 
above flow-based domains.

•

• The net positions of SE3 and NO5 are indicative of the market outcome from parallel runs. 

Net positions of 
SE3 and NO5



Presolved flow-based domain and scheduled exchanges between SE2-SE3 and SE3-SE4. 

• The zone-to-zone PTDFs are useful in creating the flow-based domain for set of borders which gives the 
bilateral scheduled exchanges.

• The total number of cross-border lines would be 37. Therefore, it results in a 37-dimensional space for 
visualising the flow-based method for exchanges. 

Flows from SE2-SE3 
and SE3-SE4



Capacity Calculation Capacity allocation

A B

C

Maximize Social welfare
Subject to: 
Supply - demand balance 
(price = Lagrangian multiplier)
Transmission constraints 
Supply side constraints
Demand side constraints

time

TSOs and Nordic RCC NEMOs



• Flow-based parameters are given as inputs to EUPHEMIA, the market coupling algorithm which uses a heuristic 
approach to find the best solution within 17 minutes. (will be extended to 30 minutes to support 15 minutes Market Time 
Units (MTUs)), although the non-linear nature of the problem makes it challenging to achieve a fully optimal solution.

• This results in the net positions of each bidding zone based on the allocation from EUPHEMIA. 
• The outcome also includes prices, dispatch, commercial transfers between bidding zones and limiting elements in the 

network.

EUPHEMIA

Net positions of 
bidding zones 

Day-ahead prices

Flows

Buy/sell orders

Network topology 
and grid parameters

https://en.wikipedia.org/wiki/Heuristic_(computer_science)
https://en.wikipedia.org/wiki/Heuristic_(computer_science)






Average Net positions of 18th Nov’24: FBMC
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Increase in net positions means increase in export (production)/decrease in import (consumption). 
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•





Source of eq. : publicationtool.jao.eu/PublicationHandbook/Nordic_PublicationTool_Handbook_v1.1.pdf Source of second fig: Montel Syspower

The grid is operated based on the Additional 
Aggregated Flow (AAF), which is calculated 
by RCC.
AAF is also the foundation for the settlement 
of congestion rents. 

AAF = Flow_FB - f0 = NP*PTDF
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Zone-to-
slack PTDF 
for zone i
on CNE n 

Shadow price 
of CNE n

Slack 
node
price

Bidding
zone i
price

Zone-to-
zone PTDF 
for zone i
- zone j on 
CNE n 

Price differences 
between bidding
zones i and j

1. First order condition for global welfare optimum gives the market price for bidding zone i:  

2. Marginal value of flow between 
bidding zones i and j is given by:  

Data source: Nordic RCC presentation 

Results from 6th May to 19th May 2024 for hour 1 



• For NO3, the correlation with SE1, SE2 and NO4 reduces while it improves with NO1, NO2, NO5.
• NO2 and NO5 get higher correlation.
• FI seems to get higher correlation with most Nordic bidding zones and Germany.
• DK1 and DK2 also have more correlation with the Swedish and northern Norwegian zones.



Borders Oct-24 Nov-24

FI->NO4 29.2 37.9

FI->SE1 29.5 23.8

FI->SE3 20.5 -15.9

NO1->NO2 -7.8 -9.3

NO1->NO3 20.6 38.3

NO1->NO5 -0.1 6.9

NO1->SE3 13.7 -12.5

NO2->NO5 7.8 16.2

NO3->NO4 1.9 3.0

NO3->NO5 -20.6 -31.4

NO3->SE2 1.4 -4.9

NO4->SE2 -0.4 -8.0

DK1->DK2 0.4 0.5

DK1->SE3 56.5 45.7

DK2->SE4 49.9 25.7

SE1->NO4 -0.4 14.1

SE1->SE2 -0.8 6.2

SE2->SE3 -8.3 -45.9

SE3->SE4 -6.3 -19.5

Zone-to-zone PTDF 
for zone i - zone j 
on CNE n 

Price differences 
between bidding
zones i and j

Marginal value of flow between 
bidding zones i and j is given by:  

•
•
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Bidding zone A Bidding zone B
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Source: Nordic TSOs 



• 5th Nov 2024 17:00 CET: NO3 with a negative price was a net importer despite very 
high water levels in the reservoirs.

