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H I G H L I G H T S  

• European market integration is limited by frequent intrazonal congestion. 
• A novel methodology is proposed to increase cross-border exchanges using redispatch. 
• Integrating redispatch into the day-ahead market helps avoid congestion. 
• Proposed approach enhances flow-based market coupling increasing economic welfare.  
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A B S T R A C T   

The zonal electricity market design in the Central Western European electricity market relies on redispatching 
generation units after market closure to manage congestion within bidding zones, while congestion between the 
zones is handled using flow-based market coupling. The combination of internal congestion in the meshed Eu
ropean network with a growing share of renewables increases the frequency and magnitude of congestion events 
and limits cross-border trade. The growing costs of redispatching and the divergence between grid physics and 
zonal markets lead to welfare losses. This paper is the first to propose an approach to improve the combined 
efficiency of flow-based market coupling and redispatching. We develop a novel methodology for congestion 
management in a zonal market with flow-based market coupling in order to increase cross-border exchanges by 
integrating preventive redispatch into the day-ahead market. In this approach, a set of integrated redispatch units 
is selected based on their high potential to reduce congestion and, as a result, free up grid capacity for cross- 
border exchange. We use three multi-step optimization models to demonstrate the benefits of the enhanced 
zonal market with integrated redispatch by comparing it to the nodal market model and a zonal market model 
with flow-based market coupling. The case study demonstrates the potential of the proposed methodology to 
significantly increase cross-border capacity and reduce the need for costly ex post redispatch. The approach is 
shown to be a feasible option for improving European market integration and thereby to achieve overall welfare 
gains.   

1. Introduction and background 

Zonal electricity market results can produce flows that exceed 

available capacity on some transmission lines, creating congestion. With 
the fast-growing share of variable renewable energy sources (vRES) and 
other distributed energy resources in the European power networks, the 
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occurrence and magnitude of congestion are increasing [1]. 
In the European Union (EU), the European institutions and trans

mission system operators (TSOs) are becoming concerned with the 
growing frequency of congestion events and the resulting increase in 
costs of remedial actions that the TSOs need to take [2]. For instance, in 
Germany, the cost of remedial actions exceeded one billion euro in 
20181 [3]. Redispatch is one of the remedial actions that allows TSOs to 
regulate a power plant downward upstream of congestion and another 
plant upward downstream of congestion against remuneration after the 
market clearing. The costs of congestion management in Europe are 
largely passed on to consumers in the form of higher grid tariffs nega
tively affecting overall economic welfare. Therefore it is important to 
address ways in which the volume of costly ex post redispatch can be 
reduced. 

Internal congestion in the highly meshed European networks further 
causes unscheduled power flows among neighboring zones. This exac
erbates congestion and limits capacity for cross-border trade, decreasing 
the economic efficiency of generator dispatch. In order to increase the 
volume of transmission capacity that is available for cross-border trade, 
flow-based market coupling (FBMC) was introduced in 2015 in the six 
countries2 of Central Western Europe as an alternative to the net transfer 
capacity (NTC) method that was used until then and is still applied in the 
rest of the EU [4] (cf. Sections 1.1 and 2.2). Yet, grid representation in 
zonal market coupling is inherently imprecise as only a limited number 
of grid constrains is taken into account. Besides, if dispatch is altered 
extensively outside the market ex post, large differences between the 
market results and actual physical flows also risk to dilute the day-ahead 
market price signals and further reduce economic welfare [5]. Re
searchers (e.g. [6]) warn that the current aggregated view of the meshed 
European network is bound to produce more operational problems. 
According to the Belgian regulator, CREG, “system security is at risk due to 
a lack of anticipation of remedial actions in the grid models, which lead to 
erroneous load flow calculations at different stages” and a high probability 
of uncoordinated flows, i.e. those not accounted for in the coordinated 
grid models [7, p. 29]. 

In this paper, we investigate the integration of preventive redispatch 
into the day-ahead market to optimize cross-border trade, making an 
explicit tradeoff between redispatch costs and welfare gains. In doing so, 
we intend to provide a practicable solution for maximizing the utiliza
tion of cross-border capacities and demonstrate its potential to improve 
cost efficiency and increase economic welfare. 

