
Degree Project in Electrical Engineering

Second cycle, 30 credits

Quantitative Assessment of
Flow-Based Market Coupling versus
Available Transfer Capacity for the

Nordic Electricity Market
A Comparative Analysis of Capacity Allocation Methods

SIMON PALMBORG





Quantitative Assessment of
Flow-Based Market Coupling
versus Available Transfer Capacity
for the Nordic Electricity Market

A Comparative Analysis of Capacity Allocation
Methods

SIMON PALMBORG

Master’s Programme, Electric Power Engineering, 120 credits
Date: May 6, 2026

Supervisor: Saeed Mohammadi
Examiner: Mohammad Reza Hesamzadeh

School of Electrical Engineering and Computer Science
Swedish title: Kvantitativ utvärdering av flödesbaserad marknadskoppling
jämfört med ATC-kapacitet för den nordiska elmarknaden
Swedish subtitle: En jämförande analys av kapacitetsallokeringsmetoder



d |



Abstract
European electricity markets are replacing the traditional Available Transfer
Capacity (ATC) methodology for cross-border transmission allocation with
Flow-Based Market Coupling (FBMC). This thesis presents a quantitative
comparison of FBMC and ATC for the Nordic electricity market, focusing
on the Swedish transmission system following the October 2024 FBMC
implementation.

A 13-node zonal market model was developed representing the four
Swedish bidding zones (SE1–SE4) and nine neighboring market areas. The
model implements DC power flow-based Power Transfer Distribution Factor
(PTDF) calculations and linear programming optimization using Python with
the HiGHS solver. Each bidding zone is in this case represented as a
single node, making Generation Shift Keys are trivial, though alternative
GSK methodologies can shift PTDF values on critical network elements by
up to roughly 10% (per Schönheit et al.), with corresponding effects on
absolute welfare estimates while preserving the directional finding that FBMC
outperforms ATC under congested conditions. Market clearing was simulated
under both FBMC (PTDF-constrained) and ATC (NTC-limited) scenarios
using data from the ENTSO-E Transparency Platform and Svenska kraftnät.

The results show that FBMC produces measurable efficiency gains over
ATC, with significant seasonal variation. During winter conditions (December
2024), FBMC achieved 6.5% cost savings (€4.37 million weekly) compared
to ATC, driven by high congestion on the SE2–SE3 corridor (88% utilization
under FBMC versus 99% under ATC). Summer conditions (July 2024) showed
only 0.25% savings due to reduced congestion (53% utilization).

The primary mechanism is the Finnish bypass route. Finland’s dual
connection to SE1 and SE3 creates the network’s only loop, so FBMC can
route Finnish imports directly into SE3 via FI–SE3 and bypass the congested
SE2–SE3 bottleneck. ATC cannot exploit this alternative routing because it
treats each corridor independently. A corridor isolation experiment quantified
Norwegian interconnection access as contributing approximately 32% of
FBMC benefits, with the remaining 68% attributable to the Finnish bypass
mechanism.

Sensitivity analysis across five scenarios confirmed the stability of
these findings across parameter variation. FBMC benefits amplify under
constrained transmission (16.1% savings with 30% SE2–SE3 capacity
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reduction) and disappear entirely under price convergence (Scenario C:
0.00% savings when all neighbor prices are set to an arbitrary value of
60 EUR/MWh). The price convergence result confirms that FBMC’s entire
advantage derives from price arbitrage. The Finnish bypass and constraint
coupling are the pathways through which arbitrage operates. They produce no
value of their own.

The results indicate that FBMC reduces total system cost most during high-
congestion winter periods, when transmission constraints and cross-border
price differentials create arbitrage opportunities that flow-based constraints
can exploit more effectively than ATC.

Keywords
Flow-Based Market Coupling, Available Transfer Capacity, Nordic Electricity
Market, Power Transfer Distribution Factors, Congestion Management, Zonal
Pricing, Market Efficiency
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Sammanfattning
De europeiska elmarknaderna håller på att ersätta den traditionella ATC-
metoden för gränsöverskridande kapacitetsallokering med flödesbaserad
marknadskoppling (FBMC). Detta examensarbete presenterar en kvantitativ
jämförelse mellan FBMC och ATC för den nordiska elmarknaden, med särskilt
fokus på det svenska transmissionssystemet efter FBMC-implementeringen i
oktober 2024.

En 13-nodsmodell utvecklades för att representera de fyra svenska
elområdena (SE1–SE4) och nio angränsande marknadsområden. Modellen
använder PTDF-baserade beräkningar härledda från DC-effektflöde och
linjärprogrammeringsoptimering implementerade i Python med HiGHS-
solvern. Varje elområde representeras som en enda nod, vilket gör GSK:s
i detta fall triviala. Alternativa GSK-metoder kan förskjuta PTDF-värden
på kritiska nätverkselement med upp till cirka 10% (enligt Schönheit
et al.), vilket påverkar de absoluta storheterna men inte den riktade
slutsatsen att FBMC överträffar ATC under överbelastade förhållanden består.
Marknadsklarering simulerades under både FBMC (PTDF-begränsad) och
ATC (NTC-begränsad) med data från ENTSO-E Transparency Platform och
Svenska kraftnät.

Resultaten visar att FBMC ger mätbara effektivitetsvinster jämfört
med ATC, men med betydande säsongsvariation. Under vinterförhållanden
(december 2024) uppnådde FBMC 6,5% kostnadsbesparingar (4,37 M€
per vecka) jämfört med ATC, till följd av hög trängsel på SE2–SE3-
korridoren (88% utnyttjande under FBMC mot 99% under ATC). Under
sommarförhållanden (juli 2024) var besparingarna endast 0,25% på grund av
minskad trängsel (53% utnyttjande).

Den utmärkande mekanismen bakom FBMC:s fördel är den finska
förbikopplingsvägen. Finlands dubbla anslutning till SE1 och SE3 skapar
nätverkets enda loop, så FBMC kan leda finsk import direkt till SE3
via FI–SE3 och kringgå den överbelastade SE2–SE3-flaskhalsen. ATC kan
inte utnyttja denna alternativa dirigering eftersom metoden behandlar varje
korridor oberoende. Experiment med korridorisolering kvantifierade norsk
el-import som bidragande med cirka 32% av FBMC-fördelarna, medan
resterande 68% kan hänföras till den finska förbikopplingsmekanismen.

Känslighetsanalys över fem scenarier bekräftade stabiliteten i dessa
resultat. Fördelarna från FBMC ökar vid begränsad överföring (16,1%
besparing vid 30% SE2–SE3-kapacitetsreduktion) och försvinner helt vid
priskonvergens (Scenario C: 0,00% besparing när alla grannpriser sätts till
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60 EUR/MWh). Detta resultat bekräftar att FBMC:s fördel kommer från
arbitrage. De alternativa flödesvägarna är de genom vilka arbitrage uppstår.
De skapar inget värde i sig.

Resultaten visar på att FBMC minskar den totala systemkostnaden markant
under vinterperioder med hög trängsel, när transmissionsbegränsningar och
gränsöverskridande prisskillnader skapar arbitragemöjligheter som FBMC:s
begränsningar kan utnyttja mer effektivt än ATC.

Nyckelord
Flödesbaserad marknadskoppling, ATC, Nordisk elmarknad, Effektöverfö-
ringsfaktorer, Zonprissättning, Marknadseffektivitet
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Chapter 1

Introduction

1.1 Background and Motivation
Electricity cannot be stored economically at scale, so supply and demand must
always be in a state of balance across the grid. Interconnected markets like
the European internal electricity market allow generation in one country to
serve load in another over a cross-border transmission line. Yet, transmission
capacity is limited. How generators will dispatch, consumers will pay and
market efficiency will be determined by the allocation of the capacity in
question.

Two methodologies dominate European cross-border capacity allocation.
The Available Transfer Capacity (ATC) method, used across Europe since
the early years of market liberalization, assigns each interconnector a fixed
bilateral limit, the Net Transfer Capacity (NTC). This limit is set in advance
by transmission system operators (TSOs) based on security assessments and
worst-case assumptions about how power flows distribute across the network.
ATC is simple to compute and easy to implement, but it is also conservative.
Each corridor is treated independently, so the method cannot account for
the physical reality that a trade between two zones also affects flows on
parallel paths elsewhere in the network. The result is that ATC systematically
underestimates the feasible trading space, excluding dispatch solutions that the
grid could safely accommodate.

Flow-Based Market Coupling (FBMC) addresses this limitation by
replacing fixed bilateral limits with an explicit physical model of the
transmission network. The market clearing algorithm receives a set of Power
Transfer Distribution Factors (PTDFs) describing how a 1 MW injection at
each node distributes across all monitored transmission elements. Combined
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with thermal limits for each element, these PTDFs define a flow-based domain.
The set of all commercially feasible net export positions. This domain is a
polytope in the space of zonal net positions, and it is typically larger than the
rectangular box implied by ATC’s independent bilateral limits. The difference
between the two domains represents trading opportunities that ATC cannot
capture.

The CWE region started using FBMC in May 2015. Impact assessments
have indicated that yearly welfare gains in the range of €150-300 million [1]
are being achieved. The AC network in the CWE region has a dense mesh, so
parallel flow effects are significant. Due to this experience FBMC has become
the adopted method by the EC for capacity allocation due to Regulation
943/2010 (Green Paper) Capacity Allocation and Congestion Management
(CACM). The flow-based allocation is prescribed for all capacity calculation
regions by the CACM.

The Nordic electricity market followed. Sweden, Norway, Finland,
and Denmark completed their transition to FBMC in October 2024 [2],
following an 18-month External Parallel Run (EPR) coordinated by the Nordic
Regional Coordination Centre (RCC). During this period, the Nordic RCC
reported average weekly welfare gains of approximately €6.1 million [3].
These estimates have not been independently verified by academic work.
The institutions that implement the FBMC produce them using models and
data that are proprietary and not available to the public. A third sector
independent assessment using visible methodology and publicly available data
is warranted.

The independent analysis is particularly interesting in that the Nordic
context differs from CWE in this way. Within the CWE area, there exists a
dense mesh of high-voltage AC interconnections, with numerous parallel flow
paths and significant flow redistribution effects. Unlike the Nordic system,
shape is more radial. Sweden’s four bidding zones (SE1–SE4) form a clear
north–south chain, and exporters of electricity do not have to pay for loop
flows. The network has very few AC loops. FBMC’s ability to produce similar
efficiency gains in this more sparse topology, and what the mechanisms might
be, is not immediately obvious from CWE experience alone.

1.2 Problem Definition
The Swedish transmission system offers a unique and manageable approach to
studying these issues. Sweden has a well-developed internal grid with three
AC corridors connecting the electrical systems SE1–SE2, SE2–SE3 and SE3–
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SE4. The corridor SE2–SE3 is the main bottleneck. The transfer of power
from the hydroelectric North to the load-heavy South where Stockholm and
the industrial centers of SE3 and SE4 create a constant deficit is limited by
this.

According to Available Transfer Capability (ATC), a fixed NTC value is
assigned to the SE2–SE3 corridor. As this limit comes into effect, we observe
that the prices in SE3 and SE4 exceed the prices in SE1 and SE2 since they
cannot draw the southbound transmission. Northern generators that could
profitably supply southern load are curtailed. The outcome of a market is
feasible but inefficient.

The analysis at hand is centred on the routing opportunity introduced by
the Finnish connection. Finland connects to the Swedish grid at two points:
via an AC link to SE1 in the north, and via a submarine HVDC cable to SE3
in the south. The only significant loop of this network is formed by these two
connections. Power may flow from SE1 to SE3 through the internal SE2–SE3
corridor or through SE1–FI–SE3. Under the ATC arrangement, the algorithm
for market coupling cannot utilize this alternate route since each corridor is
independently allotted. Under FBMC, the PTDF matrix indicates the physical
relationship of all injections to all monitored lines so that the optimizer can
route Finnish imports to SE3 via FI–SE3, thus circumventing the congested
SE2–SE3 bottleneck.

The Norwegian passage adds a second dimension. Norwegian zones (NO1,
NO3, NO4) connect to the Swedish grid via three radial links. Norway’s large
hydroelectric surplus provides access to low-cost generation, but the value
of that access depends on whether imports can reach the high-price southern
zones. Under FBMC, the optimizer can coordinate Norwegian imports with
Finnish routing to enhance the south transfer of power. Under ATC, we have
independence of scheduling for each interconnector, therefore coordination is
not feasible.

The question is not exactly whether FBMC outperforms ATC in the
Nordic market, since the CWE experience and basic economic theory both
predict that it should, at least when congestion is present. The more
interesting questions concern the size of efficiency gains under realistic Nordic
conditions, the fraction of benefit attributable to the Finnish bypass versus
Norwegian imports, and the operating conditions under which benefits appear,
grow, or vanish.
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1.2.1 Research Questions
The primary research question is:

What is the quantitative difference in market efficiency between
FBMC and ATC for the Swedish electricity market, and how does
this difference vary with seasonal demand patterns and network
congestion levels?

This is decomposed into four specific questions:

1. RQ1 (Efficiency Differential): What is the magnitude of cost savings
achieved by FBMC compared to ATC under representative winter and
summer operating conditions?

2. RQ2 (Cross-Border Routing Mechanism): What is the primary
physical mechanism driving FBMC’s advantage, and what fraction of
benefits is attributable to Norwegian interconnection access versus the
Finnish bypass route?

3. RQ3 (Seasonal Variation): How do seasonal variations in demand
levels and congestion intensity influence the magnitude and distribution
of FBMC benefits?

4. RQ4 (Sensitivity): How sensitive are the observed benefits to variations
in exogenous parameters, including neighboring zone prices and
transmission capacities?

1.3 Purpose and Contributions
The purpose of this thesis is to provide independent quantitative evidence on
FBMC performance in the Nordic electricity market.

The study contains four main contributions. First, it develops a 13-node
zonal market model capable of simulating both FBMC and ATC capacity
allocation for the Swedish electricity market, including cross-border trade with
nine neighboring zones. The model is validated against historical prices and
official Nordic RCC welfare estimates.

This paper quantifies the differential efficiency of FBMC for three different
months (January, July and December 2024). It establishes that most of the
benefits concentrate under winter congestion while they almost disappear
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under summer congestion. Most prior FBMC evaluations report solely annual
averages that lack this seasonal decomposition information.

Third, it proposes a corridor isolation experiment that decomposes the
benefits of FBMC by physical mechanism. Through the selective removal
of Norwegian interconnections from the model and through the observation
of the residual benefit, the experiment separates Finnish bypass routing
from Norwegian import access. A complementary price convergence test
(Scenario C) finds that the gains of FBMC come from the price arbitrage
enabled by physically-aware routing, not by any independent structural
advantage of the flow-based constraint formulation.

Fourth, it tests sensitivity through five scenarios spanning price variations
and capacity changes, establishing the conditions under which FBMC benefits
persist, amplify, or vanish.

1.4 Research Methodology
This thesis uses quantitative simulation combined with counterfactual
analysis. A zonal market model is developed, parameterized with empirical
data from public sources, and used to simulate market clearing under both
FBMC and ATC while holding all other inputs constant. The difference in total
system cost between the two runs isolates the effect of the capacity allocation
method. Chapter 3 presents the mathematical formulation and experimental
design; Chapter 4 describes the software implementation.

The choice of simulation over alternative approaches requires justification.
A direct before-and-after comparison of the Nordic FBMC transition is not
feasible, because the switch happened at a single point in time, with no
control group and many confounding factors (weather, fuel prices, demand)
changing simultaneously. Only one allocation method is operational at any
given moment, so real-world data cannot provide the counterfactual needed
for causal comparison. Agent-based modeling offers richer behavioral detail
but introduces assumptions about strategic bidding that would complicate
interpretation. This thesis prioritizes clean experimental control over
behavioral realism.

The simulation provides three characteristics needed for research ques-
tions. It maintains demand, the generation fleet, and network constant
while varying only the allocation method. In Section 3.4.3, the sensitivity
scenarios allow system parameter variation. The model uses open-source tools
(Python, HiGHS) and open data from the ENTSO-E Transparency Platform
and Svenska kraftnät, making it fully replicable.
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Using this approach comes with abstraction costs. The model is a zonal
model with 13 nodes, not a full nodal model with hundreds of buses and
explicit contingency constraints. Section 1.5 states the resulting delimitations,
and Chapter 6 evaluates them.

1.5 Delimitations
Several boundaries define the scope of this analysis. The geographic focus
is the Swedish electricity market. The four Swedish bidding zones (SE1–
SE4) are modeled endogenously, while nine neighboring market areas (NO1,
NO3, NO4, FI, DK1, DK2, DE, PL, LT) are treated as price-taking zones
with exogenous prices. This means the model captures Swedish dispatch
and pricing responses to the allocation method, but not feedback effects on
neighboring markets. If FBMC-induced trade patterns alter prices in Norway
or Finland, those effects are not reflected back into the Swedish market
clearing.

The network uses one node per bidding zone, with 13 nodes total. Intra-
zonal transmission constraints are not modeled, and Generation Shift Keys
are consequently trivial, with each zone mapping to a single node. This
simplification is discussed further in Section 3.2.5 and evaluated as a limitation
in Section 6.5.1.

Three representative weeks from 2024 are analyzed, one each from
January, July, and December. This provides seasonal coverage but does not
cover the full year continuously. Extreme events, transitional seasons, and the
variation across all 8 760 hours are not captured.

Only the day-ahead market is modeled. Intraday trading, balancing
markets, and redispatch actions are excluded. The DC power flow
approximation is used throughout, so voltage constraints and reactive power
effects are absent. Market participants are assumed to bid at marginal cost,
so strategic bidding, portfolio optimization, and market power are outside the
scope.

