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Abstract—The European Union’s decarbonisation strategy
emphasizes the full integration of its electricity markets to
enhance flexibility, competition, and overall efficiency. This study
compares the existing Flow-Based Market Coupling (FBMC)
mechanism with a theoretical model that incorporates all grid re-
strictions endogenously in the market clearing, avoiding heuristic
assumptions. We address two primary research questions: how
would market outcomes, prices, and the generation mix evolve
under perfect market coupling, and what challenges persist in
the current FBMC design? A three-month case study during
the European energy crisis in 2023 provides the empirical basis.
Our results reveal significant price convergence—with average
prices decreasing by nearly 30 C/MWh—improved integration
of renewable energy sources, and enhanced cross-border trade.
However, the simplified grid representation to reduce the com-
plexity of the problem may lead to congestion and welfare losses,
underscoring the need for more efficient models and more active
consideration of congestion management in the cross-border
capacity allocation in the integrated European electricity market.

Index Terms—flow based market coupling, electricity market,
linear optimization

I. INTRODUCTION

The full integration of European electricity markets is a
pillar of the EU’s decarbonization strategy. A unified market
enhances both economic efficiency and security of supply by
enabling better cross-border coordination, improved use of
system flexibility, and more efficient integration of renewable
energy sources (RES). The complementary generation profiles
of RES across Europe help mitigate domestic volatility, while
broader market access promotes competition, cost efficiency,
and welfare gains. In addition, as prices converge and the mar-
ket becomes more resilient to fluctuations and disturbances,
overall security of supply is strengthened. However, limited
cross-zonal capacity remains a major barrier to realizing the
full benefits of market coupling [1].

In an attempt to improve cross-border trading by bet-
ter reflecting grid constraints Flow-Based Market Coupling
(FBMC) was introduced under the Capacity Allocation and
Congestion Management (CACM) Regulation (EU) 2015/1222
[2]. However, the complexity of the problem of maximizing
market welfare while respecting network constraints requires
simplifications and assumptions in order to be solvable [3].
While it improves on earlier approaches, FBMC—and zonal

market designs more broadly—face this fundamental trade-
off: either trading capacities are too tight, limiting welfare, or
too loose, causing grid congestion. This paper addresses these
methodological limitations by introducing a more integrated
zonal market design. To illustrate its implications, we apply
it to a case study of the first months of 2023 during the
European energy crisis. This allows us to highlight how deeper
integration could have influenced market outcomes during a
period of extreme stress—affecting prices, generation mix,
distributional effects, and overall welfare. Our analysis is
guided by two primary research questions:

• How would market outcomes, prices, and the generation
mix evolve under a scenario of enhanced FBMC with
better coupling of the European electricity markets? What
benefits would a zonal market design with increased cou-
pling have provided during the European energy crisis?

• Which challenges in achieving this idealized market per-
sist, and how can the current market design be improved?

The next section introduces the modeling approach, scenario
setup, and key differences between the current FBMC and the
proposed model. This is followed by a case study analysis
assessing the effects of deeper integration. Finally, we discuss
the distribution effects between the countries and the imple-
mentation challenges of the proposed model.

II. METHODOLOGY

In the current market design, Transmission System Oper-
ators (TSOs) define the flow-based trading domains during
the pre-coupling phase [4]. This process relies on heuristic
approximations, focusing on a limited number of Critical
Network Elements with Contingencies (CNECs)—grid lines
with high congestion risk—based on reference flows from a
base case market outcome [5].

From these reference flows, TSOs compute the Remaining
Available Margin (RAM) for each critical line, which deter-
mines the boundaries within which market coupling operates.
A central part of this process is the use of Generation Shift
Keys (GSKs), which distribute changes in a bidding zone’s
net position to individual generators. Combined with zonal
Power Transfer Distribution Factors (PTDFs), they estimate
the physical impact on the network of changes in a bidding
zone’s net position [6]. However, the dependence on assumed



GSKs and reference flows introduces a circularity in the
parameter estimation [7]. All these assumptions can result
in overly conservative capacity limits—ultimately reducing
market efficiency or bad constrained market coupling causing
grid congestion that needs to be addressed by -expensive-
redispatch measures [3]. In the study, the FBMC process is
modeled using the ELMOD-ELTRAMOD framework in [8].
The model reproduces the sequence of the actual FBMC pre-
coupling steps: (1) calculating a base case market clearing to
estimate grid flows, (2) selecting critical network elements,
and (3) determining the remaining margins that constrain
flow-based trading. The objective function for all models is
expressed as total system cost minimization in (1).

minTC =
∑
t,z

(CGt,z + CCt,z + CIt,z) (1)

The total system cost is calculated as the sum of generation
costs CGt,z , costs of curtailing renewable generation CCt,z ,
and dumping costs for constraint relaxation CIt,z over all time
steps t and zones z.