The rest of the paper is structured as follows: Section 1.1 explains the 
links between FBMC and internal congestion along with the associated 
issues whereas Section 1.2 provides motivation for the new approach to 
tackling them and its expected contribution. The proposed methodology 
is formulated in Section 2. The results of the implementation of the new 
approach and its comparison with the existing nodal and zonal market 
designs are illustrated using a two-zone case study in Section 3 and 
discussed in Section 4. Section 5 concludes. 

1.1. The relationship between flow-based market coupling and congestion 
within a zone 

In contrast to the centralized approach of security-constrained eco
nomic dispatch that is applied in countries such as the U.S. and 
Australia, the dispatch in the countries of the EU is largely de-coupled 
from grid constraints within zones. Most European countries represent 
a single bidding zone (with the exceptions of Italy and the Nordic re
gion). Researchers in [8] compared nodal and zonal market designs and 
showed that market design had a direct and tangible influence on the 

grid situation. Zonal market design, they found, created such challenges 
as unscheduled cross-border flows and efficiency losses [8]. Although it 
did allow to increase market liquidity, congestion in zonal markets was 
“unavoidable” by design [6]. One of the consequences is a suboptimal 
use of cross-border transfer capacity. 

In Central Western Europe, FBMC was introduced as an integral part 
of the EU Electricity Target Model in order to optimize and increase the 
amount of transfer capacity for integrated markets [4]. As FBMC was 
implemented less than five years ago, the available body of research is 
still limited. For instance, researchers in [9] provided the first overview 
of the main FMBC parameters soon after its official implementation. 
Authors in [10] discussed the implications of FBMC implementation, 
focusing on the increased transparency of congestion data from the point 
of view of traders. An overview of the differences between the 
commonly applied NTC (net transfer capacity) approach and FBMC is 
provided in [11]. 

In both approaches a feasible flow domain is determined. This is a 
combination of feasible import/export positions for each bidding zone, 
considering exchanges among all the involved zones and the grid se
curity limits. In NTC, zonal borders are used in the cross-border capacity 
calculation process. In FBMC, the feasible domain is determined by 
calculating the impact of the flows in each zone on each critical element. 
These elements include critical branches between the zones, some 
branches inside the zones as well as critical generator outages [12]. 
Based on monitoring and experience, TSOs consider elements as critical 
if their states are likely to be affected by cross-border exchanges. The 
impact on the critical elements is determined with power transfer dis
tribution factors (PTDFs) that are derived from a linearized DC load flow 
calculation. The resulting feasible flow domain that is delimited by the 
physical constraints for all critical branches and outages is usually larger 
than the feasible flow domain that results from the NTC approach, 
leading to more available cross-border network capacity without jeop
ardizing system security [11]. Given the benefits of FBMC, flow-based 
capacity calculation is to be introduced in all “highly interdependent” 
bidding zones in the EU, following the Guideline on Capacity Allocation 
and Congestion Management (CACM) [13]. This requirement is appli
cable unless the TSOs can demonstrate that for certain zones the 
application of the flow-based approach would not yet be more efficient 
compared to the coordinated NTC approach (Art. 20.7 [13]). 

Although the FBMC approach was shown to create efficiency gains, it 
still has a number of issues that so far remain unresolved and may affect 
its efficiency. Firstly, the process of calculating available cross-border 
capacity is based on estimated market results. TSOs calculate the ca
pacity that is available for cross-border exchange two days ahead of 
delivery, based on forecasts of conventional and renewable energy 
generation, load and outages (the D2CF: day-minus-two congestion 
forecast). Information about the expected flows for the so-called Base 
Case (cf. Section 2.2) is obtained by merging the D-2 congestion fore
casts of all TSOs, after which their hourly results are transferred to the 
power exchange a day ahead of delivery. The reference flows from the 
Base Case prior to the allocation of day-ahead capacity are then used to 
calculate the remaining available margin (RAM), i.e. the capacity 
available for cross-border trade (cf. Section 2.2) creating the link be
tween the grid and the market. Yet, information about the actual (as 
opposed to projected) generation and demand is available to the TSOs 
only after market clearing, which in turn requires information about the 
cross-border capacity available for trade. This situation is often referred 
to as a “chicken and egg problem” (e.g. [14]). The imprecision of this 
process means that cross-border capacity is not used efficiently. 