The choices above are standard for zonal market simulation studies and
match comparable CWE analyses [1]. Their implications for the conclusions
are evaluated in Chapter 6.
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1.6 Thesis Structure
The remaining chapters are organized as follows. Chapter 2 provides
theoretical background on electricity market design, the ATC and FBMC
methodologies, the Nordic market context, and a review of related academic
work. Chapter 3 presents the mathematical model formulation, data sources,
and experimental design. Chapter 4 describes the software implementation.
Chapter 5 presents the simulation results, including seasonal comparisons,
the corridor isolation experiment, and the sensitivity scenarios. Chapter 6
interprets the findings and examines limitations. Chapter 7 summarizes
conclusions and identifies directions for future work.
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Chapter 2

Background

This chapter provides the theoretical foundation for the capacity allocation
comparison. It moves from general principles of electricity market design
through the two competing allocation methodologies (ATC and FBMC),
then narrows to the Nordic market context and the academic literature that
motivates this thesis.

2.1 Electricity Market Fundamentals
At a large scale, storing electricity is not financially viable, hence real-time
balancing of production and consumption needs to take place within the
synchronized grid [4]. European electricity markets operate in this way.
Instead of being a single trading venue, they work as a series of temporally
spaced auctions, each having different coordination functions.

Wholesale electricity trade takes place primarily in the day-ahead market.
The Nordic region’s power market operates through a uniform-price auction at
Nord Pool [5]. Those who want to participate in the market must submit bids
that state the volumes they want to buy or sell at different prices for each hour of
the following day. The market operator collects all bids, aggregates the supply
and demand curves and finds the market-clearing price at their intersection. If
the transmission network had infinite capacity, there would be one price in the
whole market area so that all generators with a marginal cost lower than that
price would run. The result will be a least-cost dispatch.

This is restricted by transmission constraints. When the physical grid is
unable to handle all desired trades, we must partition the market into bidding
zones, within which a single price applies [6]. In cases where two zones
are sufficiently interconnected with transmission capacity, their prices will
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converge, i.e. the cheaper zone will export to the more expensive zone until
the price differential disappears, or until the full capacity of the interconnector
is employed. When interconnectors bind, zones decouple and separate prices
arise. The zones’ price difference shows the marginal congestion cost on the
binding constraint.

The methodology that determines how much transmission capacity is
available for commercial exchange affects which constraints bind, which
trades are permitted, and how efficiently the market clears. Two methodologies
dominate European practice. Firstly, the Available Transfer Capacity method,
described in Section 2.2, and secondly, Flow-Based Market Coupling,
described in Section 2.3.

2.2 Available Transfer Capacity Method
According to the ATC methodology, a Net Transfer Capacity (NTC) value is
assigned to each interconnector between bidding zones. NTC indicates the
maximum commercial exchange permitted on that corridor [7]. The NTC is
established through offline security assessments carried out by TSOs, taking
into account thermal constraints, voltage limits and stability restrictions. A
reliability margin is subtracted to provide a buffer against over-forecasting,
under-forecasting and outages. The outcome is a unique number for each
corridor and direction applicable for every market time unit.

The market clearing problem under ATC can be stated in general terms as
the following linear program [6]:

Minimise ∑
𝑛

𝐶𝑛 ⋅ 𝑔𝑛 (2.1)

subject to

∑
𝑔∈𝐺𝑛

𝑔 − 𝐷𝑛 + ∑
𝑙∶ 𝑡𝑜(𝑙)=𝑛

𝑓𝑙 − ∑
𝑙∶ 𝑓 𝑟𝑜𝑚(𝑙)=𝑛

𝑓𝑙 = 0 ∀ 𝑛 (𝜆𝑛) (2.2)

|𝑓𝑙| ≤ 𝑁𝑇𝐶𝑙 ∀ 𝑙 (𝜇𝑙) (2.3)
𝑔min

𝑛 ≤ 𝑔𝑛 ≤ 𝑔max
𝑛 ∀ 𝑛 (𝜈𝑛, 𝜈𝑛) (2.4)

where 𝑔𝑛 is generation at node 𝑛, 𝐶𝑛 is marginal cost, 𝐷𝑛 is demand, and 𝑓𝑙 is
commercial flow on corridor 𝑙. The dual variables 𝜆𝑛 represent zonal prices,
𝜇𝑙 represents the congestion rent on corridor 𝑙, and 𝜈𝑛, 𝜈𝑛 represent generation
limit shadow prices.
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Although the formulation is easy to compute because it represents a
simplified version of the system. The constraint in Equation 2.3 treats each
corridor independently where the limit on one corridor is unaffected by
conditions on any other. In a real AC transmission network, this independence
does not hold. Power flows distribute across all available paths according to
Kirchhoff’s laws [8], so a transaction between zones A and B causes flows not
only on the direct A–B corridor but also on parallel paths through intermediate
zones. Parallel-path flows are the physical norm in any meshed network, not
an occasional anomaly.

ATC must accommodate these parallel-path effects without being able to
model them. NTC values must therefore be set to ensure network security
under the worst-case anticipated flow pattern. This embeds conservative
margins and reduces the capacity available for commercial exchange [9]. The
result is systematic underutilization of actual physical capacity. Since the
ATC formulation cannot distinguish between different flow distributions that
produce the same net exchange, it cannot identify dispatch solutions that would
be physically feasible under the actual (rather than worst-case) flow pattern.

Depending on the network topology, this conservatism can vary [9]. In
systems with a mostly radial network, in which power has few alternative
paths, the bilateral limits would be a reasonable approximation of ATC. An
abundant gap likely exists between the ATC’s conservative thresholds and
the true physical capacity where networks are meshed with various parallel
paths. The Nordic network is in the middle of these two extremes. The thesis
examines the mixed topology of a single cross-border loop, that runs through
Finland, while its internal corridors are mostly radial.

Chapter 3 adapts this general formulation to the specific 13-node Nordic
model. The notation in that chapter uses 𝑚𝑐𝑝 for plant-level marginal costs
and 𝑔𝑝,𝑡 for hourly plant dispatch.

2.3 Flow-Based Market Coupling
FBMC replaces ATC’s simplified bilateral limits with an explicit represen-
tation of power flow physics [9]. The central object is the Power Transfer
Distribution Factor (PTDF) matrix. Each coefficient 𝑃𝑇𝐷𝐹𝑙,𝑛 quantifies the
fraction of a 1 MW injection at node 𝑛, with corresponding withdrawal at the
slack bus, that flows through transmission line 𝑙. The full matrix encodes, for
every possible pattern of zonal net positions, the resulting physical flow on
every monitored network element.
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Under the DC power flow approximation, PTDFs can be expressed in
compact matrix form as [10]:

PTDF = B𝑓 ⋅ B′−1 (2.5)

where B𝑓 is the branch-node susceptance matrix and B′−1 is the inverse of
the reduced nodal susceptance matrix (with the slack bus row and column
removed). Equivalently, the PTDF for an individual line 𝑙 between nodes 𝑖
and 𝑗 can be computed element-wise as 𝑃𝑇𝐷𝐹𝑙,𝑛 = 1

𝑥𝑙
(Ψ𝑖,𝑛 − Ψ𝑗,𝑛), where

Ψ0 = (B′)−1 is the bus angle sensitivity matrix. Section 3.2.4 in Chapter 3
derives this element-wise form in detail and describes its implementation.

The FBMC market clearing problem becomes [11, 7, 12]:

Minimise ∑
𝑛

𝐶𝑛 ⋅ 𝑔𝑛 (2.6)

subject to
𝑔𝑛 − 𝐷𝑛 = 𝑝𝑛 ∀ 𝑛 (𝜆𝑛) (2.7)

∣∑
𝑛

𝑃𝑇𝐷𝐹𝑙,𝑛 ⋅ 𝑝𝑛∣ ≤ 𝐹max
𝑙 ∀ 𝑙 ∈ ℒCNEC (𝜔𝑙) (2.8)

𝑔min
𝑛 ≤ 𝑔𝑛 ≤ 𝑔max

𝑛 ∀ 𝑛 (𝜈𝑛, 𝜈𝑛) (2.9)

where 𝑝𝑛 is the net position (injection minus withdrawal) at node 𝑛, 𝐹max
𝑙 is

the thermal limit of line 𝑙, and ℒCNEC is the set of Critical Network Elements
with Contingency that are monitored in the flow-based domain.

The difference between ATC and FBMC is visible in the constraint struc-
ture. The ATC constraint (Equation 2.3) treats each corridor independently,
where the limit on one corridor is unaffected by conditions elsewhere in
the network. The FBMC constraint (Equation 2.8) couples all corridors
through the PTDF matrix. A change in net position at any single node affects
the computed flow on every monitored line simultaneously. Through this
coupling, FBMC can use parallel paths that ATC cannot represent [9].

2.3.1 Geometric Interpretation.
The distinction between ATC and FBMC has a useful geometric interpreta-
tion [9]. Under ATC, each corridor’s independent NTC limit defines a box in
the space of zonal net positions: the set of all net position vectors for which no
single corridor exceeds its bilateral limit. Under FBMC, the PTDF-based flow
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constraints define a polytope in the same space, and each monitored network
element contributes a pair of half-plane constraints. This polytope is generally
larger than the ATC box, because the PTDF constraints account for the fact that
flows on different corridors are physically correlated. A net position vector that
would violate one ATC limit (because it implies high flow on one corridor)
may still be feasible under FBMC if the physical flows, computed through
the PTDF matrix, remain within thermal limits on all monitored elements.
The additional volume of the FBMC polytope beyond the ATC box represents
commercially feasible trades that ATC would exclude.

2.3.2 Operational Complexity.
FBMC’s physical fidelity comes at a cost [13]. The PTDF matrix must
be computed for each market time unit based on the expected network
topology and generation pattern. This requires coordination among TSOs
within a capacity calculation region. The set of monitored network elements
(CNECs) must be defined and updated to reflect current security concerns.
In operational implementations, this process also involves Generation Shift
Key (GSK) assumptions that determine how changes in zonal net positions
distribute across physical generators within each zone, and this step introduces
additional uncertainty. Section 3.2.5 in Chapter 3 discusses GSK assumptions
and their implications for this thesis.

2.4 The Nordic Electricity Market
The Nordic electricity market, operated by Nord Pool [5], encompasses
bidding zones across Sweden (SE1–SE4), Norway (NO1–NO5), Finland (FI),
and Denmark (DK1–DK2). Each zone is a region within which a single price
applies during any given hour. The market cleared its first day-ahead auction
in 1996 and has since expanded to include intraday and balancing platforms,
though this thesis focuses exclusively on the day-ahead market.

2.4.1 Generation Mix
The Nordic generation mix varies sharply by region, and that variation
produces the price geography that drives cross-border trade. Norway and
northern Sweden have a significant amount of hydropower. This generation
type is flexible, near-zero marginal cost, and dominant in the supply stack
during most hours. Sweden and Finland operate nuclear power plants that
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provide high-availability baseload generation. Wind capacity has grown
substantially across all Nordic countries over the past decade. Sweden alone
added over 10 GW of installed wind capacity between 2015 and 2024 [14].

The consequence is a persistent north–south price gradient [15]. Northern
zones (SE1, SE2, NO3, NO4) typically have surplus generation and low prices.
Southern zones (SE3, SE4, DK1, DK2) have higher demand relative to local
generation and correspondingly higher prices, particularly during winter when
electric heating drives peak loads. This price gradient is the economic force
that motivates north–south power transfer, and when transmission constraints
bind, it generates the congestion costs that the capacity allocation method
determines.

2.4.2 Cross-Border Interconnection
The operation of the Nordic market is reliant on cross-border interconnection.
The Nordic countries are connected to each other by AC and HVDC
connections, and through external HVDC cables to continental Europe and
the Baltic states. The total capacity for interconnection between the Nordic
synchronous area and neighbouring areas exceeds 10 GW [16]. When not
congested, these connections arbitrage across regions with differing generation
mixes and demand patterns, resulting in price convergence. When binding,
they generate congestion revenue equal to the product of the flow and the cross-
border price differential.

There is a difference between an AC and HVDC interconnection for
FBMC [13]. AC currents taking place in connection loops when power is
injected at one end, it spreads all over the parallel AC paths, depending
on impedances in the network. Connections of HVDCs are controllable.
The operator determines power transfer and flow does not reallocate through
parallel routes. In the Nordic network, HVDC is dominant in interconnectors.
An exception has been made for the FI–SE1 northern Finland–Sweden
connection, an AC connection. The HVDC cable connects southern Finland to
Sweden’s power grid. The only major loop in the network is formed by these
two links. Power can flow from the north to SE3 through either the interior
SE2–SE3 corridor or the SE1–FI–SE3 route. The implications of this loop for
capacity allocation are described in Section 1.2 and quantified in Chapter 5.
The model’s treatment of both Finnish links as AC lines in the susceptance
matrix is discussed in Section 6.5.8.
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2.4.3 Seasonal Demand Patterns
Demand in the Nordic region is strongly seasonal [15]. Electric space heating
in Sweden, Norway, and Finland drives winter peaks that can exceed summer
demand by a factor of two or more in the northern zones. Seasonality affects
both the level of demand and the spatial distribution of congestion. During
winter, high demand in SE3 and SE4 combines with high hydropower output
in SE1 and SE2 to create sustained north–south flows that frequently saturate
the SE2–SE3 corridor. During summer, lower demand and reduced price
differentials relieve congestion on internal corridors.

If FBMC’s advantage arises from better management of congested
corridors, then that advantage should be largest in winter and smallest in
summer. The multi-period analysis in Chapter 5 tests this prediction.

2.4.4 Swedish Transmission Topology
Sweden’s internal transmission system has a predominantly north–south
orientation. Hydroelectric generation sits in the north and population centers
in the south. Three AC corridors connect the four bidding zones in a
chain: SE1–SE2 (3 300 MW NTC), SE2–SE3 (7 300 MW), and SE3–SE4
(5 300 MW) [14]. The SE2–SE3 corridor has the highest capacity of the three,
but it is also the critical bottleneck. It carries the cumulative north–south flow
from both SE1 and SE2 toward the load centers in SE3 and SE4. Its frequent
congestion makes it the natural focus for the capacity allocation comparison.

2.4.5 Topological Significance for FBMC Analysis
The Nordic transmission network has two topological features that matter for
the comparison.

Internally, Sweden’s four bidding zones are connected in an essentially
radial north–south chain (SE1–SE2–SE3–SE4), and power flow paths are
largely predetermined by this linear structure. In a purely radial network, ATC
and FBMC would produce identical results, because there are no parallel paths
for ATC to ignore or FBMC to exploit [9].

Finland’s dual connection to SE1 and SE3 introduces the network’s only
significant loop [13]. This loop produces the parallel-path physics that
distinguishes the two allocation methods (Section 1.2). The three Norwegian
zones (NO1, NO3, NO4) connect radially to individual Swedish zones, as do
the Danish and Baltic connections. These radial links do not create additional
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loops, but they provide access to low-cost hydropower whose value depends
on how effectively the SE2–SE3 bottleneck is managed.

The corridor isolation experiment in Section 5.4 tests whether FBMC’s
value arises primarily from the Finnish loop, from Norwegian import
coordination, or from some combination.

2.5 Related Work
The academic literature on flow-based market coupling has grown substan-
tially since the CWE implementation in 2015, but it often clusters around
either methodology and tools, GSK sensitivity, CWE performance evaluation,
and broader European adoption. Nordic-specific analysis remains sparse [17,
18].

2.5.1 Methodology and Tools
Weinhold and Mieth [12] developed POMATO, an open-source power market
tool for flow-based market analysis. POMATO provides reference code for
PTDF matrix computation, flow-based domain construction, and zonal market
clearing under both FBMC and ATC constraints. Their work demonstrated
that GSK assumptions materially affect the estimated flow-based domain. The
implementation in Chapter 4 follows POMATO’s methodological framework
but is written in custom Python to support the corridor isolation and multi-
scenario sensitivity analyses required here.

Van den Bergh et al. [10] examined the validity of DC power flow
assumptions in unit commitment and market models. Their analysis confirmed
that the DC approximation introduces errors of 1–5% in flow estimates on
high-voltage transmission networks, but that these errors are small relative
to the uncertainty introduced by other modeling choices (demand forecasts,
fuel prices, outage schedules). This justifies the DC power flow basis used
in both operational FBMC implementations and academic analyses, including
this thesis.

The PyPSA framework [19, 20] is an open-source platform for power
system modeling that has become widely used in European energy systems
research. The PyPSA-Eur dataset, which provides network topology and
impedance data for the European transmission system, is the source for the
reactance values used in this thesis (Section 3.3.2).
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2.5.2 Generation Shift Key Research
The sensitivity of FBMC outcomes to GSK assumptions has received
sustained attention. Schönheit et al. [21] systematically analyzed how
different GSK strategies affect the flow-based domain in CWE. They tested
proportional, merit-order, and capacity-weighted approaches. The choice
of strategy can shift PTDF values on critical network elements by 1–10%,
which in turn affects available cross-border capacity and market welfare. Any
FBMC simulation that uses a single GSK methodology produces estimates
conditioned on that choice.

This finding matters for the present results. The 13-node zonal model used
here assigns one node per bidding zone, which makes GSK assumptions trivial
(Section 3.2.5). The simplification eliminates GSK-dependent uncertainty
but also means that the absolute welfare magnitudes reported here should
be understood as estimates for one specific (and simplified) network
representation. The directional findings, which reflect constraint formulation
differences rather than specific PTDF values, are expected to be more stable
across model specifications.

2.5.3 CWE Implementation Experience
The Central Western European region provides the most extensive empirical
evidence on FBMC performance. Post-implementation analyses by ACER and
the CWE TSOs documented annual welfare gains of €150–300 million [22,
23]. These estimates vary with the counterfactual ATC assumptions employed,
particularly how NTC values are set in the comparison scenario. When the
counterfactual uses historically published NTCs, gains tend to be larger; when
it uses optimistically recalculated NTCs, gains shrink.