The next section provides the model description for the
current FBMC design and outlines how the proposed model
for higher zonal integration differs from the current FBMC
implementation.

A. ELMOD

ELMOD is a linearized power flow model of the European
transmission grid with high spatial resolution and a compre-
hensive set of techno-economic constraints. The power flow
is modeled with a DC-approximation [8]. For this study, we
use the PTDF-based formulation. This formulation is chosen
not for computational convenience, but because it allows us
to explicitly derive from node to line PTDFN the Zone-to-
line PTDFs. The zonal PTDFs trace how changes in zonal net
positions affect power flows on individual transmission lines
in FBMC.

LINE F(t, l) =
∑
n

NOD INJ(t, n) · PTDFN (l, n) (2)

∑
n

NOD INJ(t, n) = 0 (3)

The line flow (LINE F) is calculated by weighting the
nodal injection (NOD INJ) of each node n with the node to
line PTDFN values. To move from nodal to zonal represen-
tation, GSKs are applied, defining how marginal changes in
a zone’s net position are allocated across generators. In the
literature several strategies exist to allocate these shifts among
generators within a zone [6], [9]. In the current paper we
adopt a static, flat GSK approach. Under this strategy, each
generator’s nodal injection is set proportional to its share of
the total installed capacity in the zone and remains constant
over time. The model’s detailed nodal resolution also allows
for the calculation of locational marginal prices (LMPs), which
correspond to the shadow price of the nodal balance in (4).

G P(t, n)− NOD INJ(t, n)− CURT(t, n) = (4)
dem(t, n) + STORAGE(t, n)− DUMP(t, n)

These LMPs reflect the cost of supplying the electricity
demand in each node given by the parameter (dem), account-
ing for the dispatch on the node (G P), the curtailment of
renewable energy sources (CURT) and the storage activity of
hydro power plants and batteries (STORAGE) under given
physical constraints of the grid and technical constraints of
the generation units. The solution of the model corresponds to
a N-0 security criterion, where no transmission line is allowed
to fail [10]. All lines where the electricity load exceeds a
threshold of 70% of the thermal capacity of the line are
considered as critical network elements and are selected as
boundaries for the market coupling, according to the current
methodology in the European Electricity Market [11].

B. ELTRAMOD FBMC

ELTRAMOD is a linear optimization model of the European
electricity market that minimizes total system costs through
cost-optimal dispatch of generation units based on marginal
costs. Cross-zonal trade is constrained by the FBMC trade
capacities, as well as technical and availability constraints of
generation and storage units. The model replicates the actual
market clearing cascade for the CORE region under perfect
foresight. Cross-zonal trade is represented as deviations in
the net position (∆NP) from a base case. This base case
corresponds to the nodal dispatch and grid flows calculated by
ELMOD. Trade with non-FBMC countries is modeled using
historical Net Transfer Capacities (NTC E).

PTDF(t, l, z) =
∑
n∈Nz

PTDFN (l, n) · GSK(t, n, z) (5)

RAM(l) ≥
∑
z

PTDF(t, l, z) ·∆NP(t, z) (6)

G P(t, z)−∆NP(t, z)− NTC E(t, z) = (7)
dem(t, z) + STORAGE(t, z)− DUMP(t, z)

Equation (7) represents the zonal power balance. Deviations
from the base case net positions must stay within the limits
defined by the RAM on the CNEs in (6), which reflect the
system’s operational security margin. These RAMs are derived
from the nodal solution and reflect the 70% minimum capacity
target set by the European Commission [11] ensuring sufficient
residual transmission capacity for real-time operations (e.g.,
intraday and balancing markets) and congestion management.

The resulting zonal power transfers are translated into line
flows via reduced zonal PTDFs (Equation (5)), which are
calculated from nodal PTDFs (PTDFN ) using GSKs. These
parameters define how changes in zonal net positions impact
individual network elements — a key feature of the zonal
approach and a critical source of inefficiency in approximating
the actual grid constraints.



C. ELTRAMOD FBMC fundamental

In the enhanced FBMC model with higher zonal integration,
no predefined trade capacity domains are used. Instead, within
the FBMC region, trade between zones is constrained directly
by the thermal capacity of the lines. To estimate the load on
each line, the load flow decomposition uses the nodal-to-line
PTDFN as in (2) across all grid elements, rather than a subset
as in the current FBMC approach. This allows for a more
accurate representation of physical power flows and eliminates
the need for heuristic approximations based on reference flows
or Generation Shift Keys. The resulting nodal injection of the
cost minimizing generation units dispatch respects the thermal
capacity of the grid elements in the FBMC-regions and the
change in the net position is not relative to a reference case.