Secondly, the way in which the flow-based parameters are calculated 
is inherently imprecise. The effect of a power flow between two zones on 
a network element is represented with the help of zonal PTDFs. Zonal 
PTDFs are calculated as averages of nodal PTDFs that are weighted with 
generation shift keys (GSKs) per node (cf. Section 2.2). GSKs describe the 
extent to which the output of individual generators is adjusted due to 
line flow changes resulting from a change of a zone’s net export position 

1 Such remedial actions, according to ACER, include redispatch, counter
trading and other measures for congestion management such as grid reserve 
[3].  

2 Austria, Belgium, France, Germany, Luxemburg, and the Netherlands. 
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(NEX), i.e. the difference between its imports and exports. There is so far 
no harmonized way for their determination: the methods vary among 
Central Western European countries, e.g. pro-rata for all flexible units or 
based on generators’ costs [9], and rely heavily on heuristics [15]. 
Several researchers investigated and compared GSK methodologies. The 
results presented in [16] showed how the choice of the GSK methodol
ogy could affect the size and shape of the flow-based domain. The au
thors in [15] studied the impact of the GSK method on the efficiency of 
FBMC and found that the impact is high as long as no internal congestion 
is present. Otherwise, the influence of the choice of GSK method be
comes marginal [15]. Therefore, the third crucial factor affecting the 
efficiency of FBMC is internal congestion [7]. Research shows that the 
expected efficiency of FBMC as compared to the nodal outcome falls to 
almost half in the presence of internal congestion [15]. Other re
searchers stressed that in order to ensure the integration of renewables, 
it was important to consider internal congestion in network and market 
models [8]. 

There are a number of ways addressed in literature in which the 
efficiency of congestion management can be improved. They include 
addressing the deficiencies of the zonal markets, TSO cooperation 
mechanisms, and market-related measures. One of the proposed solu
tions to tackle frequent structural congestion is to redefine the bidding 
zones [17] in order to align their borders with the locations of expected 
bottlenecks or to increase bidding zone granularity. However, redefining 
of the bidding zones remains a highly contentious issue in Europe [5]. 
How small is small enough – if the nodal approach is not an option – is a 
difficult (and political) question. Besides, bidding zone redefinition 
solves congestion issues only temporarily: once new generation or load 
is connected elsewhere, congestion is likely to occur again and a new re- 
definition would be necessary [13]. Coordinated cross-border redispatch 
(or countertrading) is another way to increase the efficiency of remedial 
actions but requires more coordination and cooperation among the 
TSOs. A common TSO methodology is under development in accordance 
with Article 35 of the CACM [13]. Some Member States use intraday 
markets to improve congestion management, as more reliable forecast 
information is available. For instance, the Spanish TSO uses a dedicated 
market (mercado de solución de restricciones técnicas) in the intraday 
phase and the Dutch TSO uses intraday market bids to solve some of the 
congestion (GOPACS project [18]). These approaches – although useful 
in addressing congestion ex post day-ahead market – treat the symptom 
rather than the cause of congestion, inherently imprecise grid repre
sentation in zonal markets. In addition, the potential of such improve
ments is limited by the low degree of harmonization of intraday markets 
[19] and heterogenous approaches to redispatch. 

Current redispatch practices are also suboptimal because only 
limited resources – primarily large power plants – are utilized. Besides, 
the purpose of redispatching is currently not to minimize costs but only 
to relieve constraint violations [17], which is the most straightforward 
but typically not the most cost-efficient approach. A way to increase the 
resource availability for congestion management that was addressed in 
several research and pilot projects is to utilize a larger number of small 
generators and demand-side flexibility [20]. For instance, researchers in 
[21] pointed out the risk that future resources to deal with congestion 
might be insufficient in Germany. They proposed the use of electric 
vehicle charging for congestion management. Flexibility market con
cepts have been developed in the projects ENKO in Northern Germany 
[22] and USEF [23]. In a recent study that has its roots in the approach 
proposed in this paper, the Belgian TSO, Elia, proposed to include 
additional flexibility options such as phase shifting transformers and 
high voltage direct current lines as well as flexible generation, into the 
market coupling to offer more degrees of freedom in tackling congestion 
and increasing cross-border trade [5]. 