The CWE experience also revealed practical implementation chal-
lenges [24]. PTDF matrices require frequent updates to reflect changing
network topology and generation patterns. Coordination across multiple
TSOs within a capacity calculation region introduces institutional complexity.
Market participants reported difficulty interpreting price formation under flow-
based constraints, where the binding constraint may be a network element
geographically distant from the trading zones involved.

Schavemaker and Beune [11] described the CWE flow-based coupling
mechanism in early operational detail, from PTDF computation through
market clearing. Kurzidem [25] analyzed FBMC performance under
oligopolistic conditions. Strategic behavior can reduce, but does not eliminate,
the welfare advantage of flow-based allocation over ATC.
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2.5.4 Broader European Adoption
Beyond CWE, other European capacity calculation regions have adopted
FBMC. The Italy North region implemented flow-based allocation in 2021.
The Core region, which covers most of Central Europe, completed its
transition in June 2022 [26]. Direct comparison across regions is complicated
by differences in network topology, market structure, and congestion patterns.
But the consistent finding is that FBMC benefits scale with the degree of
network meshing and the severity of congestion, both of which determine how
much additional trading space the flow-based domain provides relative to the
ATC box.

2.5.5 Nordic FBMC and the External Parallel Run
The Nordic electricity market completed its transition to FBMC in October
2024 [27], after an 18-month External Parallel Run coordinated by the Nordic
RCC from early 2023. During the EPR, both ATC and FBMC capacity
calculations were performed in parallel. This allowed direct comparison
of market outcomes under the two methodologies without changing the
operational dispatch.

The Nordic RCC published periodic summary reports during the
EPR period. These reports document average weekly welfare gains of
approximately €6.1 million, with substantial variation across congestion
levels and seasonal conditions [3]. These official estimates are the primary
benchmark against which the simulation results of this thesis are validated
(Section 5.6).

Nordic-specific academic research remains limited [17, 18]. The EPR data
has not been the subject of any independent peer-reviewed study based on
publicly available inputs. The specific characteristics of the Nordic network,
a radial internal chain with a single meshed cross-border loop, have not
been systematically examined in the context of FBMC performance. Most
existing FBMC research assumes a densely meshed network (as in CWE)
where parallel flow effects are pervasive. Whether the same mechanisms drive
FBMC benefits in a sparser topology is an open question.

2.6 Summary
The distinction between ATC and FBMC reduces to their treatment of network
physics. ATC abstracts the transmission grid into independent bilateral
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capacity limits that must be set conservatively to accommodate unknown flow
patterns. FBMC represents the power flow distribution explicitly through the
PTDF matrix, which lets the market identify feasible operating points that
ATC would exclude.

The Nordic electricity market is a natural setting for the comparison.
Its internal Swedish corridors are predominantly radial, but Finland’s dual
connection to SE1 and SE3 creates a single loop that introduces the parallel-
path physics FBMC is designed to exploit. Norwegian interconnections
provide access to low-cost hydropower whose value depends on bottleneck
management. Seasonal demand variation creates periods of both high and
low congestion, so FBMC performance can be observed across a wide range
of operating conditions in this single setting.

The existing literature establishes that FBMC produces welfare gains
in densely meshed networks (CWE evidence) [22, 23] and provides
official Nordic welfare estimates from the EPR [3]. The literature does
not provide independent academic analysis of FBMC performance under
Nordic conditions, decomposition of benefits by physical mechanism, or
quantification of the seasonal dependence that the Nordic demand pattern
implies. This thesis addresses each of these.
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Chapter 3

Methods

3.1 Research Process
This chapter presents the mathematical formulation, data sources, and
experimental design underlying the FBMC–ATC comparison. The model
is a 13-node zonal market clearing problem solved as a linear program
for each hour. It is parameterized with public data from the ENTSO-E
Transparency Platform, Svenska kraftnät, and the PyPSA-Eur dataset, and
implemented in Python using the HiGHS linear programming solver. The
justification for simulation as a methodology and the experimental logic of
ceteris paribus comparison are established in Section 1.4; this chapter specifies
the formulation.

3.2 Mathematical Model Formulation

3.2.1 Network Representation
The model uses a 13-node zonal representation of four Swedish bidding
zones (SE1, SE2, SE3, SE4) and nine neighboring market areas (NO1,
NO3, NO4, FI, DK1, DK2, DE, PL, LT). Each node represents one bidding
zone. The implications of this one-node-per-zone architecture are discussed
in Section 3.2.5.

The network includes 13 transmission corridors of which three are internal
Swedish corridors (SE1–SE2, SE2–SE3, SE3–SE4) and ten are cross-border
interconnectors linking the Swedish zones to their neighbors. The topology
contains a single loop. Finland’s dual connection to the Swedish grid via
FI–SE1 and FI–SE3 creates an alternative path (SE1–FI–SE3) parallel to the



Methods | 39

direct internal chain (SE1–SE2–SE3). The three Norwegian zones (NO4,
NO3, NO1) each connect radially to a single Swedish zone, with no internal
Norwegian interconnections.

3.2.2 FBMC Formulation
The market clearing problem follows the FBMC formulation of Schavemaker
and Beune [11] and the open-source POMATO implementation [12], with
operational details documented in [7, 13]. For each hour 𝑡 ∈ 𝒯 :

Minimise ∑
𝑝∈𝒫

𝑚𝑐𝑝 ⋅ 𝑔𝑝,𝑡 + ∑
𝑛∈𝒩

𝜋𝑛 ⋅ 𝑖𝑛,𝑡 (3.1)

subject to

∑
𝑝∈𝒫

𝑔𝑝,𝑡 + ∑
𝑛∈𝒩

𝑖𝑛,𝑡 = ∑
𝑧∈𝒵

𝐷𝑧,𝑡 (𝜆𝑡) (3.2)

0 ≤ 𝑔𝑝,𝑡 ≤ 𝐺max
𝑝 ⋅ 𝑎𝑝,𝑡 ∀ 𝑝 ∈ 𝒫 (𝜈𝑝,𝑡, 𝜈𝑝,𝑡) (3.3)

−𝐶𝑛 ≤ 𝑖𝑛,𝑡 ≤ 𝐶𝑛 ∀ 𝑛 ∈ 𝒩 (𝜉
𝑛,𝑡

, 𝜉𝑛,𝑡) (3.4)

−𝐹max
𝑙 ≤ ∑

𝑧∈𝒵∪𝒩
𝑃𝑇𝐷𝐹𝑙,𝑧 ⋅ 𝑝𝑧,𝑡 ≤ 𝐹max

𝑙 ∀ 𝑙 ∈ ℒ (𝜔𝑙,𝑡) (3.5)

The sets are: 𝒫 (26 generation plants), 𝒯 (168 hourly periods), 𝒵 =
{SE1, SE2, SE3, SE4} (Swedish bidding zones), 𝒩 (nine neighboring zones),
and ℒ (13 transmission corridors). The decision variables are 𝑔𝑝,𝑡 (generation
output of plant 𝑝) and 𝑖𝑛,𝑡 (net import from neighbor 𝑛, positive for import).
The parameters are: 𝑚𝑐𝑝 (marginal cost, EUR/MWh), 𝜋𝑛 (day-ahead price in
neighboring zone 𝑛), 𝐺max

𝑝 (installed capacity), 𝑎𝑝,𝑡 (hourly availability factor,
Section 3.3.4), 𝐶𝑛 (interconnector capacity linking neighbor 𝑛 to the Swedish
grid), 𝑝𝑧,𝑡 (net position of zone 𝑧), and 𝐹max

𝑙 (thermal limit of corridor 𝑙).
The net position 𝑝𝑧,𝑡 connects the flow constraint to the decision variables. For
Swedish zones, it is the difference between local generation and demand; for
neighboring zones, it equals the import variable:

𝑝𝑧,𝑡 =
⎧{{
⎨{{⎩

∑
𝑝∈𝑧

𝑔𝑝,𝑡 − 𝐷𝑧,𝑡 𝑧 ∈ 𝒵

𝑖𝑛,𝑡 𝑧 = 𝑛 ∈ 𝒩
(3.6)

Substituting into Equation 3.5 expresses the flow constraint entirely in terms
of the decision variables 𝑔𝑝,𝑡 and 𝑖𝑛,𝑡, which completes the linear program.

𝜆𝑡 is the system marginal price, 𝜈𝑝,𝑡 reflects the scarcity value of generation
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capacity, 𝜉𝑛,𝑡 the value of interconnector capacity, and 𝜔𝑙,𝑡 the congestion rent
on corridor 𝑙. The PTDF coefficients in Equation 3.5 couple all corridors. A
change in net position at any zone affects the computed flow on every corridor
simultaneously.

3.2.3 ATC Formulation
Under ATC, the objective function and the power balance, generation, and
import constraints are identical to the FBMC formulation. The only difference
is the transmission constraint, which uses the bilateral NTC limits standard in
pre-FBMC European market design [7, 28]. Each internal corridor receives
an independent NTC limit:

Minimise ∑
𝑝∈𝒫

𝑚𝑐𝑝 ⋅ 𝑔𝑝,𝑡 + ∑
𝑛∈𝒩

𝜋𝑛 ⋅ 𝑖𝑛,𝑡 (3.7)

subject to

∑
𝑝∈𝒫

𝑔𝑝,𝑡 + ∑
𝑛∈𝒩

𝑖𝑛,𝑡 = ∑
𝑧∈𝒵

𝐷𝑧,𝑡 (𝜆𝑡) (3.8)

0 ≤ 𝑔𝑝,𝑡 ≤ 𝐺max
𝑝 ⋅ 𝑎𝑝,𝑡 ∀ 𝑝 ∈ 𝒫 (𝜈𝑝,𝑡, 𝜈𝑝,𝑡) (3.9)

−𝐶𝑛 ≤ 𝑖𝑛,𝑡 ≤ 𝐶𝑛 ∀ 𝑛 ∈ 𝒩 (𝜉
𝑛,𝑡

, 𝜉𝑛,𝑡) (3.10)

−𝑁𝑇𝐶𝑙 ≤ 𝑓𝑙,𝑡 ≤ 𝑁𝑇𝐶𝑙 ∀ 𝑙 ∈ ℒint (𝜇𝑙,𝑡) (3.11)

where ℒint = {SE1–SE2, SE2–SE3, SE3–SE4} is the set of internal Swedish
corridors and 𝑁𝑇𝐶𝑙 is the bilateral capacity limit. The commercial flow 𝑓𝑙,𝑡 is
defined as the cumulative net surplus of zones upstream of corridor 𝑙:

𝑓SE1–SE2,𝑡 = ∑
𝑝∈SE1

𝑔𝑝,𝑡 + ∑
𝑛→SE1

𝑖𝑛,𝑡 − 𝐷SE1,𝑡 (3.12)

𝑓SE2–SE3,𝑡 = ∑
𝑝∈SE1∪SE2

𝑔𝑝,𝑡 + ∑
𝑛→{SE1, SE2}

𝑖𝑛,𝑡 − 𝐷SE1,𝑡 − 𝐷SE2,𝑡 (3.13)

𝑓SE3–SE4,𝑡 = 𝐷SE4,𝑡 − ∑
𝑝∈SE4

𝑔𝑝,𝑡 − ∑
𝑛→SE4

𝑖𝑛,𝑡 (3.14)

Each corridor is constrained independently. The limit on SE2–SE3 is
unaffected by conditions on SE1–SE2 or any cross-border corridor. This is
the defining simplification of ATC.
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3.2.4 PTDF Calculation
Power Transfer Distribution Factors are the mathematical element that
distinguishes FBMC from ATC. A PTDF coefficient 𝑃𝑇𝐷𝐹𝑙,𝑧 quantifies the
fraction of a 1 MW injection at node 𝑧, with corresponding withdrawal at a
designated reference node (the slack bus), that flows through transmission
corridor 𝑙. The full PTDF matrix encodes how any pattern of zonal net
positions translates into physical flows across every corridor.

3.2.4.1 Technical Accuracy

In a meshed network, power does not follow a contractually designated path.
When 1 MW is injected in SE2 and withdrawn at the slack bus (SE3), the
resulting flow distributes across all available paths according to the electrical
impedances of the network. The PTDF matrix captures this distribution. In the
13-node model, 𝑃𝑇𝐷𝐹SE2–SE3, SE2 = 0.871, meaning 87.1% of the injection
flows directly through the SE2–SE3 corridor. The remaining 12.9% takes the
alternative path through Finland: backwards from SE2 to SE1, across to FI via
the SE1–FI interconnector, and then into SE3 via the FI–SE3 interconnector.
This loop flow arises because the Finnish dual connection creates a parallel
path, and current divides between the two paths according to Kirchhoff’s laws.

Under ATC, this distributional information is not used. Each corridor is
assigned an independent capacity limit, and the market clearing algorithm
cannot account for the fact that a single transaction simultaneously affects
flows on multiple corridors. FBMC incorporates the PTDF matrix directly
into the market clearing constraints (Equation 2.8). The optimizer can then
identify dispatch patterns that respect all physical flow limits simultaneously.

3.2.4.2 DC Power Flow Approximation

The PTDF matrix is derived from the DC power flow approximation, which
is standard in market coupling applications [29, 30]. The DC approximation
assumes: (i) voltage magnitudes are 1.0 per unit at all nodes, (ii) voltage
angle differences across lines are small, and (iii) line resistances are negligible
relative to reactances. Under these assumptions, power flow on a line is
proportional to the voltage angle difference across it, and the relationship
between nodal injections and flows becomes linear. This linearity is a
prerequisite for incorporating PTDFs into the linear programming formulation
used for market clearing.

These assumptions are appropriate for the high-voltage transmission
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network modeled here, where 𝑋/𝑅 ratios are typically large and voltage
profiles are tightly regulated. The DC approximation is also the basis for
operational FBMC implementations in both the CWE and Nordic regions [7,
13].

3.2.4.3 Mathematical Derivation

The PTDF derivation follows the standard treatment in [10]. The calculation
proceeds from the network admittance structure. For a network with 𝑁 nodes
and 𝐿 lines, let 𝑥𝑙 denote the reactance of line 𝑙 connecting nodes 𝑖 and 𝑗, and
let 𝑏𝑙 = 1/𝑥𝑙 denote the corresponding susceptance. The nodal susceptance
matrix B (𝑁 × 𝑁) is constructed as:

𝐵𝑖𝑖 = ∑
𝑙∈ℒ𝑖

𝑏𝑙, 𝐵𝑖𝑗 = −𝑏𝑙 if line 𝑙 connects 𝑖 and 𝑗 (3.15)

where ℒ𝑖 is the set of lines incident to node 𝑖.
Under the DC power flow approximation, the relationship between nodal

power injections p and voltage angles 𝜃 is:

p = B𝜃 (3.16)

Since B is singular (its rows sum to zero), one node is designated as the
slack bus with its angle fixed to zero. Removing the slack bus row and column
yields the reduced matrix B′, which is invertible. The bus angle sensitivity
matrix is then:

Ψ0 = (B′)−1 (3.17)

where Ψ𝑘,𝑛 gives the voltage angle change at node 𝑘 resulting from a 1 MW
injection at node 𝑛 (with withdrawal at the slack bus). The matrix is expanded
back to full dimension by inserting a row and column of zeros at the slack bus
position, which restores the fixed-angle reference.

The PTDF for line 𝑙 (connecting nodes 𝑖 and 𝑗) with respect to injection at
node 𝑛 is then:

𝑃𝑇𝐷𝐹𝑙,𝑛 = 1
𝑥𝑙

(Ψ𝑖,𝑛 − Ψ𝑗,𝑛) (3.18)

This expression follows directly from the DC power flow relationship. The
flow on line 𝑙 equals the susceptance 𝑏𝑙 multiplied by the angle difference
across it, and Ψ0 translates injections into angle changes.
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3.2.4.4 Slack Bus Selection

SE3 is designated as the slack bus. SE3 represents the Stockholm region,
Sweden’s primary load center and the zone to which the majority of north–
south power transfer is directed. The choice of slack bus affects the individual
PTDF values but not the physical flows computed by the market clearing
optimization. The FBMC constraints (Equation 2.8) depend on the product
𝑃𝑇𝐷𝐹𝑙,𝑧 ⋅ 𝑝𝑧 summed over all nodes, and the net position vector p adjusts
to satisfy power balance regardless of slack bus convention. The flow
calculations are invariant to the choice of reference.

3.2.4.5 Zonal Interpretation

Because each bidding zone is represented as a single node in the 13-node
model, the resulting PTDFs are inherently zonal where 𝑃𝑇𝐷𝐹𝑙,𝑧 gives the
flow impact on corridor 𝑙 of a 1 MW change in the net position of zone 𝑧.
No intra-zonal aggregation or Generation Shift Key transformation is required
(see Section 3.2.5).

3.2.5 Generation Shift Key Assumptions
In operational FBMC implementations, each bidding zone contains hundreds
of physical nodes with geographically distributed generators. When a zone’s
net position changes, the resulting power flows depend on which generators
within the zone adjust their output. Generation Shift Keys (GSKs) define this
intra-zonal mapping. They assign a participation factor to each generator, and
these factors determine how a change in zonal net position distributes across
physical injection points. Different GSK strategies (proportional to installed
capacity, merit-order based, or hybrid approaches) can materially affect the
resulting PTDF matrix and the flow-based domain [21].

GSKs enter the calculation through the conversion of nodal PTDFs to zonal
PTDFs. For a detailed nodal network, the PTDF of corridor 𝑙 with respect to
zone 𝑧 is:

𝑃𝑇𝐷𝐹zonal
𝑙,𝑧 = ∑

𝑛∈𝑧
𝐺𝑆𝐾𝑛,𝑧 ⋅ 𝑃𝑇𝐷𝐹nodal

𝑙,𝑛 (3.19)

where 𝐺𝑆𝐾𝑛,𝑧 is the participation factor of node 𝑛 within zone 𝑧, with
∑𝑛∈𝑧 𝐺𝑆𝐾𝑛,𝑧 = 1.