Consequently, in equation (7) ∆NP is replaced with the net
position (NP) as a decision variable in the market clearing,
while all other parameters remain the same. Power generation
is dispatched according to system-wide marginal costs, while
fully respecting the physical line constraints of the transmis-
sion grid from (2), (3). The interconnector capacities for non-
FBMC countries remain fixed at historical NTC levels, as in
the current market design. With the endogenous considera-
tion of the grid constraints in the optimization problem, the
solver maximizes trade between FBMC zones and reduces
total system costs, aiming for less restrictive market coupling
as defined by the European Commission [1]. The expected
outcome is higher price convergence within the FBMC region,
improved integration of renewables, and more efficient use of
cross-border flexibility. These effects are assessed in the results
section to highlight the potential welfare gains from deeper
market integration—especially under the stress conditions of
the 2023 energy crisis.

However, this formulation also has limitations. The sim-
plified representation of grid topology outside the FBMC
region, combined with the joint optimization of FBMC and
NTC countries, may underestimate the risk of congestion and
overstate achievable welfare. In particular, the exclusion of
internal grid constraints in non-FBMC countries and the static
treatment of NTC values may lead to unrealistic dispatch
results. This highlights the need for a more comprehensive
approach that accounts for dynamic interactions between the
different regions in Europe, including their grid constraints,
as well as the consideration of the necessary capacities for
redispatch in the market clearing [12].

III. DATA

All techno-economic assumptions regarding generation
units, fuel prices, grid topology, plant availability, and weather
data for the simulation period are based on the dataset pre-
sented in [13]. The model includes a detailed representation
of the German power plants, taking into account their spatial
distribution and physical connection points to the electricity
grid. This includes all substations at the 380 and 220 kV
levels, as well as interconnectors with neighboring countries.
In contrast, the national grids of other European countries
and their interconnections are represented through aggregated

nodes, which reduces the complexity of the model while
still capturing the key dynamics of transnational power flows.
The case study covers a three-and-a-half-month period during
the European energy crisis in 2023. The simulation period
is chosen for three reasons: (1) it allows for computational
feasibility without requiring simplification techniques; (2) it
aligns with the available, peer-reviewed reference data from
the actual market clearing; and (3) the energy crisis context
provides a particularly relevant setting for analyzing the effects
of deeper market integration.

IV. FINDINGS AND EVALUATION METRICS

This section presents the evaluation of the enhanced Flow-
Based Market Coupling (FBMC) model, which explores the
outcome of a higher zonal market integration and harmoniza-
tion across Europe during the energy crisis in the first months
of 2023. The key metrics assessed include price convergence,
the generation mix, total welfare, and the impact on grid
congestion given the structural limitations of zonal market
designs, where overly restrictive trading capacities reduce
welfare, while looser restrictions risk increased congestion.

A. Price Convergence and Reduction of Price Spikes

As described in [1], one of the direct effects of the deeper
market integration is the significant price convergence ob-
served within the FBMC region. On average, the electricity
price across the region has fallen by almost C30/MWh in our
case study. This convergence predominantly benefits Western
European regions, where prices show substantial reductions
of over -20% in the electricity price in the enhanced FBMC
scenario. In contrast, Central and Eastern European countries,
which initially had lower prices in the reference scenario, show
electricity prices rise as a result of market coupling in fig. 1.

Fig. 1: Deviation of average electricity prices through deeper
market integration in the selected countries of the FBMC-
region

This shift reflects a reallocation of market benefits, aligning
prices more closely with the cross-border marginal cost of



generation. The integration also had a significant effect on
the frequency and intensity of high-price episodes. Under the
current market design, price spikes are often observed due
to lower interconnection capacity for the market. These local
scarcity situations, often intensified during times of crisis,
could be significantly mitigated through a more flexible use
of available cross-border capacity. The increased cross-border
trade volumes, which nearly doubled in the enhanced FBMC
design (see fig. 6), have drastically reduced the occurrence of
such high prices in fig. 2 and lowered all price levels, as fig. 3
shows.
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Fig. 2: Duration curve of the FBMC-models for the period
from 01.01.2023 to 15.04.2023.

The frequency and intensity of the spikes of electricity
prices above C250/MWh were particularly severe in the period
analyzed. The increased use of cross-zonal flexibility could
have mitigated this stress and reduced the potential for price
extremes caused by local scarcity, as fig. 4 shows.