1.2. Motivation and contribution 

Ensuring effective EU electricity market integration by increasing 

cross-border exchanges and tackling congestion more efficiently is at the 
top of the EU’s energy policy agenda [1]. Cross-border transfer capacity 
is limited by a number of factors such as line constraints and long-term 
trade commitments. Furthermore, it is affected by the network use within 
a zone since in an interconnected system internal flows have a direct 
impact on cross-zonal flows. Progressive integration of renewables and 
distributed resources is likely to increase the number of congestion 
events [24]. Frequent internal congestion leads to an inefficient use of 
the interconnectors and a lower economic welfare. 

Given these challenges, in this paper a novel approach is proposed 
which integrates preventive redispatch in the day-ahead market (here
after integrated redispatch (IRD)). It combines the characteristics of nodal 
network representation only for IRD units in the zonal markets, which 
use a flow-based approach to market coupling. The expected added 
value of integrating the effect of redispatch units on the network ex ante 
is an improved use of cross-border capacity and market outcome, that is, 
a better price convergence between the zones. Arguably, accounting for 
the impact of redispatch units on critical network elements during day- 
ahead market clearing can reduce residual congestion, leading to cost 
savings and to approaching a system optimum. 

The proposed method replicates the operating principles of FBMC. It 
is meant to improve the efficiency of FBMC in two ways:  

(1) by allowing to account for redispatch during the day-ahead 
market stage and thus (largely) avoid costly ex-post redispatch; 

(2) by allowing redispatched generators to free up capacity on con
gested lines and thus increase cross-border the transmission ca
pacity and therefore to dispatch more cost-efficient generators. 

Finally, this paper presents the first comprehensive discussion of the 
relation between FBMC and congestion management as well as a first 
solution to improve their joint efficiency. This is particularly important 
given the planned implementation of the FBMC approach in the EU 
beyond Central Western Europe. 

2. Methodology 

In this Section, the proposed methodology for enhancing FBMC and 
addressing grid congestion is formulated (Section 2.3). In order to 
demonstrate how it compares to the existing approaches, we first 
formulate the nodal market (Section 2.1) and the zonal market with 
FBMC in Central Western Europe (Section 2.2.): 

(1) Nodal market 
This setup (hereafter the nodal model) models optimal dispatch of 

generators according to locational marginal pricing. It is based on the 
marginal value of power in each node, given demand and network 
constraints. The output is based on an exact representation of the grid, 
with all nodes and constraints for all network branches taken into ac
count in the process of market clearing [25]. From a purely economic 
perspective, the nodal market is considered to be the most efficient, as is 
shown in e.g. [26]. Nodal prices do not just include the cost of pro
duction of energy but also its delivery to the point of consumption right 
from the start, leading to efficiency gains compared with the zonal 
model (e.g. [27,28]). This setup is therefore used as the benchmark for 
the study. 

(2) Zonal model with FBMC and ex post redispatch 
This setup emulates the current practice in Central Western Europe 

(hereafter the business-as-usual model). The nodes are assigned to bidding 
zones and only the flows on some lines are considered for the flow 
calculation, which may therefore lead to an infeasible dispatch, e.g. due 
to internal congestion. Ex-post redispatch is conducted in case of 
congestion. 

(3) Proposed approach: Zonal model with FBMC and integrated 
redispatch (IRD) 

This setup (hereafter the model with integrated redispatch) represents a 
middle ground between the benchmark and the current practice. A 
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number of generation units are selected based on their relevance for 
redispatch. Their impact on the flows on the critical branches, i.e. nodal 
PTDFs, is calculated in addition to the “classic” zonal PTDF in the flow- 
based domain. 

The nodal model is solved in one step, while the zonal business-as- 
usual model and the zonal model with integrated redispatch are solved in 
several optimization steps, as illustrated in Fig. 1. 