In the 13-node model, each bidding zone is represented as a single node.
The summation in Equation 3.19 collapses to a single term with 𝐺𝑆𝐾𝑛,𝑧 = 1.0,
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and the zonal PTDF equals the nodal PTDF directly:

𝑃𝑇𝐷𝐹zonal
𝑙,𝑧 = 𝑃𝑇𝐷𝐹nodal

𝑙,𝑧 (3.20)

No explicit GSK calculation appears in the implementation (Chapter 4) be-
cause the zonal modeling resolution eliminates the nodal-to-zonal aggregation
step entirely. The PTDF matrix is computed directly from the DC power flow
equations on the 13-node network, with no intra-zonal distribution required.
This captures how power flows distribute across inter-zonal corridors given
the meshed network topology, which is the relevant question for comparing
FBMC and ATC at the market coupling level. It does not capture how intra-
zonal generation patterns affect flows on specific transmission elements.

Schönheit et al. [21] demonstrated that in the CWE region, alternative GSK
strategies can shift mean zonal PTDF values on critical network elements
by up to roughly 10% (with the largest effect, 0.104, observed on the
Geertruidenberg–Krimpen line in DE–NL). The corresponding effects on
the flow-based domain and market welfare can be substantial. The absolute
magnitudes reported in this thesis (such as the 6.5% winter cost savings) are
estimates conditioned on the zonal network representation. The directional
findings (FBMC outperforms ATC under congestion, benefits vary seasonally,
benefits scale with congestion intensity) are expected to hold across GSK
methodologies, because they reflect differences in constraint formulation
rather than specific PTDF values.

3.3 Data Collection and Modeling Assump-
tions

All data derives from public sources to ensure reproducibility. This
section specifies the empirical inputs and technical assumptions required to
parameterize the market clearing model.

3.3.1 Demand Data
Hourly load data 𝐷𝑧,𝑡 for the four Swedish bidding zones is sourced from
the ENTSO-E Transparency Platform (document type A65: Day-Ahead
Total Load Forecast) [16]. Demand is assumed to be perfectly price-
inelastic, consistent with standard day-ahead market modeling practice. This
is appropriate because the day-ahead market clears against submitted demand
bids that are largely unresponsive to price at the hourly level.
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3.3.2 Transmission Network Parameters
The 13-node network is parameterized from two sources. Corridor
capacities for the three internal Swedish corridors are sourced from Svenska
kraftnät [31]: SE1–SE2 (3 300 MW), SE2–SE3 (7 300 MW), and SE3–SE4
(5 300 MW). Cross-border capacities are taken from ENTSO-E published
NTC data. Reactance values 𝑥𝑙 are derived from the PyPSA-Eur dataset [20].
These values represent the equivalent reactance of the primary 400 kV and
220 kV transmission lines aggregated to the zonal level, and they determine
the susceptance matrix B (Equation 3.15) and the PTDF matrix that follows
from it. The complete network data is tabulated in Appendix B.

3.3.3 Generation Fleet and Marginal Costs
The Swedish generation fleet is modeled by aggregating production units into
technology-specific clusters within each bidding zone. Installed capacities are
sourced from Svenska kraftnät’s Kraftbalansen 2024 report [14]. Table 3.1
summarizes the principal generation categories by zone.

Marginal costs 𝑚𝑐𝑝 represent typical short-run marginal costs assigned
by technology type. Hydropower is assigned 0.5 EUR/MWh to reflect water
value rather than zero variable cost. Nuclear receives 10 EUR/MWh. Wind
and solar are set to 0 EUR/MWh (zero fuel cost). Combined heat and power
plants are split into industrial CHP at 35 EUR/MWh and district heating CHP
at 40 EUR/MWh. Condensing plants receive 50 EUR/MWh, and gas turbines
80 EUR/MWh. The full 26-plant list with finer technology disaggregation is
provided in Appendix C.

3.3.4 Availability Factors
Hourly availability factors 𝑎𝑝,𝑡 scale the nameplate capacity 𝐺max

𝑝 to reflect
actual generation conditions. For each plant type in each zone, availability is
computed as the ratio of ENTSO-E actual generation (document type A75) to
installed capacity, capped at 1.0:

𝑎𝑝,𝑡 = min ⎛⎜
⎝

Actual generation𝑝,𝑡
𝐺max𝑝

, 1.0⎞⎟
⎠

(3.21)

For hours where ENTSO-E data is missing, an arbitrary set of availability
factors is applied according to nuclear 0.9, hydro 0.5, wind and solar 0.3, and
dispatchable thermal 0.8. These defaults are conservative estimates consistent
with typical Nordic operating conditions [32].
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Table 3.1: Generation capacity and marginal costs by zone and technology.
Values rounded from the 26-plant input data in Appendix C.

Zone Technology Capacity (MW) MC (EUR/MWh)
SE1 Hydro 5 346 0.5

Wind 3 023 0.0
CHP 266 35–40

SE2 Hydro 8 128 0.5
Wind 6 907 0.0
CHP 761 35–40

SE3 Nuclear 6 937 10.0
Wind 3 901 0.0
Hydro 2 595 0.5
CHP 2 526 35–40
Solar 1 863 0.0
Gas turbine 904 80.0

SE4 Wind 2 421 0.0
Solar 1 877 0.0
CHP 875 35–40
Condensing 662 50.0
Gas turbine 635 80.0
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3.3.5 Neighboring Zone Prices
Neighboring zones are modeled as price-taking markets. They offer imports
and exports at a fixed price drawn from ENTSO-E day-ahead data over the
simulation period. The price 𝜋𝑛 for each of the nine neighboring zones is
the period mean of historical day-ahead prices and is used directly as the
cost coefficient for the import decision variable 𝑖𝑛,𝑡 in the objective function
(Equation 3.1). The price-taking assumption is discussed in Section 4.4, and
the period-mean simplification is treated as a limitation in Section 6.5.6.

3.4 Experimental Design

3.4.1 Base Case Analysis
The base case simulates one representative week (168 hours) from December
2–8, 2024, under both FBMC and ATC. December provides winter conditions
with high demand and significant north–south price spreads. This is the natural
starting point for the comparison.

3.4.2 Multi-Period Analysis
To test whether FBMC benefits are a seasonal phenomenon or a persistent
feature, complete 168-hour simulations are conducted for three representative
periods in 2024, chosen to span the range of operating conditions.

January 2024 (weeks 2–3) captures winter peak demand, with average
hourly load of 20 094 MW across all Swedish zones. December 2024 (weeks
49–50) provides a second winter period with average demand of 17 500 MW
and high congestion on the SE2–SE3 corridor. July 2024 (weeks 28–29)
represents summer low-demand conditions with average load of 10 847 MW.

Each simulation uses period-specific hourly demand profiles, period-mean
day-ahead prices for neighboring zones, and hourly generation availability by
technology type. Network topology and NTC values remain constant across
periods, so seasonal comparisons reflect actual variations in demand and price
conditions rather than changes in network assumptions.

3.4.3 Sensitivity Analysis
Five scenarios test the sensitivity of FBMC benefits to changes in exogenous
parameters. Each scenario modifies a single input dimension relative to the
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December base case.
Scenario A increases continental prices by 30% (DE, PL, DK1, DK2, LT)

to test sensitivity to higher import costs from the south and east. Scenario B
reduces Norwegian prices by 30% (NO1, NO3, NO4) to test sensitivity to
cheaper Nordic hydropower. Together, these two scenarios bracket a plausible
range of price variation on either side of the base case.

Scenario C sets all neighboring zone prices to a uniform 60 EUR/MWh
and so eliminates cross-border price differentials entirely. If FBMC creates
value by enabling welfare-improving trades, then removing the price incentive
for those trades should eliminate benefits completely. A non-zero result would
indicate that FBMC provides some independent structural advantage beyond
arbitrage facilitation.

Scenario D reduces SE2–SE3 capacity by 30%, from 7 300 MW to
5 110 MW, to simulate a more constrained internal network. This tests
whether FBMC benefits amplify under system stress. Scenario E increases
all cross-border interconnector capacities by 20% to test whether expanded
interconnection amplifies or diminishes the FBMC advantage.

3.5 Validity and Reliability

3.5.1 Internal Validity
Internal validity concerns whether observed differences between FBMC and
ATC outcomes can be attributed to the capacity allocation method rather than
to confounding factors. The simulation design addresses this through strict
experimental control. Both FBMC and ATC scenarios use identical input
data for demand, generation capacity, and marginal costs. The only difference
between them is how transmission constraints are formulated.

Two additional measures support internal validity. The sensitivity analysis
confirms that results respond predictably to input changes, which rules
out numerical coincidence in the base case. Verification of optimization
convergence for all scenarios ensures that reported outcomes represent true
optima rather than solver artifacts.

3.5.2 External Validity
External validity concerns whether findings generalize beyond the specific
conditions analyzed. Several factors limit generalizability. Zonal aggregation
may not capture network effects that occur at finer spatial resolution. Static
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NTC values throughout each simulation period do not reflect the hourly
variation in actual TSO capacity calculations. Marginal cost assumptions
based on technology averages may differ from actual market bids, which reflect
strategic considerations and opportunity costs.

These limitations affect the precision of absolute magnitudes more than
the direction of results. A finding that FBMC outperforms ATC by 6.5%
could shift to 5% or 8% under different modeling assumptions. A finding
that benefits disappear in summer and concentrate in winter is unlikely
to reverse. The distinction between absolute and directional findings is
maintained throughout the results presentation in Chapter 5.

3.5.3 Reliability
Reliability concerns whether the same code applied to the same inputs returns
the same answer. Three properties of the implementation make this hold.
HiGHS is a deterministic LP solver, so identical inputs always produce
identical outputs. All input data derives from public sources (ENTSO-
E Transparency Platform, Svenska kraftnät), so independent replication is
possible. Complete documentation of assumptions and parameters is provided
in Appendices B–E.

3.5.4 Validity of Zonal Aggregation
The 13-node zonal model is a deliberate simplification. Operational FBMC
implementations rely on network models with thousands of nodes, but those
models serve a different purpose. They ensure operational security through
voltage management, N-1 contingency analysis, and real-time redispatch. This
thesis addresses the economic efficiency of capacity allocation at the market
coupling level. For that purpose, zonal aggregation is standard in the academic
literature [28, 33].

Whether the model captures the relevant physical mechanisms is what
determines the validity of the approach. It includes explicit representation of
the Finnish loop path (SE1–FI–SE3 which is parallel to SE1–SE2–SE3) and
all cross-border interconnections that create the constraint coupling FBMC
exploits. What the model does not have is intra-zonal detail – spatial
distribution of generation within a zone, internal transmission bottlenecks
below the zonal level, and the GSK dependent uncertainty introduced in
Section 3.2.5. The qualitative shape of the ATC box is not impacted by these
omissions but the absolute size of the flow-based domain is.
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Validation against the Nordic RCC’s published EPR estimates is presented
in Section 5.6.



Implementation | 51

Chapter 4

Implementation

This chapter describes how the mathematical model from Chapter 3 is
translated into working code. It covers the software environment and
PTDF computation; the LP formulation for both FBMC and ATC as
implemented; the treatment of neighboring zones and zonal price derivation;
and computational performance.

4.1 Software Tools
The implementation uses Python 3.11, NumPy 1.x, pandas 2.x, SciPy 1.13
(HiGHS interface), matplotlib 3.x, and networkx 3.x. A requirements.txt file
specifying exact versions is included with the source code.

Five libraries form the core of the implementation. numpy handles
construction and inversion of the susceptance matrix, PTDF computation,
and array operations throughout the optimization pipeline. pandas
manages input data loading and transformation from CSV files (ENTSO-E
generation, demand, and price data) and structures output results for analysis.
scipy.optimize.linprog provides the interface to the HiGHS linear
programming solver [34], used for all market clearing optimizations; HiGHS
is a high-performance open-source LP solver that scipy exposes through its
method=’highs’ option. matplotlib generates all figures, including
network topology diagrams, PTDF heatmaps, price time series, and utilization
comparisons. networkx provides graph analysis of the network topology,
used to identify loop structures and verify connectivity.

The implementation follows the methodological framework documented
in the POMATO tool [12], which provides a reference for flow-based
market analysis. Rather than using POMATO’s Julia backend, a custom
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Python implementation was developed to allow full control over the model
formulation and to accommodate the specific experimental design required for
sensitivity scenarios, corridor isolation experiments, and multi-period analysis
with period-specific input data.

The total codebase comprises approximately 7 200 lines of Python across
nine simulation scripts, organized around a common set of functions for PTDF
calculation, FBMC optimization, and ATC optimization. These functions
are adapted for each analysis variant (base case, extended network, seasonal
periods, sensitivity scenarios, and corridor isolation).

4.2 PTDF Matrix Calculation
The PTDF calculation translates the network topology defined in lines.csv
(which specifies the 13 transmission corridors with their endpoint nodes and
reactance values) into the PTDF matrix used by the FBMC optimization.
The computation implements the mathematical derivation from Section 3.2.4
through five steps, corresponding to the calculate_ptdf() function
present in each simulation script.

1. Construct the nodal susceptance matrix B (13 × 13). For each of the
13 transmission corridors with reactance 𝑥𝑙, the susceptance 𝑏𝑙 = 1/𝑥𝑙
is computed. The susceptance is added to the diagonal entries of the
two endpoint nodes and subtracted from the corresponding off-diagonal
entries:

B = np.zeros((n_nodes, n_nodes))
for each line (i, j) with reactance x:

b = 1.0 / x
B[i,i] += b; B[j,j] += b
B[i,j] -= b; B[j,i] -= b

2. Remove the slack bus. The row and column corresponding to SE3 are
deleted from B, producing the reduced matrix B′ (12 × 12). SE3 is
selected as the slack bus because it represents Sweden’s primary load
center and price reference point (see Section 3.2.4).

3. Invert the reduced matrix to obtain the bus angle sensitivity matrix
Ψ0 = (B′)−1. The inversion uses numpy.linalg.inv. If the
matrix is singular (indicating a disconnected network), the code falls
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back to the pseudoinverse via numpy.linalg.pinv. In practice, the
13-node network is fully connected and the standard inverse succeeds
in all cases.

4. Expand to full dimension. A row and column of zeros are inserted
at the slack bus position, restoring Ψ0 to its full 13 × 13 dimension.
The zero entries reflect the convention that the slack bus voltage angle
is fixed at zero.

5. Compute line-level PTDFs. For each corridor 𝑙 connecting nodes 𝑖 and
𝑗:

𝑃𝑇𝐷𝐹𝑙,𝑛 = 1
𝑥𝑙

(Ψ𝑖,𝑛 − Ψ𝑗,𝑛) ∀ 𝑛 (4.1)

The result is a 13 × 13 PTDF matrix (13 corridors × 13 nodes) stored as a
pandas DataFrame indexed by line identifiers (e.g., L_SE1_SE2) with zone
identifiers as columns (e.g., SE1, NO4).

Figure 4.1 shows the 13-node network topology. The four Swedish bidding
zones (SE1–SE4) form the core, connected by three internal corridors. Nine
neighboring zones connect to the Swedish grid through ten cross-border
interconnectors. Finland’s dual connection to SE1 and SE3 creates the
network’s only loop. Norwegian, Danish, and Baltic zones each connect
radially to a single Swedish zone. Capacity labels indicate NTC values from
Svenska kraftnät.

Figure 4.2 presents the calculated PTDF matrix as a heatmap. The flow
distribution for injections at SE2 and SE1 follows the pattern derived in
Section 3.2.4. For a 1 MW injection at SE2, 87.1% flows directly through
SE2–SE3 and 12.9% takes the Finnish loop path; for an injection at SE1, the
split is 81.7% direct and 18.3% through Finland. The SE3–SE4 corridor shows
a PTDF of −1.0 for SE4 only, consistent with its position as the sole radial
connection to the southernmost zone.

The Finnish loop is the only cycle in the network. All other cross-
border interconnectors are radial, meaning each neighboring zone connects to
exactly one Swedish zone, producing PTDF values of exactly 1.0 on their own
interconnector and zero elsewhere. Finnish imports are the only cross-border
trade that creates coupled effects across multiple corridors.
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Figure 4.1: The 13-node network topology representing the core Swedish
bidding zones (SE1–SE4) and nine neighboring areas. Finland’s dual
connection to SE1 and SE3 creates the network’s only loop, while Norwegian,
Danish, and Baltic zones connect radially.
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Figure 4.2: Calculated 13×13 PTDF matrix heatmap. The values indicate the
flow impact on each corridor relative to an injection at a specific node with SE3
as the slack bus. The Finnish loop split is visible in the non-zero FI column
entries for internal Swedish corridors.
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4.2.1 HVDC Cable Modeling Note
The FI–SE1 interconnector is an AC link, while FI–SE3 (Fenno-Skan) is an
HVDC cable with controllable power flow that does not participate in AC loop
physics governed by Kirchhoff’s laws. The model treats both interconnectors
as AC lines, using their equivalent reactance in the susceptance matrix. The
northern AC link (FI–SE1) participates in loop flows, so its treatment is
physically accurate. The southern HVDC link (FI–SE3) does not participate
in AC loop flows in reality; its inclusion in the susceptance matrix is a standard
simplification in zonal market analysis, where the topological structure of
alternative flow paths matters more than the AC/DC distinction. The PTDF-
based flow split (87/13) therefore reflects the model’s electrical representation,
in which both links contribute to the loop, rather than the physical reality
where only FI–SE1 carries loop flows. The actual flow on FI–SE3 would
be determined by converter control settings rather than by impedance-based
current division.