B. Generation Mix

Deeper market integration in the enhanced FBMC design
leads to a more efficient dispatch of generation resources
across Europe and higher integration of RES. In the selected
FBMC region, the share of wind power increased from 32.8%
to 35.2% of total generation, as a result of improved regional
balancing and better alignment of renewable output with
demand. Cross-border interconnection also facilitates greater
use of flexible resources, particularly hydro storage, as demon-
strated in the generation mix data in fig. 5. These capacities
can be dispatched more strategically across zones, enabling
surplus wind generation to be stored rather than curtailed. This
integration helped reduce reliance on natural gas— the most
expensive generation source during the crisis.

Overall generation in the FBMC region increased between
the two designs by nearly 16 TWh, as the optimization
model used renewable generation in the FBMC-region also

Existing FBMC Enhanced FBMC
0

50

100

150

200

250

El
ec

tri
ci

ty
 P

ric
e 

(
/M

W
h)

Comparison of Electricity Price Distributions

Fig. 3: Distribution of hourly prices in the period from
01.01.2023 to 15.04.2023. in the selected FBMC-region.
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Fig. 4: Duration of the high price episodes in the period from
01.01.2023 to 15.04.2023.in the selected FBMC-region.

for supplying neighboring NTC countries with lower RES
capacity.

C. Total Welfare: Price Drop and Trade Volumes

The deeper market integration and the resulting reduction in
average electricity prices in the enhanced FBMC model lead
to an increase in consumer surplus across the selected FBMC
region. However, this price reduction results in a decrease in
producer surplus, as illustrated in fig. 6. While producers show
a decline in domestic revenue due to the lower prices, the
overall increase in trade volumes provides a partial offset.
Despite this, the revenue generated from exports is smaller
than the revenue lost from lower domestic prices.
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Nevertheless, the gains in consumer surplus outweigh the
losses in producer surplus, resulting in a net positive welfare
effect for the selected FBMC countries, as illustrated in fig. 7.
The enhanced model shows that when grid constraints are less
restrictive and endogenously considered, the solver opts for
significantly higher trade volumes. This reflects the presence of
untapped cost-efficient generation potential that is not realized
due to the more restrictive cross-border capacity in the current
market design.
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However, this positive welfare effect must be seen in light of
the fundamental trade-off in zonal market design. If trade ca-

pacities are too restrictive the market fails to exploit available
low-cost generation, resulting in welfare losses. In contrast,
if capacities are too generous without sufficient representation
of the grid constraints, cross-border flows increase the risk
of congestion. This is the case here, as shown in fig. 7, as
the static interconnector capacities of NTC countries and the
simplified representation of grid constraints in the case study
result in market dispatch that overstretch the grid capacity
leading to higher grid congestion volume and reducing the
welfare. As FBMC expands to include more countries, this
highlights the importance of a more precise calibration of trade
capacities and the need for scalable models that accurately
reflect both market dynamics and grid constraints.

V. DISCUSSION

Deeper market integration through enhanced zonal coupling,
as modeled by with the introduced FBMC approach in this
study, shows substantial potential for increasing economic effi-
ciency and mitigating price spikes—even under the exceptional
stress conditions of early 2023 during the energy crisis. The
model achieves significant price convergence, with the average
electricity price of the selected countries in the FBMC region
dropping by nearly 30 C/MWh. This convergence reflects a
more efficient allocation of resources, but also redistributes
market welfare between countries and market participants. The
generation mix becomes more efficient as well. Renewable
energy, especially wind power, is used more effectively across
regions. Hydro storage is deployed in a more flexible way,
and gas-fired generation is used less frequently. These changes
reduce overall electricity costs. While consumers benefit from
lower prices, producers earn less in domestic markets. Their
losses are only partly compensated by higher export.

At the same time, the results illustrate a fundamental
challenge of zonal market design. If cross-border capacities
are set too low, available cheap generation cannot be used,
which reduces welfare. If they are set too high without
representing sufficiently the physical limits of the grid, the
risk of congestion rises. This is the case in the current
case study, as trade volumes grow, but the simplified grid
representation and static NTC values in countries outside the
FBMC region lead to unrealistic power flows that increase grid
congestion, undermining total welfare when congestion costs
are factored in. The need for a more detailed representation
of grid constraints in the FBMC model is clear, but the
computational complexity is high. Future work should incor-
porate decomposition and complexity reduction techniques or
other methods for a better representation of the dynamic grid
interactions and congestion management into the optimization
process, ensuring that the market coupling mechanism remains
efficient while accounting for the physical limitations of the
transmission network.
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