Both the business-as-usual model and the model with integrated redis
patch rely on the same Base Case to obtain zonal PTDFs, expected gen
eration values and flows on the critical branches. Next optimization step 
represents single day-ahead market coupling in the business-as-usual 
model. In the model with integrated redispatch, day-ahead dispatch and 
possible redispatch action are co-optimized. Due to the inherent 
approximation character of zonal PTDFs, some residual redispatch 
might still be needed also in the model with integrated redispatch. The final 
step in the business-as-usual model and in the model with integrated 
redispatch uses the same algorithm and is contingent on the state of the 
grid and whether the dispatch resulting from the day-ahead market 
clearing is feasible, i.e. no physical grid constraints are violated. 

In the zonal setup with integrated redispatch, a only subset of gen
erators can be used for integrated redispatch whereas if any residual 
redispatch is still necessary, all generators can be activated ex post. The 
model used in this study is solved for one time step, intertemporal 
constraints are not considered. Further model assumptions are listed in 
Appendix A. 

In the model, a distinction is be made between dispatchable gener
ators, whose output can change depending on the market outcome, and 
non-dispatchable generators, such as variable renewables. While for the 
former the capacity constraint is dg ≤ Dmax

g ∀g ∈ Gdisp, for the latter it is 
dg = Dmax

g ∀g ∈ Gnon− disp, where dg is the dispatch of generator g. Besides, 
non-dispatchable generators cannot be redispatched ex post unless 
curtailment is allowed. Finally, in the zonal models, such generators are 
excluded from the calculation of GSKs due to their fixed output (see also 
Section 2.2.2). 

The modelled setups and each of the steps involved are explained in 
more detail in the following sub-sections. 

2.1. Nodal model 

The model represents optimal dispatch of generators and is subject to 
nodal energy balances, flow and generation limits and non-negativity 
constraints. It considers the state of the entire network explicitly in 
order to identify the least-cost dispatch by using nodal power balance 
and nodal PTDFs for each power line. The objective function is formu
lated as the minimum-cost dispatch, dg, of all generators: 

min
∑G

g=1
dg*cg (1)  

s.t. − (Fb − FRMnod
b ) ≤ f b ≤ (Fb − FRMnod

b ), ∀b (2)  

f b =
∑N

n=1
PTDFnod

b,n *pn (3)  

pn =
∑Gn

g=1
dg − ln, ∀n ∈ N (4) 

The optimization function is subject to the flow-limit constraint (Eq. 
(2)), in which f b is the flow of branch b, Fb is the maximum flow on the 
branch and FRM is the flow reliability margin, which is usually set by the 
TSO for each branch. The flow on branch f b (Eq. (3)) is the product of the 
total active power injection pn at node n and the nodal PTDF on branch 
bfor node n. Finally, the nodal injection constraint (Eq. (4)), in which ln 

is the load on node n is observed. The notation used in the paper is 
summarized in Appendix B. In the nodal model, all generators and all 

branches are included in the calculations. 
Nodal PTDFs are defined based on [29] as: 

PTDFnod = SKTΛ* (5)  

where Λ = KSKT and Λ*is the pseudo-inverse of Λ, which avoids the 
need for a slack node (reference node). 

Nodal PTDFs represent the extent to which a given branch is affected 
by a marginal change of injection. Even when the output of a single 
generator changes, power flows change on many lines, including those 
not directly linked to the generator’s node. This can also lead to line 
capacity violations on a non-adjacent line. In other words, congestion 
can be produced on a branch, which is not directly linked to the actual 
source of congestion due to the distribution of the physical flows. 

The prices on all nodes converge when there is no congestion any
where in the network and losses are disregarded. Otherwise, congestion 
produces different nodal market prices (see Section 3). For the calcula
tion of consumer surplus in the nodal model, we assume that consumers 
are exposed to the actual price of their node3. Generators are remu
nerated according to the nodal marginal price. Finally, congestion rent is 
calculated per branch as the price difference between the nodes at the 
ends of the branch and the volume transported. 

For all setups, since the demand in this analysis is assumed to be 
inelastic, the value of lost load (VOLL) or the cost of avoiding load 
shedding is used to denote consumers’ willingness to pay and assumed 
to be equal to 1000 Euro/MWh. 

2.2. Zonal model with flow-based market coupling 

This is a multi-stage linear optimization problem that is solved in 
three steps, Base Case, single day-ahead market coupling and ex post 
redispatch. As per the principles of FBMC, not only interconnectors but 
also some internal power lines are considered to be critical branches. 