4.3 Optimization Formulation
The market clearing optimization is implemented as a linear program solved
independently for each of the 168 hourly timesteps. Both FBMC and
ATC formulations share the same objective function and decision variables,
differing only in how transmission constraints are encoded. This section
describes the implementation as coded, corresponding to the run_fbmc and
run_atc functions in the simulation scripts.

4.3.1 Decision Variables
For each hour 𝑡, the decision variable vector x contains:

x = [𝑔1, 𝑔2, … , 𝑔𝑃, 𝑖1, 𝑖2, … , 𝑖𝑁] (4.2)

where 𝑔𝑝 is the generation output of plant 𝑝 (in MW) and 𝑖𝑛 is the net import
from neighboring zone 𝑛 (in MW, positive for import into Sweden, negative
for export). With 26 plants across the four Swedish zones and 9 neighboring
zones, each hourly problem has 35 decision variables.

4.3.2 FBMC Implementation
The FBMC market clearing for a single hour is implemented as:
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Minimise
𝑃

∑
𝑝=1

𝑚𝑐𝑝 ⋅ 𝑔𝑝 +
𝑁

∑
𝑛=1

𝜋𝑛 ⋅ 𝑖𝑛 (4.3)

subject to
𝑃

∑
𝑝=1

𝑔𝑝 +
𝑁

∑
𝑛=1

𝑖𝑛 = ∑
𝑧∈𝒵

𝐷𝑧,𝑡 (𝜆𝑡) (4.4)

0 ≤ 𝑔𝑝 ≤ 𝐺max
𝑝 ⋅ 𝑎𝑝,𝑡 ∀ 𝑝 (𝜈𝑝, 𝜈𝑝) (4.5)

−𝐶𝑛 ≤ 𝑖𝑛 ≤ 𝐶𝑛 ∀ 𝑛 (𝜉
𝑛
, 𝜉𝑛) (4.6)

∑
𝑧

𝑃𝑇𝐷𝐹𝑙,𝑧 ⋅ 𝑝𝑧,𝑡 ≤ 𝐹max
𝑙 ∀ 𝑙 ∈ ℒ (𝜔+

𝑙 ) (4.7)

− ∑
𝑧

𝑃𝑇𝐷𝐹𝑙,𝑧 ⋅ 𝑝𝑧,𝑡 ≤ 𝐹max
𝑙 ∀ 𝑙 ∈ ℒ (𝜔−

𝑙 ) (4.8)

where 𝑚𝑐𝑝 is the marginal cost of plant 𝑝 (EUR/MWh, assigned by technology
as described in Section 3.3.3), 𝜋𝑛 is the day-ahead price in neighboring zone
𝑛 (EUR/MWh, from ENTSO-E historical data), and 𝑝𝑧,𝑡 is the net position of
zone 𝑧 at hour 𝑡. The flow constraints appear in two rows because the absolute-
value constraint is split into positive and negative directions for the LP solver,
producing 26 inequality constraint rows (13 corridors × 2 directions).

In the implementation, the net injection vector is decomposed into decision
variables (generation and imports) and known parameters (demand). For
Swedish zones, the net injection is ∑𝑝∈𝑧 𝑔𝑝 − 𝐷𝑧,𝑡; for neighbor zones, it
is 𝑖𝑛. Rearranging to isolate decision variables on the left-hand side yields
constraint rows of the form:

∑
𝑧∈𝒵

𝑃𝑇𝐷𝐹𝑙,𝑧 ⋅ ∑
𝑝∈𝑧

𝑔𝑝 + ∑
𝑛∈𝒩

𝑃𝑇𝐷𝐹𝑙,𝑛 ⋅ 𝑖𝑛 ≤ 𝐹max
𝑙 + ∑

𝑧∈𝒵
𝑃𝑇𝐷𝐹𝑙,𝑧 ⋅ 𝐷𝑧,𝑡 (4.9)

The demand terms move to the right-hand side as known constants. A
single generation or import decision affects flow constraints on multiple
corridors simultaneously through the PTDF coefficients. The optimizer can
thus identify dispatch patterns that utilize capacity across the full network,
including routing Finnish imports directly into SE3 via L_FI_SE3 to bypass
the congested SE2–SE3 corridor.
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4.3.3 ATC Implementation
Under ATC, the objective, power balance, generation bounds, and import
bounds are identical. The transmission constraint replaces the 26 PTDF-based
rows with 6 independent NTC constraints (3 corridors × 2 directions):

Minimise
𝑃

∑
𝑝=1

𝑚𝑐𝑝 ⋅ 𝑔𝑝 +
𝑁

∑
𝑛=1

𝜋𝑛 ⋅ 𝑖𝑛 (4.10)

subject to
𝑃

∑
𝑝=1

𝑔𝑝 +
𝑁

∑
𝑛=1

𝑖𝑛 = ∑
𝑧∈𝒵

𝐷𝑧,𝑡 (𝜆𝑡) (4.11)

0 ≤ 𝑔𝑝 ≤ 𝐺max
𝑝 ⋅ 𝑎𝑝,𝑡 ∀ 𝑝 (𝜈𝑝, 𝜈𝑝) (4.12)

−𝐶𝑛 ≤ 𝑖𝑛 ≤ 𝐶𝑛 ∀ 𝑛 (𝜉
𝑛
, 𝜉𝑛) (4.13)

with the following corridor-specific NTC constraints for the three internal
Swedish corridors. The SE1–SE2 flow equals the net surplus of SE1:

−𝑁𝑇𝐶SE2→SE1 ≤ ∑
𝑝∈SE1

𝑔𝑝 + ∑
𝑛→SE1

𝑖𝑛 − 𝐷SE1,𝑡 ≤ 𝑁𝑇𝐶SE1→SE2 (𝜇SE12
𝑡 ) (4.14)

The SE2–SE3 flow equals the cumulative net surplus of SE1 and SE2:

−𝑁𝑇𝐶SE3→SE2 ≤ ∑
𝑝∈SE1∪SE2

𝑔𝑝 + ∑
𝑛→SE1, SE2

𝑖𝑛 − 𝐷SE1,𝑡 − 𝐷SE2,𝑡 ≤ 𝑁𝑇𝐶SE2→SE3 (𝜇SE23
𝑡 )

(4.15)

The SE3–SE4 flow is derived from SE4’s net deficit:

−𝑁𝑇𝐶SE3→SE4 ≤ 𝐷SE4,𝑡 − ∑
𝑝∈SE4

𝑔𝑝 − ∑
𝑛→SE4

𝑖𝑛 ≤ 𝑁𝑇𝐶SE4→SE3 (𝜇SE34
𝑡 ) (4.16)

Each corridor is constrained independently where the NTC limit on SE2–
SE3 does not depend on flows elsewhere in the network (Section 3.2.3). This
produces 6 inequality constraint rows in the A𝑢𝑏 matrix (3 corridors × 2
directions), compared to 26 under FBMC.
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4.3.4 Solver Interface and Code Structure
The complete LP for each hour is assembled into the standard form required
by scipy.optimize.linprog:

Minimise c𝑇x (4.17)
subject to

A𝑒𝑞 x = b𝑒𝑞 (4.18)
A𝑢𝑏 x ≤ b𝑢𝑏 (4.19)

lb ≤ x ≤ ub (4.20)

The cost vector c contains marginal costs for plants and neighbor prices for
imports. The equality constraint matrix A𝑒𝑞 (1 × 35) encodes power balance.
The inequality constraint matrix A𝑢𝑏 encodes either PTDF-based flow limits
(26 rows for FBMC) or NTC-based bilateral limits (6 rows for ATC). The
bound vectors lb and ub encode generation and import limits.

To illustrate how the mathematical formulation maps to code, the following
excerpt shows the LP assembly and solver call for a single hour under FBMC.
This is a simplified representation of the run_fbmc function structure:

import numpy as np
from scipy.optimize import linprog

# --- Cost vector (35 elements) ---
c = np.concatenate([

[plant['mc_el'] for plant in plants], # 26 plant
costs
[neighbor_prices[n] # 9

neighbor
for n in neighbor_zones] # prices

])

# --- Equality constraint: power balance ---
A_eq = np.ones((1, n_plants + n_neighbors))
b_eq = np.array([sum(demand[z][hour]

for z in swedish_zones)])

# --- Inequality constraints: PTDF flow limits ---
A_ub_rows = []
b_ub_rows = []
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for l, line in enumerate(lines):
row = np.zeros(n_plants + n_neighbors)
for p, plant in enumerate(plants):

row[p] = ptdf[l, node_idx[plant['zone']]]
for n, neighbor in enumerate(neighbor_zones):

row[n_plants + n] = ptdf[l,
node_idx[neighbor]]

rhs = line['capacity'] + sum(
ptdf[l, node_idx[z]] * demand[z][hour]
for z in swedish_zones)

A_ub_rows.append(row) # Positive direction
b_ub_rows.append(rhs)
A_ub_rows.append(-row) # Negative direction
b_ub_rows.append(line['capacity'] - sum(

ptdf[l, node_idx[z]] * demand[z][hour]
for z in swedish_zones))

A_ub = np.array(A_ub_rows) # 26 rows (13 lines x 2)
b_ub = np.array(b_ub_rows)

# --- Variable bounds ---
bounds = (

[(0, plant['g_max']
* availability[plant['index']][hour])

for plant in plants]
+ [(-line_cap[n], line_cap[n])

for n in neighbor_zones]
)

# --- Solve ---
result = linprog(c, A_ub=A_ub, b_ub=b_ub,

A_eq=A_eq, b_eq=b_eq,
bounds=bounds, method='highs')

The ATC formulation uses the same cost vector, power balance constraint,
and variable bounds, but replaces the 26 PTDF-based rows in A𝑢𝑏 with 6 rows
encoding independent NTC limits on the three Swedish internal corridors.

If the solver returns an infeasible or failed status, the code falls back to
a merit-order dispatch without network constraints creating a dispatch that
sorts all plants by marginal cost and fills demand in ascending cost order. In
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practice, the HiGHS solver succeeded for all scenarios reported in this thesis.
The fallback was not invoked.

4.4 Modeling of Neighboring Zones
Neighboring zones (NO1, NO3, NO4, FI, DK1, DK2, PL, LT, DE)
are modeled as price-taking markets rather than as systems with explicit
generation and demand. Each neighbor offers imports and exports at its
historical day-ahead price from the ENTSO-E Transparency Platform, and the
optimizer decides how much to import from or export to each neighbor subject
to interconnector capacity limits.

The arithmetic is direct. Importing 500 MW from FI at a price of
59.08 EUR/MWh adds 500 × 59.08 = €29 540 to the hourly system cost.
Exporting 200 MW to DE at 113.25 EUR/MWh reduces the system cost by
200 × 113.25 = €22 650 , reflecting the revenue earned from the export.
The optimizer balances these trade-offs against domestic generation costs and
transmission constraints to find the cost-minimizing dispatch for each hour.

The neighboring zones’ prices are exogenous inputs, meaning they are not
affected by the Swedish dispatch decision. In reality, the Nordic day-ahead
market clears simultaneously across all zones, and Swedish dispatch does
influence prices in neighboring zones through market coupling. The price-
taking assumption is a standard simplification in zonal market analysis and is
appropriate for a study focused on the relative performance of FBMC versus
ATC rather than on absolute price levels, since the same assumption applies
symmetrically to both methods.

For the base case analysis (December 2024), neighbor prices are weekly-
mean day-ahead prices from the ENTSO-E Transparency Platform, computed
as the simple average across all 168 hours of the analysis week. In the
sensitivity analysis (Section 3.4.3), these prices are modified systematically.
Continental prices increased by 30% (Scenario A), Norwegian prices
decreased by 30% (Scenario B), or all prices set to a uniform 60 EUR/MWh
(Scenario C). These modifications test the sensitivity of FBMC benefits to
changes in external market conditions.

4.5 Zonal Price Derivation
Zonal prices are approximated from the dispatch results as the marginal cost
of the most expensive generator dispatched in each zone during each hour:
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𝜆𝑧,𝑡 = max
𝑝∈𝑧∶ 𝑔𝑝,𝑡>0.1 MW

𝑚𝑐𝑝 (4.21)

The 0.1 MW threshold excludes numerically negligible dispatch quantities
that arise from solver tolerances. The approximation is consistent with the
marginal pricing principle in competitive markets, the market-clearing price
equals the cost of the marginal unit needed to serve demand. In zones where
no domestic generation is dispatched during a given hour (which can occur in
zones that are net importers), the price is set to the maximum marginal cost
across all running plants in the system.

The true locational marginal price would formally be derived from the
dual variables (𝜆𝑡 in Equation 3.2) of the LP formulation, and the extended
analysis scripts include a more sophisticated dual-variable-based calculation.
The primary comparison metric in this thesis is total system cost (the LP
objective value) rather than zonal prices, and since the approximation is
applied identically to both FBMC and ATC, it does not affect the comparative
findings.

4.6 Computational Performance
Each hourly LP problem contains 35 decision variables (26 plants + 9
neighbors), 1 equality constraint (power balance), and either 26 inequality
constraints (FBMC: 13 corridors × 2 directions) or 6 inequality constraints
(ATC: 3 internal corridors × 2 directions), plus 70 bound constraints (35
variables × upper and lower bounds). Table 4.1 summarizes the LP dimensions
for both formulations.

Table 4.1: LP problem dimensions per hourly timestep.

Component FBMC ATC

Decision variables 35 35
Equality constraints 1 1
Inequality constraints 26 6
Bound constraints 70 70

Total constraints 97 77

The HiGHS solver typically finds the optimal solution in under 50 millisec-
onds per hourly problem. A complete 168-hour simulation for both FBMC and
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ATC (including data loading, PTDF calculation, 336 LP solves, and result
export to CSV) executes in under 10 seconds on standard hardware (Apple
M1, 16 GB RAM). This computational efficiency enabled the extensive
scenario analysis reported in Chapter 5, which involved over 20 complete 168-
hour simulation runs across base case, multi-period, sensitivity, and corridor
isolation experiments.

4.7 Code and Data Availability
The simulation code, input data files, and a requirements.txt specifying
library versions are archived at https://github.com/123sp4/fbmc
_thesis_project_2026 (commit ba1db64). The repository contains
the five primary scripts, the input CSVs for all three simulation periods, the
five sensitivity scenario configurations, and the verified output CSVs that
reproduce the numerical results of Chapter 5. Running each script with the
corresponding data directory reproduces the figures and tables presented in
this thesis.

https://github.com/123sp4/fbmc_thesis_project_2026
https://github.com/123sp4/fbmc_thesis_project_2026
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Chapter 5

Results and Analysis

The simulation model was run under both FBMC and ATC capacity allocation
for three representative weeks: December 2024 (base case), January 2024
(winter peak), and July 2024 (summer low). Five sensitivity scenarios
were then applied to the base case to test whether the observed benefits
survive parameter changes. A corridor isolation experiment decomposed the
FBMC advantage into its Finnish bypass and Norwegian import optimization
components.

The central finding is that FBMC outperforms ATC when congestion
is present, and that the magnitude of the advantage scales directly with
congestion severity. When congestion is absent, the two methods produce
identical outcomes.

5.1 Base Case Results: December 2024
The base case covers the week of December 2–8, 2024. Table 5.1 summarizes
the key outcomes.

The negative total system costs require a brief note on accounting. Export
revenues from cross-border trade exceed domestic generation costs during this
period. The result is a net surplus rather than a net cost. FBMC’s more
negative value (−€71.1 million versus −€66.7 million) reflects a €4.37 million
weekly improvement in system welfare.

5.1.1 Dispatch and Flow Differences
The most consequential operational difference between FBMC and ATC
concerns how Finnish imports enter the Swedish grid.
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Table 5.1: Base case results: December 2–8, 2024. Total system cost
represents net cost after accounting for export revenues. The Δ column reports
FBMC−ATC; for the cost row this is the FBMC saving (€4.37 million, 6.5%).

Metric FBMC ATC Δ (FBMC−ATC)

Total System Cost (M€) −71.1 −66.7 −4.37 (6.5% saving)

SE2–SE3 Avg. Utilization 88% 99% −11 pp
SE1–SE2 Avg. Utilization 72% 68% +4 pp
SE3–SE4 Avg. Utilization 61% 58% +3 pp

Avg. Price SE1 (EUR/MWh) 29.9 6.6 +23.3
Avg. Price SE2 (EUR/MWh) 29.1 7.7 +21.4
Avg. Price SE3 (EUR/MWh) 39.1 42.1 −3.0
Avg. Price SE4 (EUR/MWh) 46.7 48.1 −1.4
North–South Spread
(EUR/MWh)

16.8 41.5 −24.7

Under ATC, the SE2–SE3 corridor operates at 99% average utilization for
the entire week. The model maps Finnish imports to a single entry at SE1,
capped at the FI–SE1 interconnector capacity of 1 500 MW; the implications
of this mapping are discussed in Section 6.5.8. All Finnish power enters at SE1
and must cross the already-saturated SE2–SE3 bottleneck to reach southern
demand centers.

Under FBMC, the optimizer uses a second route. Finnish imports enter
Sweden via FI–SE1 in the north and via FI–SE3 directly into the Stockholm
region. Routing Finnish power through FI–SE3 bypasses the congested SE2–
SE3 corridor entirely. SE2–SE3 utilization drops to 88%, a reduction of
roughly 800 MW in average flow, while more total power reaches the south.

The effects cascade through the network. FBMC nearly doubles
Norwegian hydro imports on NO3–SE2, from 481 MW under ATC to 937 MW
(86% binding). Average flow on NO1–SE3 also increases: 1 596 MW under
FBMC versus 1 258 MW under ATC. By reducing congestion on SE2–SE3
through Finnish rerouting, FBMC creates headroom for additional Norwegian
trade that flows south through the internal Swedish chain. Under ATC,
the saturated SE2–SE3 corridor blocks this additional capacity before it can
materialize.