• Looking at the CNE in SE2, first we can observe from the PTDF values that it loads 
this CNE more if we increase generation in NO3 and NO4 (green area)…  

• Than if we increase generation in SE1 and SE3 (blue area), 

• SE2 generation is worse than in NO4 but it is better than in NO3. 

• This means that it is more efficient to send power to cover SE3 demand from SE1 
than to generate it in NO3. It also means that we want to limit how much we 
generate in SE2 as this loads heavily on the SE2 CNE.

Source: https://www.linkedin.com/posts/morten-pindstrup-28aa004_flowbased-sdac-euphemia-activity-7259675808955285505-EFq_?utm_source=share&utm_medium=member_desktop

Source: Montel Syspower



In Flow-based, price differences between bidding zones can be verified by 
computing the sum of shadow prices on all congested physical network 
elements multiplied by the PTDFs of those bidding zones.

6th Nov 24 17:00 CET

Source: Montel EnAppSys







Hydro water values, Reduced intraday capacities, Balancing market costs
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Hydro water values, Reduced intraday capacities, Balancing market costs



ID ATC = DA NTC – DA AAC

• Intraday ATC is needed for the ID auction and cross-border continuous intraday trading.
• This method is called Available Transfer Capacity Extraction (ATCE). 

DA NTC extracted out of the FB capacities

Already allocated flow in DA market

Product of total 
capacities for each 

bidding zone 
combination

DA extracted 
NTC out of the 
FB capacities

OUTPUT

Objective function:

Non-
linear 
solver

Constraints

• FB domain
• Net position HVDC 

constraints
• Complementary 

constraint for HVDC
• Bounds on capacity 

variables 

OPTIMIZATION PROBLEM



Figures source: Nordic RCC presentation 

• ID capacities in some countries are much higher today than the ATCE results, for example, in Sweden.
• Large intraday capacities allocated without physical consideration could lead to overloads which need to be 

resolved by TSOs (could be more expensive).
• ATCE takes these situations into account.

Comparison based on ATCE results from week 26 2023 until week 13 2024



Capacity 
calculation

Intraday 
auctions

IDCC (a)

IDA1

15:00 D-1 22:00 D-1 10:00 D

IDCC (b)

IDA2 IDA3

IDCC (d)
(yet to be 

implemented)

Flow-based 
domain left 

over from DA

New Flow-
based domain 

with D-1 
congestion 

forecast 

timeline

Extracted 
ATC

Extracted 
ATC

Cross-border continuous intraday market ongoing with some interruptions during IDAs

4:00 D

IDCC (c)
(yet to be 

implemented)

IDCC (e)
(yet to be 

implemented)

16:00 D

New Flow-
based domain 
with intraday 

congestion 
forecast 

New Flow-
based domain 
with intraday 

congestion 
forecast 

New Flow-
based domain 
with intraday 

congestion 
forecast 

Extracted 
ATC

Extracted 
ATC

Note: Boxes with color are yet to be implemented 



Hydro water values, Reduced intraday capacities, Balancing market costs



Source: Nordic TSOs
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FBMC brings market 
outcomes closer to 
physical dispatch

Allows for more 
flows in the 

directions where 
higher economical 
value is achieved

Aims to reduce price 
spreads and volatility 

in the coupled 
bidding zones

Increased  DA 
capacities leading to 

decrease in ID 
capacities, so shift in 

trading behavior
expected

More results on 
impact on balancing 
market costs needed 

to understand the 
entire market cycle

More research work 
will follow to study the 

impact and improve 
understanding of 

Nordic flow-based 
market coupling





•

•

•

•

•

•

•

•



•

•

•

•

•

•




	Intro
	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6

	Intro to market coupling
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12

	Connection to grid
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43

	Results
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57

	topics of discussion
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66
	Slide 67
	Slide 68
	Slide 69
	Slide 70
	Slide 71
	Slide 72
	Slide 73
	Slide 74
	Slide 75