2.2.1. Base Case 
In the first step, the Base Case is formulated, which entails a forecast 

of the flows, generation and zonal net export positions (NEX) that are to 
be used in the next step, the day-ahead market coupling. 

In practice, hourly D-2 congestion forecasts are produced by each 
TSO as inputs for the FBMC calculation. TSOs use historical grid states as 
a starting point. The obtained information is then adjusted to account for 
estimated generation from renewables, plant outages, generator output 
and the changes in the net position forecast [30]. Then, the D-2 
congestion forecasts from all participating TSOs are merged into a single 
Base Case, which serves as the starting point of the FBMC and considers 
the expected volume of commercial exchanges between the zones [12]. 

The load flows are estimated based on a reference day in order to 
calculate the flow-based parameters for the pre-defined critical branches 
and critical outages. Based on zonal PTDFs and the volume of com
mercial exchanges, the available capacity on each line is first calculated 
to represent a situation where there are no commercial exchanges. 
During the market coupling, the same zonal PTDFs are used to calculate 
the impact of a market exchange on the limiting branches. If the market 
outcome is the same as the estimation of the TSOs, then the grid models 
will be identical. As a result, the delta between the expected reference 
dispatch and the actual dispatch will be zero and the reference flows will 
be equal to the Base Case flows. 

In the capacity allocation process, the Base Case is the starting point 
for linearization. The formulation of a Base Case presents a modelling 
challenge as it includes TSOs’ estimations based on the historical values 
for reference days (the flows obtained from the Base Case calculation are 

3 Another approach implemented, for instance, in some of the US electricity 
markets, would be to expose only generation to the nodal prices while con
sumers pay the average price in a given region (cf. [26]) 
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therefore referred to as reference flows). Using a fully nodal model for 
this step would be unrealistic because the solution would have the 
optimal interzonal power exchange. This would imply that the TSO 
would have perfect foresight of the load levels, generation and prices 
that would result from the market clearing. In order to demonstrate the 
differences between the business-as-usual model and in the model with 
integrated redispatch, imperfect foresight of the TSO needs to be simu
lated. To this end, the common Base Case is first calculated with the 
flows that result from the complete network representation, as derived 
from the nodal model (see Section 2.1). Next, they are reduced in this 
optimization step, by adding an additional constraint (Eq. (6)). The total 
flow on all interconnectors cannot exceed the total reference flow 
limited by a coefficient representing the interconnector share4: 

−

⃒
⃒
⃒
⃒
⃒

∑

b∈IC(z1 ,z2)

f ref
b

⃒
⃒
⃒
⃒
⃒
*sIC ≤

∑

b∈IC(z1 ,z2)

f b ≤

⃒
⃒
⃒
⃒
⃒

∑

b∈IC(z1 ,z2)

f ref
b

⃒
⃒
⃒
⃒
⃒
*sIC, ∀z1, z2 ∈ Z (6)  

where IC(z1, z2) are a set of interconnector branches between any two 
zones, sICis the share of interconnector capacity and f ref

b is the flow on a 
branch from the full nodal model (cf. Eq. (3)). 

The objective function is identical to the one used in the nodal setup 
(Eq. (1)) and is aimed at minimizing total system costs. The net export 
position (NEX) per zone is equal to the net power injection in the zone 
and is calculated as follows: 

NEXz =
∑Nz

n=1
(
∑Gn

g=1
dg − ln), ∀z ∈ Z (7) 

The expected flows on the critical branches together with the ex
pected generation values from the Base Case are passed on to the next 
simulation steps as reference values. 