The interaction between Finnish routing and Norwegian import potential
is central to the FBMC advantage. Section 5.5 formalizes this as a two-stage
mechanism.
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Figure 5.1 quantifies these patterns across all corridors. Panel (a) shows
that cross-border corridors operate at near-identical utilization under both
methods. The divergence is concentrated on internal corridors, particularly
SE2–SE3. Panel (b) tracks hourly utilization of the three internal corridors
over the analysis week. SE2–SE3 operates persistently near its limit under
ATC but fluctuates more freely under FBMC. Flow-based allocation relieves
the primary bottleneck.

Figure 5.1: Corridor utilization under FBMC and ATC for December 2024.
(a) Mean utilization across all 13 corridors: cross-border corridors show
similar utilization under both methods, while internal corridors diverge.
(b) Hourly utilization of the three internal Swedish corridors over the analysis
week, with the 100% capacity limit shown as a dotted line. SE2–SE3
operates persistently near saturation under ATC but is relieved under FBMC.
*Correction: label PSE4 should be PL–SE4
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5.1.2 Price Effects
The dispatch differences translate directly into prices. Figure 5.2 illustrates
the result.

FBMC produces substantially greater price convergence across Swedish
zones. The north–south price spread (SE4 minus SE1) averages 16.8 EU-
R/MWh under FBMC compared to 41.5 EUR/MWh under ATC. That is a
60% reduction.

The convergence operates through the same Finnish bypass route that
drives the dispatch results. Finnish imports that enter directly at SE3 via
FI–SE3 increase southern supply and pull southern prices down. The freed
capacity on SE2–SE3 then allows more Norwegian imports to flow south
through the internal chain, which loads northern corridors more heavily and
raises northern prices. The net effect is bidirectional where southern prices
fall, northern prices rise, and the spread narrows.

Figure 5.3 shows hourly price evolution for each zone over the December
analysis week. The divergence between FBMC and ATC is most pronounced
in SE1 and SE2. Under ATC, northern prices frequently collapse to zero
during off-peak hours, because northern supply exceeds the transfer capacity
to the south and the excess generation has nowhere to go. Under FBMC,
the Finnish bypass routes more power to southern demand centers. This
sustains demand pressure on northern supply, and northern prices stay closer
to marginal generation cost throughout the week.

5.2 Seasonal Variation
The December base case establishes that FBMC outperforms ATC under
congested winter conditions. To test whether this is seasonal or persistent,
complete 168-hour simulations were conducted for January 2024 (winter peak
demand) and July 2024 (summer minimum). Table 5.2 compares the results
across all three periods.

The seasonal differential is large. Winter savings were fifty times greater
than summer savings. The pattern traces directly to congestion on the SE2–
SE3 corridor.

During winter, high heating demand in southern Sweden coincides with
surplus hydroelectric and wind generation in the north. The resulting pressure
on the SE2–SE3 corridor pushes utilization above 88%, and transmission
constraints bind frequently. Under these conditions, the choice of allocation
method matters. FBMC can route Finnish imports directly into SE3 via FI–
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Figure 5.2: Average zonal electricity prices under FBMC versus ATC for
December 2024. FBMC raises northern prices (SE1, SE2) while reducing
southern prices (SE3, SE4), reflecting improved north–south power transfer
and greater price convergence.

Table 5.2: Seasonal variation in FBMC benefits across three analysis periods.
Winter savings exceed summer savings by a factor of fifty, tracking the
congestion intensity on the SE2–SE3 corridor.

Period FBMC Savings
(%)

SE2–SE3 Util.
(%)

SE3–SE2
Spread

(EUR/MWh)

January 2024 12.6 91 13.8
December 2024 6.5 88 10.0
July 2024 0.25 53 9.8
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Figure 5.3: Hourly zonal prices under FBMC (solid) and ATC (dashed) for
December 2–8, 2024. Northern zones (SE1, SE2) show the largest divergence
as ATC prices frequently collapse to zero during off-peak hours, while FBMC
maintains prices closer to marginal cost. Southern zones (SE3, SE4) show
more modest differences.
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SE3, which frees capacity on SE2–SE3 for additional Norwegian and northern
Swedish power. ATC cannot. Every hour where a constraint binds and FBMC
finds a better routing contributes to the cost savings gap.

January 2024 represents the most congested period in the dataset, with
average hourly demand of 20 094 MW and SE2–SE3 utilization at 91%.
FBMC savings of 12.6% (€6.36 million weekly) are nearly double the
December base case. More hours with binding constraints means more hours
where the allocation method determines the dispatch outcome.

Summer is different. Reduced demand (10 847 MW average), higher solar
availability, and lower heating loads all diminish the need for north–south
transfer. The SE2–SE3 corridor operates at 53% utilization. Transmission
constraints rarely bind. When they do not bind, FBMC and ATC
produce identical market outcomes because the flow-based constraints never
activate. The PTDF matrix contains additional network information, but that
information has no value when the network is uncongested. Savings of 0.25%
result.

FBMC is conditionally superior, and the condition is congestion. The two
methods converge to identical outcomes as congestion approaches zero and
diverge as congestion intensifies. The 50-fold seasonal differential is a direct
expression of this relationship.

Figure 5.4 provides a visual summary across the three analysis periods.
The left panels show average zonal prices under FBMC and ATC; the right
panels show hourly SE2–SE3 utilization. The winter panels display persistent
high utilization and visible FBMC–ATC price divergence. The July panels
show low, variable utilization and near-identical price outcomes under both
methods.

5.3 Sensitivity Analysis
The base case and seasonal results establish the pattern that FBMC benefits
scale with congestion. But both analyses rely on observed market conditions.
Five sensitivity scenarios test whether FBMC benefits survive changes to
exogenous parameters. All scenarios use the December 2024 base case period
and modify one parameter at a time to isolate its effect. Table 5.3 presents the
results.
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Figure 5.4: Seasonal comparison across December, January, and July 2024.
Left panels show average zonal prices under FBMC and ATC; right panels
show hourly SE2–SE3 utilization. Winter months exhibit persistent high
utilization and significant price divergence between methods. July shows low
utilization and near-identical outcomes.
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Table 5.3: Sensitivity analysis results. Each scenario modifies one parameter
relative to the December 2024 base case. Scenario C (price convergence)
eliminates FBMC benefits entirely; Scenario D (reduced capacity) amplifies
them.

Scenario Description Savings (%) Savings (M€)

Base December 2024 6.5 4.37
A Continental prices +30% 4.9 4.41
B Norwegian prices −30% 4.6 3.00
C Price convergence (60 EUR/MWh) 0.0 0.00
D SE2–SE3 capacity −30% 16.1 8.02
E Cross-border capacity +20% 6.7 5.07

5.3.1 Scenario C: The Arbitrage Test
Scenario C imposes uniform prices (60 EUR/MWh) across all neighboring
zones, which eliminates the price differentials that motivate cross-border trade.
FBMC savings drop to exactly 0.00%.

This confirms that the entire FBMC advantage in this model derives
from price arbitrage facilitation. FBMC creates value because it lets the
optimizer exploit cheap neighbor prices, particularly Norwegian hydro at 7–
24 EUR/MWh, more effectively than ATC can. The PTDF matrix achieves
this by correctly accounting for how those imports load internal corridors.

The flow-based constraint formulation does not have independent struc-
tural advantage. If there are no welfare-improving trades, then the additional
information in the PTDF matrix is worthless regardless of network topology.
The Finnish loop, the constraint coupling, and the bypass routing all enable
price arbitrage. They do not produce any value of their own.

Scenario C indicates that price spreads create the incentive, congestion
creates the constraint, and FBMC’s flow-aware formulation allows the
optimizer to navigate that constraint more efficiently than ATC.

5.3.2 Scenario D: Benefits Under System Stress
Scenario D reduces SE2–SE3 capacity by 30%, from 7 300 MW to 5 110 MW.
Savings nearly triple, from 6.5% to 16.1% (€8.02 million).

The logic follows directly from the congestion–benefit relationship
established in Section 5.2. Reducing corridor capacity increases the frequency
of hours during which transmission constraints bind. More binding hours
means more hours where the allocation method determines the dispatch
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outcome. Flow-based allocation produces its largest cost reduction precisely
when the system is under stress.

This has practical relevance. Planned outages, extreme weather events,
or growing demand could all push the SE2–SE3 corridor toward its limits
more frequently. Under such conditions, the model predicts that the FBMC
advantage would grow.

5.3.3 Scenarios A and B: Price Sensitivity
FBMC benefits persist under plausible price variations in neighboring
markets.

Raising continental prices by 30% (Scenario A) reduces FBMC savings
slightly to 4.9%, while absolute savings remain essentially unchanged at
€4.41 million. The percentage decline reflects the larger cost base rather than
a genuine reduction in FBMC’s routing advantage.

Reducing Norwegian prices by 30% (Scenario B) brings savings to 4.6%
(€3.00 million). Cheaper Norwegian imports reduce the incentive for complex
cross-border routing, since the price differential that makes such routing
valuable narrows. But savings remain on the order of €3M weekly. Even with
substantially cheaper Norwegian power, the Finnish bypass and PTDF-based
constraint coupling continue to generate welfare gains.

FBMC benefits are not an artifact of a particular price constellation. They
persist across the range of price conditions tested here.

5.3.4 Scenario E: Expanded Interconnection
Scenario E increases cross-border capacity by 20% on all interconnectors.
FBMC savings rise slightly to 6.7% (€5.07 million).

Expanding interconnection does not reduce FBMC’s advantage by
alleviating congestion. It amplifies the advantage by creating more routing
options. Additional interconnection capacity gives the FBMC optimizer more
paths to exploit, and the flow-based constraints are better positioned to use that
expanded option space than ATC’s independent corridor limits.

Figure 5.5 visualizes the sensitivity results in both absolute and relative
terms.



74 | Results and Analysis

Figure 5.5: FBMC cost savings across sensitivity scenarios. (a) Absolute
savings in M€. (b) Relative savings as percentage of ATC system cost.
Benefits persist under price variations (Scenarios A, B) and expanded capacity
(Scenario E), disappear under price convergence (Scenario C), and amplify
under reduced internal capacity (Scenario D). The dashed line marks the base
case value.
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5.4 Corridor Isolation Experiment
The preceding results establish that FBMC produces measurable cost savings
under congested conditions. They do not distinguish between the contributions
of different cross-border interconnections to that advantage. Norway supplies
cheap hydropower through three interconnectors. Finland creates the
network’s only loop through its dual connection to SE1 and SE3. Both appear
in every simulation so far, and their effects are entangled.

To separate them, a corridor isolation experiment was conducted on the
January 2024 high-congestion period, where FBMC benefits are largest and
differences are easiest to detect.

5.4.1 Experimental Design
The experiment compares two network configurations. The baseline retains
all 13 corridors, including the three Norwegian interconnections (NO4–SE1,
NO3–SE2, NO1–SE3). The isolated configuration removes all Norwegian
interconnections and zones from the network model. This eliminates access
to Norwegian generation entirely. The remaining network retains Finnish,
Danish, German, Polish, and Lithuanian interconnections. The Finnish loop
(SE1–FI–SE3) remains intact.

Both configurations are simulated under FBMC and ATC. The difference
in FBMC savings between the two configurations measures how much more
effectively FBMC exploits Norwegian imports compared to ATC.

5.4.2 Results
Under the full network, FBMC achieves 12.6% cost savings (€6.36 million
weekly). Removing Norwegian connections reduces savings to 10.7%
(€4.31 million). The reduction of 1.9 percentage points corresponds to 32%
of total FBMC benefits. This 32% measures how much more effectively
FBMC exploits Norwegian interconnections compared to ATC’s independent
treatment of each border.

The remaining 68% (€4.31 million) represents FBMC’s advantage on the
isolated network. The Finnish loop survives Norwegian removal, and so does
the majority of the savings.
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Table 5.4: Corridor isolation experiment results for January 2024. The
Norwegian access contribution is computed as the difference in FBMC savings
between the full and isolated network configurations. The Share of total
column expresses each row as a fraction of full-network FBMC benefit
(6.36 M€).

Configuration FBMC Savings (%) Savings (M€/week) Share of total

Baseline (full net-
work)

12.6 6.36 100%

Isolated (no NO con-
nections)

10.7 4.31 68%

Norwegian access
contribution

1.9 2.05 32%

5.4.3 Interpretation
The Finnish bypass accounts for 68% of the benefit in the mechanism
described in Section 1.2 and quantified in Section 5.4.4. The bypass route
is unaffected by Norwegian removal, so the majority of FBMC’s advantage
persists in the isolated network.

The 32% attributed to Norwegian access reflects a different kind of gain.
With Norwegian zones present, FBMC can import cheap Norwegian hydro
(NO4 at 16.20 EUR/MWh and NO3 at 24.22 EUR/MWh in the January
2024 period) while correctly managing how those imports load the SE2–
SE3 corridor through PTDF coupling. Under ATC, Norwegian imports are
bounded independently by each interconnector’s capacity, so the optimizer
cannot account for the downstream effect on SE2–SE3 congestion. The
32% captures this differential. It is the additional value that FBMC extracts
from Norwegian access compared to what ATC can extract from the same
interconnections.

These two mechanisms are not independent. The Finnish bypass creates
headroom on SE2–SE3 by diverting Finnish power away from the bottleneck.
Norwegian import optimization then fills that headroom with cheap hydro that
flows south through the internal chain. The mechanisms are sequential and
complementary, not additive in the simple sense.
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5.4.4 Finnish Bypass Mechanism
The corridor isolation experiment confirms the specific routing mechanism
through utilization data. Under FBMC with the full network, the FI–SE3
interconnector carries an average of 1 752 MW, which exceeds its stated
1 200 MW thermal limit. This apparent violation is a modeling artifact of the
single-entry mapping discussed in Section 6.5.8. Finnish imports are assigned
SE1 PTDF coefficients in the constraint matrix, so the optimizer does not “see”
the FI–SE3 flow limit and routes power through that corridor unconstrained.
The FI–SE1 interconnector carries only 354 MW on average.

Under ATC, Finnish imports are capped at 1 500 MW (the FI–SE1 line
capacity) and all enter via SE1. From there, they must traverse the already-
saturated SE2–SE3 corridor.

The resulting flow redistribution is substantial. FBMC reduces SE2–SE3
utilization from 99% (ATC) to 88% by diverting Finnish power away from
the internal bottleneck. The freed capacity then accommodates additional
Norwegian imports: NO3–SE2 averages 937 MW under FBMC versus
481 MW under ATC. The Finnish bypass relieves loading on the congested
SE2–SE3 corridor. Its benefits cascade through the network because cheap
northern import sources can then be used more heavily.

Figure 5.6 visualizes the decomposition.

5.5 Mechanism Synthesis
Three mechanisms drive the FBMC advantage in this network. They operate
simultaneously, and their relative weights vary with system conditions.

5.5.1 Finnish bypass routing (primary mechanism,
68% of benefits)

The Finnish loop allows FBMC to route imports through FI–SE3 and free
capacity on SE2–SE3 for northern flows. This mechanism survives the
corridor isolation experiment intact (Sections 1.2 and 5.4.2).

5.5.2 Norwegian import optimization (secondary mech-
anism, 32% of benefits)

FBMC coordinates Norwegian hydro imports with the Finnish bypass by
correctly accounting for how Norwegian power loads SE2–SE3 via PTDF
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Figure 5.6: Network topology effect on FBMC savings for January 2024.
The full network achieves 6.36 M€ in FBMC savings; removing Norwegian
interconnections reduces savings to 4.31 M€. The difference (2.05 M€,
32.2%) measures the differential value of Norwegian import access under
FBMC versus ATC. The majority of FBMC benefits persist in the isolated
network through the Finnish bypass mechanism.
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coupling. The corridor isolation experiment shows that removing Norwegian
access reduces FBMC savings by 32% (Section 5.4.3).

5.5.3 Price arbitrage as enabling condition
Scenario C proves that with uniform neighbor prices, savings equal exactly
zero. The Finnish bypass and Norwegian import optimization create value
only when price differentials between zones create incentives for welfare-
improving trade. The two mechanisms above determine how much of
the available price spread can be captured. They cannot generate value
independently of it.

The relationship between these three mechanisms is hierarchical, not
parallel. Price differentials create the incentive to trade. Congestion constrains
that trade. The Finnish bypass and Norwegian optimization are the specific
pathways through which FBMC navigates those constraints more efficiently
than ATC. Remove the price incentive (Scenario C), and the pathways produce
nothing. Remove the congestion (July), and the pathways are unnecessary.
Both conditions must hold simultaneously for FBMC to outperform ATC.

5.5.4 Cross-Border Flow Patterns
Cross-border flows under the two methods diverge most sharply on the
Norwegian corridors. Under FBMC, Finland becomes a net exporter into SE3
via FI–SE3 instead of using SE1 as the sole entry point. Norwegian imports
on NO3–SE2 increase substantially. Under ATC, Finnish imports enter only
at SE1, and the saturated SE2–SE3 corridor limits the downstream value of
additional Norwegian power. Figure E.2 in Appendix E visualizes the flow
distribution.

5.6 Validation Against Nordic RCC Esti-
mates

To assess the validity of these results, the model outputs were compared against
official welfare estimates published by the Nordic Regional Coordination
Centre during the External Parallel Run period [3].

The Nordic RCC reported average weekly welfare gains of approximately
€6.1 million from FBMC relative to ATC during the EPR. This thesis finds
weekly savings between €0.04 million (July, low congestion) and €6.36 million
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(January, high congestion), with the December base case at €4.37 million.
Three considerations inform the comparison.

First, the RCC estimate is an annual average across all seasons and
congestion levels. This thesis analyzes individual representative weeks. The
December base case (€4.37 million) and January result (€6.36 million) bracket
the RCC annual average, which suggests that the model captures the correct
order of magnitude.

Second, the RCC analysis uses a detailed nodal network model with
hundreds of nodes and explicit GSK assumptions. This thesis uses a 13-node
zonal model. Despite this simplification, the close correspondence in welfare
estimates provides empirical support for the validity of zonal aggregation in
this type of analysis (see Section 3.5).

Third, the RCC estimate encompasses the entire Nordic market (Sweden,
Norway, Finland, Denmark), while this thesis focuses on Swedish welfare.
To the extent that FBMC benefits accrue partly to neighboring countries, the
Swedish-focused estimate would understate total Nordic welfare gains. This
is consistent with the observation that the model’s winter estimates approach
or exceed the RCC average.

The results reveal some interesting aspects of FBMC but it’s important
to highlight that they are quite limited. The model usas a simplified
network, exogenous neighbor prices, and average marginal costs which all are
approximations that could produce agreement despite underlying inaccuracies.
The conclusion is therefore narrow.
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Chapter 6

Discussion

The results in Chapter 5 suggest that FBMC outperforms ATC under
congestion, the advantage scales with congestion intensity, and the mechanism
is traceable to specific network features. This chapter interprets those findings
in the context of the research questions, compares them with existing literature,
draws out policy implications, and examines the limitations that bound the
analysis.

6.1 Answering the Research Questions
The four research questions from Chapter 1 are addressed below with specific
evidence.

6.1.1 RQ1: Efficiency Differential
What is the magnitude of cost savings achieved by FBMC compared to ATC
under representative operating conditions?

The base case produces 6.5% savings under December 2024 winter
conditions, equivalent to €4.37 million weekly. January 2024, the most
congested period, yields 12.6% (€6.36 million). Summer conditions produce
0.25%. These gains do not come from increased total transmission capacity.
They come from more efficient allocation of existing capacity across the
meshed network. FBMC exploits routing alternatives that ATC’s independent
corridor constraints cannot coordinate.

The magnitude depends on congestion intensity, price differentials
between zones, and the availability of alternative routing paths. Under the
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conditions analyzed, the efficiency differential is economically significant
during winter and negligible during summer.

6.1.2 RQ2: Cross-Border Routing Mechanism
What fraction of FBMC benefits arises from cross-border routing mechanisms,
and what is the primary physical mechanism?

The corridor isolation experiment (Section 5.4) provides a clear mecha-
nistic picture. The Finnish bypass route accounts for 68% of FBMC benefits,
demonstrated by its survival when Norwegian zones are removed from the
network. Norwegian import access accounts for the remaining 32%. This is
the additional value FBMC extracts by coordinating Norwegian hydro imports
with Finnish routing through PTDF coupling.

Scenario C adds an important qualification. With uniform neighbor prices
(60 EUR/MWh), FBMC savings equal exactly zero. The Finnish bypass
and Norwegian import optimization are mechanisms that enable arbitrage.
They determine how much of the available price spread can be captured,
but they generate no value independently of price differentials. FBMC’s
advantage is the ability to exploit price arbitrage opportunities more effectively
by correctly modeling how imports from multiple borders interact on shared
internal corridors.

6.1.3 RQ3: Seasonal Variation
How do seasonal variations in demand levels and congestion intensity
influence the magnitude and distribution of FBMC benefits?

The efficiency gains in winter were more than an order of magnitude
greater than those observed in summer. This variation tracks SE2–SE3
corridor utilization closely: 91% in January (12.6% savings), 88% in
December (6.5%), 53% in July (0.25%). The relationship is consistent with
the theoretical expectation that capacity allocation methodology matters only
when constraints actively bind. During uncongested summer hours, FBMC
and ATC produce identical outcomes because the flow-based constraints never
activate.

FBMC’s economic benefits concentrate in roughly half the year, the
autumn and winter months when heating demand drives north–south
congestion. Annual welfare estimates that average across seasons may
understate FBMC’s importance during the periods when efficient market
operation is most challenged.
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6.1.4 RQ4: Sensitivity
How sensitive are the observed benefits to variations in exogenous parame-
ters?

FBMC benefits persist across plausible price variations (Scenarios A
and B: 4.6–4.9%) and expand under increased cross-border capacity
(Scenario E: 6.7%). Benefits amplify substantially under reduced internal
capacity (Scenario D: 16.1%). FBMC produces increasing returns under
system stress.

Scenario C eliminates benefits entirely. Uniform neighbor prices remove
the price differentials that motivate cross-border trade, and savings drop to
exactly zero. This confirms the arbitrage mechanism. FBMC reduces system
cost because the optimizer can exploit the gap between cheap northern imports
and expensive southern zones, and the Finnish bypass route prevents saturation
of the SE2–SE3 bottleneck. When no price spreads exist, the improved
constraint formulation has no value regardless of network topology.

6.2 Comparison with Literature
The 6.5% winter savings reported in this study sits well above the 1–3% range
typical of CWE analyses [35]. Two structural differences account for most of
the gap.

The first is congestion intensity. The SE2–SE3 corridor operates near its
limit through most of the winter, and Sweden offers no internal alternative
path. ATC handles a single binding bottleneck particularly poorly, since
it cannot redirect flow around the constraint. CWE, in contrast, runs a
densely meshed AC network where ATC already captures most of the available
capacity through its independent bilateral limits. The room for improvement
is smaller to begin with.

The second is network topology. The Nordic system contains one
significant loop, and that loop happens to run parallel to the network’s most
heavily loaded corridor. The corridor isolation experiment showed that this
single feature generates 68% of the observed FBMC benefit. CWE research
finds benefits distributed across many constraints [36], which is what a meshed
topology produces. The two regions are not disagreeing about FBMC’s value.
They are reporting on different network shapes.

The thesis’s weekly estimates (€4.37–6.36 million in winter) sit close to the
Nordic RCC’s reported annual average of €6.1 million weekly during the EPR.
Zonal aggregation appears adequate for studying the economic mechanism of
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capacity allocation, though not for precise welfare quantification. The seasonal
pattern, where winter benefits substantially exceed summer benefits, tracks
the Nordic RCC’s own observation that FBMC value concentrates in high-
congestion periods [37].

Two modeling choices push in opposite directions. The static NTC
values used as the ATC baseline are more conservative than the hourly
NTC adjustments TSOs apply in operation, which inflates ATC’s penalty
in this comparison. The 13-node representation, by contrast, omits internal
constraints that would tighten FBMC’s optimization domain in a detailed
model. The two biases partially offset. The residual is small enough that the
order-of-magnitude agreement with Nordic RCC estimates survives.

6.3 Policy Implications
The findings carry several implications for Nordic market design, regulatory
oversight, and transmission planning.

6.3.1 Transmission Investment Planning
The concentration of FBMC benefits during high-congestion winter periods
suggests that transmission investment decisions should account for how
capacity allocation methodology interacts with infrastructure.

FBMC produces increasing returns under tighter constraints (Scenario D:
16.1% savings at 70% of base capacity). This implies that the economic case
for transmission expansion differs between ATC and FBMC regimes. Under
ATC, a congested corridor imposes a welfare loss proportional to the volume
of blocked trades. Under FBMC, the same physical congestion is partially
mitigated through alternative routing, which reduces the urgency of expansion
on any single corridor.

This does not mean transmission investment becomes unnecessary under
FBMC. It shifts the investment calculus. Under ATC, the priority is
alleviating specific bottlenecks through direct capacity expansion. Under
FBMC, investments that increase network meshing, such as new cross-border
interconnections, produce larger welfare gains than investments that simply
add capacity on a single corridor.
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6.3.2 Regulatory Monitoring
The seasonal variation in FBMC benefits (0.25% in summer versus 12.6%
in winter) implies that regulatory performance assessment should operate at
seasonal resolution. An annual average of €6.1 million per week obscures
the reality that FBMC may produce negligible benefits for half the year and
substantial efficiency improvements during winter stress periods. Regulators
should track FBMC performance metrics separately for high-congestion and
low-congestion periods focusing on welfare gains, congestion rent distribution,
and price convergence.

6.3.3 Bidding Zone Configuration
The persistent north–south congestion pattern, with the SE2–SE3 corridor
as the dominant bottleneck, is relevant to ongoing European discussions
about bidding zone review [38]. The finding that FBMC reduces the north–
south price spread by 60% (from 41.5 to 16.8 EUR/MWh) demonstrates that
capacity allocation methodology substantially affects the price signals that
bidding zones are designed to produce.

This matters for zone reconfiguration decisions. Any proposed splitting
or merging of Swedish bidding zones should be evaluated in the context of
FBMC operation, since the price convergence effects of flow-based allocation
may alter the economic case for reconfiguration. A price spread that appears
problematic under ATC may already be substantially mitigated under FBMC.

6.3.4 Cross-Border Cooperation
Norwegian import access supplies 32% of FBMC benefits, and that share
depends directly on cross-border TSO coordination. The value rests on the
availability of cheap Norwegian hydro and on FBMC’s ability to optimize
those imports jointly with Finnish routing and internal Swedish flows. The
institutional arrangements that govern cross-border capacity calculation, and
the coordination role of the Nordic RCC, are essential to the benefits quantified
here.

Finland’s dual connection to the Swedish grid deserves particular
attention. It is the structural foundation of the bypass mechanism, and it shows
that interconnection topology, not just interconnection capacity, determines
FBMC value.
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6.4 Implications for Nordic Energy Transi-
tion

The Nordic power system is changing in ways that bear directly on the future
relevance of these findings.

Planned electrification of industry and transport in southern Sweden is
expected to increase demand in SE3 and SE4. This will intensify north–
south transfer needs and likely increase congestion frequency on the SE2–SE3
corridor [39]. If congestion increases, the results of this thesis suggest that
FBMC benefits will amplify correspondingly. The Scenario D result (16.1%
savings under 30% capacity reduction) provides a preview of FBMC’s value
under more constrained conditions.

Wind power expansion introduces a separate consideration. Large planned
additions in SE2 and SE3 will increase variability in generation patterns.
Congestion episodes will become more frequent but less predictable. FBMC’s
ability to adapt to varying flow patterns through its PTDF-based constraints
positions it better for this variability than ATC’s static NTC limits, which must
be set conservatively to accommodate the full range of anticipated conditions.

New interconnection projects, including expanded links to continental
Europe and the Baltic states, will increase network meshing. The finding that
FBMC benefits scale with cross-border capacity (Scenario E: 6.7% savings
with 20% more capacity) suggests that FBMC and interconnection investment
are complementary. Each additional cross-border link creates new routing
alternatives that FBMC can exploit but ATC cannot coordinate.

Higher electrification, greater wind penetration, and expanded intercon-
nection all intensify the conditions under which FBMC outperforms ATC,
namely congestion, variability, and network meshing. The benefits quantified
here for 2024 conditions likely represent a lower bound on future value.

6.5 Limitations
Several limitations affect the interpretation of results and define the boundaries
of valid inference.

6.5.1 Network Resolution
The 13-node zonal model represents each bidding zone as a single node and
omits intra-zonal network detail. This has two consequences. First, intra-
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zonal congestion, voltage constraints, and detailed generator dispatch patterns
are not captured. Second, the Generation Shift Key question (how changes
in zonal net position distribute across individual generators) does not arise,
since each zone is a single injection point (Section 3.2.5). In operational
FBMC, GSK assumptions can shift PTDF values by 1–10% on critical network
elements [21]. This introduces uncertainty in the flow-based domain that the
thesis does not capture.

The absolute welfare estimates (e.g., 6.5% winter savings) are conditioned
on the zonal network representation. The directional findings (FBMC
outperforms ATC under congestion, benefits vary seasonally, benefits scale
with congestion intensity) are expected to hold across network resolutions,
as they reflect differences in constraint formulation rather than specific
PTDF values. The correspondence with Nordic RCC estimates (Section 5.6)
provides partial empirical support.

6.5.2 Temporal Coverage
The analysis covers three representative weeks from 2024. These periods were
selected to capture seasonal variation (winter peak, winter high-congestion,
summer low-demand), but they cannot represent the full distribution of market
conditions that occur throughout a year. Unusual events such as extreme
weather, major outages, or exceptional demand patterns are not systematically
analyzed. Continuous annual simulation would provide more comprehensive
coverage but was beyond the scope of this thesis.

6.5.3 ATC Baseline Assumptions
The NTC values used as the ATC baseline represent maximum announced
capacities from Svenska kraftnät, whereas operational ATC frequently
involves reliability-driven reductions. This comparison may overstate FBMC
benefits relative to a baseline that uses actual historical ATC allocations.
Conversely, maximum NTC also represents a best case for ATC. Any
reduction from these maxima would further constrain ATC outcomes, while
FBMC’s flow-based domain would remain largely unaffected. The net effect
on the comparison is ambiguous.

6.5.4 Marginal Cost and Bidding Assumptions
Market participants are assumed to bid at marginal cost, with costs assigned
by technology type. Actual market bids reflect strategic considerations,
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start-up costs, opportunity costs (particularly for hydropower), and portfolio
optimization across zones. To the extent that actual bidding behaviour deviates
from these assumptions, simulated price patterns and dispatch outcomes may
diverge from realized market performance. Since the same bidding assumption
applies symmetrically to both FBMC and ATC simulations, the comparative
findings are less affected than the absolute welfare estimates.

6.5.5 Contingency Analysis
Operational FBMC implementations monitor hundreds of N-1 contingencies
through CNEC selection. Each CNEC describes how flows would redistribute
following the outage of a single critical element. This thesis uses 13 static
corridor limits without explicit contingency analysis. This simplification
likely understates FBMC benefits, since ATC methodologies are particularly
conservative under contingency scenarios where the physical flexibility to
redistribute flows would be most valuable.

6.5.6 Exogenous Neighbor Prices
Neighboring zones are modeled as price-takers with exogenous historical
prices. In reality, the Nordic day-ahead market clears simultaneously across
all zones, and Swedish dispatch influences neighboring zone prices through
market coupling. This simplification is standard in zonal analysis [28] and
is appropriate for comparative work since it applies symmetrically to both
methodologies. It does mean, however, that the model cannot capture feedback
effects where FBMC-enabled trade patterns alter neighboring zone outcomes.

A second simplification concerns temporal resolution. Neighbor prices
are weekly means rather than hourly time series. Real day-ahead prices vary
substantially within a week. Peak-hour prices often exceed off-peak prices
by a factor of two or more. The weekly-mean simplification removes the
within-week price variation that would otherwise drive hour-by-hour shifts in
import and export incentives. The direction of bias is ambiguous where weekly
means understate the value of cross-border arbitrage during high-price hours
and overstate it during low-price hours, with partial cancellation across the
week. The directional finding that FBMC outperforms ATC under congestion
is unaffected because the same weekly-mean prices enter both formulations.
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6.5.7 Causal Identification
The analysis demonstrates strong association between transmission congestion
and FBMC benefits, and Scenario C confirms that price convergence
eliminates benefits. But the research design does not fully isolate congestion
as the sole causal driver. Winter periods exhibit multiple correlated
characteristics, including high congestion, large price spreads, elevated
demand, and different generation mix composition. The sensitivity scenarios
tested price variations (Scenarios A, B) and capacity constraints (Scenario D)
separately, but did not systematically disentangle all correlated factors.

FBMC reduces total system cost most during winter conditions when
congestion, price spreads, and demand stress coincide. That conclusion
remains well-supported. Precise attribution of benefits to individual factors
requires additional controlled experiments beyond what this thesis provides.

6.5.8 Finnish Interconnector Modeling
Two modeling choices for the Finnish interconnectors warrant disclosure, as
they affect the quantitative results.

The susceptance-matrix treatment of FI–SE3 as an AC line, discussed in
Section 4.2, implicitly assumes that the operational HVDC converter schedule
on FI–SE3 distributes flows in a manner consistent with the impedance-based
split. In practice, TSOs set HVDC converter schedules to minimize congestion
costs, and the Nordic RCC’s FBMC implementation accounts for controllable
HVDC flows explicitly. The implicit assumption is reasonable to the extent
that TSO converter operation approximates economic optimization.

The FBMC constraint construction maps each neighboring zone to a
single Swedish entry point through a first-match algorithm. For Finland,
which connects to both SE1 (via FI–SE1, 1 500 MW) and SE3 (via FI–SE3,
1 200 MW), the algorithm attributes all Finnish imports to the SE1 entry point.
In the FBMC constraint matrix, Finnish imports are then assigned PTDF
coefficients corresponding to SE1 injection (0.817 on SE1–SE2 and SE2–SE3)
rather than the correct FI injection coefficients (0.409 on those corridors). This
over-constrains Finnish imports on the two most heavily loaded corridors by
approximately a factor of two.

The same mapping issue affects the ATC formulation, where Finnish
import capacity is capped at 1 500 MW (the FI–SE1 line capacity) rather than
the combined 2 700 MW across both interconnectors. This cap binds in 98%
of hours under ATC.
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Both errors are conservative. The FBMC limitation makes FBMC too
restrictive with Finnish imports, and the ATC limitation understates Finnish
import capacity. The net effect is that both methods import less from Finland
than they optimally should, and the reported FBMC savings represent a
lower bound on the true efficiency differential. The directional findings are
unaffected because the bias operates symmetrically across all periods and
scenarios.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions
This thesis set out to quantify the efficiency differential between Flow-Based
Market Coupling and Available Transfer Capacity for the Nordic electricity
market, and to identify the physical and economic mechanisms that drive that
differential. A 13-node zonal model, parameterized with empirical data from
the Swedish transmission system, was used to simulate market clearing under
both regimes. The four research questions have been answered.

7.1.1 Key Findings
The central finding is that FBMC provides measurable and economically
significant efficiency gains over ATC, but these gains are conditional on
system state.

Under congested winter conditions, FBMC achieves weekly cost savings
of €4.37–6.36 million (6.5–12.6%) compared to ATC. During uncongested
summer periods, benefits shrink to 0.25%. The variation differs significantly
between seasons and correlates directly with SE2–SE3 corridor utilization.
FBMC reduces system cost when, and only when, transmission constraints
actively bind.

The mechanism is arbitrage made tractable by physically-aware import
routing. The PTDF-based constraints enable the optimizer to route Finnish
imports through the FI–SE3 bypass, which relieves the congested SE2–SE3
corridor (Section 5.4.4). The complete elimination of benefits under price
convergence (Scenario C: savings of exactly €0.00) confirms that the Finnish
bypass and constraint coupling are the pathways through which arbitrage flows.
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They generate no value independently of price differentials.
The corridor isolation experiment reveals a 68/32 split. The Finnish bypass

mechanism accounts for 68% of FBMC benefits; Norwegian import access
accounts for 32%. FBMC’s value in this network originates primarily from
a single well-positioned loop that provides a direct bypass around the critical
bottleneck, rather than from distributed gains across many parallel paths.

7.1.2 Sensitivity
The sensitivity analysis confirms that these findings are not artifacts of the
specific base case conditions. FBMC maintains positive benefits across
all tested price variations and capacity changes. Under reduced SE2–SE3
capacity, savings amplify to 16.1%. The only scenario that eliminates benefits
is complete price convergence, consistent with the theoretical prediction that
improved allocation has value only when welfare-improving trades exist.

The simulated winter savings (€4.37–6.36 million weekly) bracket the
Nordic RCC’s reported annual average of approximately €6.1 million weekly
during the External Parallel Run. The agreement is closest in months with
the highest congestion, which is the operating regime where the comparison
is most informative.

7.1.3 Contributions
This thesis makes four contributions to the literature on electricity market
capacity allocation.

It offers the first independent academic quantification of the benefits of
FBMC for the Nordic electricity market based on publicly available data.
This complements the official Nordic RCC estimates with transparent and
reproducible analysis.

Secondly, it breaks down the benefits of FBMC by mechanism through
the corridor isolation experiment and scenario C price convergence test.
The Finnish bypass route (FI–SE3) is identified as the main mechanism and
Norwegian import access contributes 32%, with total benefit driven by price
arbitrage.

Third, it shows that FBMC produces substantial benefits even in a sparsely
meshed network. Finland’s dual connection forms the only loop in the model,
yet a single well-positioned bypass around the critical bottleneck delivers the
majority of the FBMC benefit. The evidence base extends beyond the densely
meshed CWE region where most prior research is concentrated.
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7.1.4 Implications
The findings carry concrete implications for Nordic market design.

The concentration of benefits in winter means that regulatory performance
assessment needs to operate at seasonal resolution and not as annual averages.
The complementarity of FBMC and the network meshing indicates that
additional cross-border links create routing alternatives, which only FBMC
can take advantage of. This indicates that transmission investment planning
and capacity allocation methodology should be assessed jointly and not in
isolation. The 60% reduction in north–south price spreads under FBMC is
relevant for the discussions on Swedish bidding zone configuration as the
capacity allocation methodology influences the price signals the zone should
produce.

Higher electrification of southern Swedish industry, further wind power
expansion, and new interconnection projects will intensify the conditions
under which FBMC outperforms ATC, namely congestion, flow variability,
and network meshing. The benefits estimated here for 2024 conditions
therefore represent a lower bound on FBMC’s future value.

7.2 Future Work

7.2.1 Extended Temporal and Spatial Analysis
The analysis of three representative weeks establishes seasonal patterns
and tests sensitivity to parameter variation, but it cannot capture the full
distribution of market conditions across a year. Continuous annual simulation
across all 8 760 hours would enable more precise estimation of annual welfare
gains, identification of extreme-event impacts (cold spells, wind droughts,
major outages), and direct comparison with the Nordic RCC’s annual statistics.
It would also reveal whether the congestion–benefit relationship identified here
holds across the full range of operating conditions or exhibits nonlinearities at
very high or very low congestion levels.

Extending the geographic scope presents a separate opportunity. Modeling
all Nordic bidding zones endogenously, rather than treating Norwegian,
Finnish, and Danish zones as price-takers, would capture feedback effects
where FBMC-enabled trade patterns alter neighboring zone outcomes. This
requires a substantially larger optimization problem but would provide a more
complete picture of Nordic-wide welfare distribution.

Replacing the weekly-mean neighbor prices used here with hourly time
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series from the ENTSO-E Transparency Platform would be a smaller but
worthwhile extension. The current treatment removes within-week price
variation (Section 6.5.6) that would otherwise drive hour-by-hour shifts in
cross-border arbitrage incentives. Replacing it would clarify how much of
the observed seasonal pattern reflects within-week variation as opposed to
between-week mean differences.

7.2.2 Higher Network Resolution
The transition from a 13-node zonal model to a detailed nodal representation
with explicit Generation Shift Key assumptions would address the principal
methodological limitation of this thesis. A nodal model would enable
systematic testing of how different GSK strategies (proportional, merit-
order, capacity-weighted) affect the estimated flow-based domain and welfare
outcomes. This would quantify the GSK-dependent uncertainty that this thesis
can only acknowledge qualitatively. The PyPSA-Eur dataset [20] provides a
starting point for constructing such a model.

7.2.3 N-1 Contingency Analysis
Operational FBMC monitors hundreds of Critical Network Elements under
Contingency (CNECs). Each CNEC describes how flows would redistribute
following the outage of any single critical element. Incorporating explicit N-1
contingency constraints would increase the realism of the FBMC simulation
and likely increase the estimated benefits, since ATC methodologies are
particularly conservative under contingency scenarios. This extension would
require access to detailed network data beyond what is publicly available but
could be pursued in collaboration with Nordic TSOs.

7.2.4 Welfare Distribution Analysis
This thesis quantifies aggregate welfare gains but does not examine how
benefits distribute across market participants. The observed bidirectional
price adjustment under FBMC (higher prices in northern generation-rich
zones, lower prices in southern consumption-heavy zones) implies a transfer
from northern producers to southern consumers. Future research should thus
quantify whether FBMC savings accrue primarily to industrial consumers
in SE3–SE4 or diffuse broadly, and whether northern generators are fully
compensated through congestion income redistribution. The distributional
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question is directly relevant to policy discussions about whether additional
measures are needed alongside FBMC.

7.2.5 Dynamic Capacity Allocation
This thesis compares FBMC against a static ATC baseline with fixed
NTC values. In practice, TSOs adjust NTC values hourly based on real-
time security assessments. The gap between static NTC and dynamic
ATC practice affects the estimated FBMC advantage. Future work could
incorporate dynamic NTC adjustment, for example with historical hourly
NTC publications from Svenska kraftnät, to provide a more realistic ATC
benchmark. This would sharpen the welfare comparison and clarify how
much of the observed FBMC advantage reflects the flow-based constraint
formulation itself versus the conservatism of static NTC assumptions.
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Appendix A

PTDF Matrix

Table A.1 presents the full 13 × 13 PTDF matrix as calculated by the model
(Section 4.2), with SE3 as the slack bus. Each entry 𝑃𝑇𝐷𝐹𝑙,𝑛 gives the fraction
of a 1 MW injection at node 𝑛 (withdrawn at SE3) that flows through corridor
𝑙. Positive values indicate flow in the direction specified by the corridor name
(e.g., SE1→SE2).

The matrix is the direct output of the calculate_ptdf() function
applied to the network topology and reactance values in Table B.1.
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Several features described in Section 4.2 are visible in the matrix. The
SE2–SE3 corridor shows the Finnish loop dynamic: for an SE2 injection,
87.1% flows directly (𝑃𝑇𝐷𝐹 = 0.871) while 12.9% loops backwards through
SE1, across to Finland, and into SE3 (visible as −0.129 on L_SE1_SE2 and
L_FI_SE1, and +0.129 on L_FI_SE3). For an SE1 injection, the split is
81.7% direct (via SE1–SE2–SE3) and 18.3% via the Finnish loop (SE1–FI–
SE3). The FI column shows non-zero values on four corridors (L_SE1_SE2,
L_SE2_SE3, L_FI_SE1, L_FI_SE3). Finland is the only neighbor that creates
loop flows.

Norwegian zones (NO4, NO3, NO1) each show 𝑃𝑇𝐷𝐹 = 1.000 only
on their own interconnector. These are radial connections with no internal
Norwegian links in the model. The same holds for DK1, DK2, DE, PL, and
LT.

The SE3–SE4 corridor shows 𝑃𝑇𝐷𝐹 = −1.0 for SE4 and all zones
that connect to SE4 (DK2, DE, PL, LT), consistent with its position as the
sole radial connection to the southernmost zone. The SE3 column is zero
throughout, as SE3 is the slack bus.
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Appendix B

Network Data

This appendix documents the complete network parameterization used in all
simulations. All data is stored in CSV format and read by the simulation scripts
at runtime.

B.1 Transmission Corridors
Table B.1 lists the 13 transmission corridors with their endpoint nodes,
reactance values, and thermal capacities. Reactance values are in per-unit on
a common system base; thermal capacities correspond to NTC values from
Svenska kraftnät [14] and ENTSO-E [16]. These values correspond to the
lines.csv input file.

B.1.1 Note on Finnish interconnectors
Finland connects to the Swedish grid at two points, FI–SE1 in the north and FI–
SE3 (Fenno-Skan) in the south. Together they form the network’s only loop.
Both are represented in the susceptance matrix with an equivalent reactance
of 0.05 p.u., as discussed in Section 6.5.8.

B.1.2 Note on Norwegian topology
The three Norwegian zones (NO4, NO3, NO1) each connect radially to a
single Swedish zone. There are no internal Norwegian corridors (NO4–
NO3 or NO3–NO1) in the model. Norwegian zones function as price-taking
import/export nodes and contribute no loop flow paths.
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Table B.1: Transmission corridor parameters. Reactance values are in per-unit
on a common system base. Capacities represent NTC values used as thermal
limits in the FBMC formulation and as bilateral limits in the ATC formulation
(for internal corridors). The complete corridor file, including the technology
field, is available in the project repository.

Corridor Type From → To Reactance Capacity
(p.u.) (MW)

L_SE1_SE2 Internal SE1→SE2 0.0066 3 300
L_SE2_SE3 Internal SE2→SE3 0.0158 7 300
L_SE3_SE4 Internal SE3→SE4 0.0015 5 300
L_NO4_SE1 Cross-border NO4→SE1 0.0500 600
L_NO3_SE2 Cross-border NO3→SE2 0.0500 1 000
L_NO1_SE3 Cross-border NO1→SE3 0.0500 2 145
L_FI_SE1 Cross-border FI→SE1 0.0500 1 500
L_FI_SE3 Cross-border FI→SE3 0.0500 1 200
L_DK1_SE3 Cross-border DK1→SE3 0.0500 740
L_DK2_SE4 Cross-border DK2→SE4 0.0500 1 700
L_PL_SE4 Cross-border PL→SE4 0.0500 600
L_LT_SE4 Cross-border LT→SE4 0.0500 700
L_DE_SE4 Cross-border DE→SE4 0.0500 615
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B.1.3 Note on ATC constraints
Under ATC, only the three internal Swedish corridors (SE1–SE2, SE2–
SE3, SE3–SE4) are subject to NTC constraints. Cross-border corridors are
constrained only through import/export bounds on neighboring zones.

B.2 Node List
Table B.2 lists the 13 nodes in the model with their classification and slack bus
designation.

Table B.2: Network nodes. SE3 serves as the slack bus (reference angle = 0).

Node Type Slack Bus
SE1 Swedish bidding zone
SE2 Swedish bidding zone
SE3 Swedish bidding zone ✓
SE4 Swedish bidding zone
NO1 Norwegian bidding zone
NO3 Norwegian bidding zone
NO4 Norwegian bidding zone
FI Finnish bidding zone
DK1 Danish bidding zone (west)
DK2 Danish bidding zone (east)
DE Germany
PL Poland
LT Lithuania
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Appendix C

Generation Fleet

C.1 Installed Capacity by Zone and Technol-
ogy

Table C.1 presents installed generation capacity by zone and technology in
aggregated categories. The model uses 26 individual plants, one per row in
plants.csv. CHP is split into district heating and industrial subtypes, and
gas turbines are modeled separately from condensing plants. Each plant is
one decision variable (𝑔𝑝) in the LP formulation. Capacities are from Svenska
kraftnät Kraftbalansen 2024 [14].

Table C.1: Installed generation capacity (MW) by zone and technology,
aggregated by technology category. CHP aggregates district heating and
industrial subtypes (two plants per zone). Blank cells indicate no installed
capacity of that technology in the zone. Values correspond to the 26 plants in
plants.csv.

Technology SE1 SE2 SE3 SE4 Total
Hydro 5 346 8 128 2 595 347 16 416
Nuclear 6 937 6 937
Wind 3 023 6 907 3 901 2 421 16 252
Solar 29 204 1 863 1 877 3 973
CHP 266 761 2 526 875 4 428
Gas turbine 1 2 904 635 1 542
Condensing 662 662
Total 8 665 16 002 18 726 6 817 50 210
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C.2 Marginal Cost Assumptions
Table C.2 lists the marginal cost assigned to each generation technology. These
are technology-average values that capture fuel costs and variable operating
costs. Start-up costs and opportunity costs are not included (see Section 6.5).

Table C.2: Marginal cost assumptions by technology.

Technology Marginal Cost (EUR/MWh) Basis
Hydro 0.5 Variable O&M only
Nuclear 10.0 Fuel + variable O&M
Wind 0.0 Zero marginal cost
Solar 0.0 Zero marginal cost
CHP (industry) 35.0 Fuel (biomass/waste) + O&M
CHP (district) 40.0 Fuel (biomass/waste) + O&M
Condensing 50.0 Fuel + O&M + CO2
Gas turbine 80.0 Natural gas + O&M + CO2

C.3 Availability Factors
Hourly availability factors 𝑎𝑝,𝑡 are computed from ENTSO-E Transparency
Platform actual generation data [16] as described in Section 3.3.4:

𝑎𝑝,𝑡 = min⎛⎜
⎝

Actual generation𝑝,𝑡
𝐺max𝑝

, 1.0⎞⎟
⎠

(C.1)

For wind and solar plants, this captures hourly resource variability.
For hydro plants, it captures seasonal water availability and reservoir
management decisions. For nuclear plants, it reflects maintenance schedules
and operational constraints. Thermal plants (CHP, condensing, gas turbine)
are assigned 𝑎𝑝,𝑡 = 1.0 for all hours unless actual generation data indicates
reduced availability.
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Appendix D

Sensitivity Scenario Parameters

Table D.1 documents the parameter modifications applied in each sensitivity
scenario (Section 5.3). All scenarios use the December 2024 base case period
and modify one parameter at a time.
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Table D.1: Sensitivity scenario parameter modifications. Each scenario
modifies one parameter relative to the base case; all other parameters remain
unchanged.

Scenario Label Parameter Modification
Base December 2024 No modifications. Historical ENTSO-E

prices and base NTC values.

A Continental +30% Day-ahead prices for DE, PL, DK1, DK2,
and LT increased by 30% relative to
historical values. Nordic prices (NO1,
NO3, NO4, FI) unchanged.

B Norwegian −30% Day-ahead prices for NO1, NO3, and NO4
decreased by 30% relative to historical
values. All other neighbor prices un-
changed.

C Price convergence All neighboring zone prices set to a
uniform 60 EUR/MWh for all hours.
Eliminates cross-border price differen-
tials.

D SE2–SE3 −30% NTC on SE2–SE3 corridor reduced from
7,300 MW to 5,110 MW. All other
capacities and prices unchanged.

E Cross-border +20% Capacity on all cross-border intercon-
nectors (SE–NO, SE–FI, SE–DK, SE–
DE/PL/LT) increased by 20%. Internal
Swedish NTCs unchanged.
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Appendix E

Supplementary Figures

This appendix presents additional visualizations that support the analysis in
Chapter 5.
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Figure E.1: Hourly corridor utilization heatmaps for December 2–8, 2024. Top
panel: FBMC; bottom panel: ATC. Each row represents one corridor, each
column one hour. Under FBMC, the SE2–SE3 corridor (bottom rows) shows
variable utilization with visible relief during off-peak hours, while under ATC
it operates at near-continuous saturation. The FI–SE3 corridor shows higher
utilization under FBMC, consistent with the Finnish bypass route.
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Figure E.2: Mean cross-border flows under FBMC and ATC for December
2024. Positive values indicate net imports into Sweden; negative values
indicate exports. FBMC achieves substantially higher Norwegian imports
on NO3–SE2, while the NO1–SE3 corridor carries increased exports under
FBMC. The largest divergence between methods appears on the Norwegian
corridors, consistent with the finding that FBMC enables greater Norwegian
trade optimization through the freed capacity on SE2–SE3.
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Figure E.3: Mean generation dispatch differences (FBMC minus ATC) for
plants with non-negligible divergence. Positive values indicate higher dispatch
under FBMC. The largest shifts occur in northern CHP plants (SE1, SE2),
which increase output under FBMC as improved transmission allows northern
generation to serve southern demand. SE3 district CHP decreases under
FBMC, displaced by cheaper northern power that reaches the south via the
Finnish bypass.
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Figure E.4: Hourly cost savings (FBMC minus ATC) and cumulative savings
for December 2–8, 2024. Blue bars indicate hours where FBMC achieves
lower system cost. Savings are consistently positive and concentrate during
daytime hours when demand peaks drive higher congestion on SE2–SE3. The
cumulative line shows steady accumulation that reaches approximately 4.4 M€
by week’s end.
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