2.2.2. Day-ahead market coupling 
In the day-ahead market, the cost of dispatch is minimized based on 

the feasible domain for cross-border exchanges and disregarding intra- 
zonal flow constraints. The optimization minimizes total system costs 

subject to the flow limits, the zonal energy balance and generator non- 
negativity constraints. The flows resulting from FBMC are equal to the 
reference flow f ref

b from the Base Case adjusted with the sum of the 
product of zonal PTDFs on each branch PTDFzon

b,z and the difference in the 
total zonal generation as compared to the Base Case Δpz: 

f FBMC
b = f ref

b +
∑Z

z=1
PTDFzon

b,z *Δpz,∀b ∈ CB (8) 

Zonal PTDFs PTDFzon represent the change of flow on the lines in case 
of a change of NEX of one megawatt and use GSKs to allocate different 
shares of generation to various power plants: 

PTDFzon
b,z =

∑Nz

n=1
PTDFnod

b,n *GSKn,z,∀b ∈ CB, ∀z ∈ Z (9) 

As a result, they represent the approximated version of the actual 
flows. Zonal PTDFs represent the influence of those zones on the con
gested critical branch: the higher the PTDF, the higher the impact. 

For the purposes of the present analysis, GSKs are based on the 
installed capacity of power plants in the zone. 

GSKn,z =

∑Gn
g=1Dmax

g

dz
,∀n ∈ Nz∀z ∈ Z (10)  

dz =
∑Gz

g=1
Dmax

g ,∀z ∈ Z (11)  

∑Nz

n=1
GSKn,z = 1, ∀z ∈ Z (12)  

where Dmax
g is the maximum dispatch of generator g and dzis the total 

dispatch of all generators in zone z. It follows that the GSKs and the zonal 
PTDFs are independent from the Base Case results. Note that in the 
calculation of the GSKs, only dispatchable generators capable of 
responding to market signals are considered. Any must-run generators 
are excluded due to their fixed output. All GSKs within a zone must sum 
up to one (Eq. (12)). 

According to the principles of FBMC, the remaining available margin 

Fig. 1. Model flow charts for the three analyzed setups, nodal, zonal with flow-based market coupling as currently applied in Central Western Europe and the 
proposed approach integrating day-ahead market clearing and redispatch. 

4 In the modelled scenarios, the interconnector share was set to 50%. The 
closer the share is to 100%, the closer is the TSO foresight to a perfect one and 
the lower is the ability of the zonal approach with integrated redispatch to 
increase the exchange cost-efficiently. 
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(RAM) for day-ahead trade accounts for the share of the total capacity 
reserved for other types of trade [9] and security margins5, which are 
subtracted from the maximum thermal capacity for each critical branch. 
For this simulation, these values are disregarded and it is assumed that 
all the available transfer capacity is used for day-ahead trade. 

The zonal prices are determined based on the merit order considering 
the amount of capacity available for cross-border exchange. In the zonal 
business-as-usual model, these prices are calculated as the dual of the 
zonal energy balance for each zone (eq. (4) for all nodes in a given zone). 
These correspond to the cost of the zonal marginal generator. If no inter- 
zonal congestion occurs, the prices will be the same across the zones. In 
an event of congestion on any of the critical branches, market splitting 
produces different prices in the zones. 

2.2.3. Ex post redispatch 
Since only critical branches are included in FBMC and the GSKs are 

inaccurate, the actual grid constraints may still be violated by the 
market outcome. In the final step, the model checks whether the com
mercial transactions from the day-ahead market clearing are physically 
feasible and if not, infeasible flows are corrected by redispatching some 
units ex post. 

The objective function for ex post redispatch is formulated as: 

min
∑GRD

g=1
γ
(

cg*Δdpos
g − cg*Δdneg

g

)
+ λ*kFBMC

z *(Δdpos
g + Δdneg

g ) (13)  

where is kFBMC
z is the zonal market price and coefficients γand λ denote 

cost-based and volume-based TSO penalties for redispatch, respectively. 
The values Δdpos

g and Δdneg
g represent the changes in the dispatch of 

generatorg upward or downward, respectively. Their absolute values 
must be equal so as to preserve the energy balance in the zone. If γ = 0 
and the value of λ is set to 1, the redispatch volume and therefore 
intervention into the market outcome is minimized. In contrast, if γ = 1 
and λ = 0, the optimizer would attempt to improve the market outcome 
minimizing total costs. The common approach in Europe today is to 
relieve congestion only, which is better represented by the former 
approach and is used in the simulation. All grid constraints are enforced. 

In order to make sure that the results from the business-as-usual model 
are not skewed by additional factors as compared to the zonal setup with 
integrated redispatch, in the objective function in Eq. (13), generator 
bids are assumed to be equal to their marginal costs, cg. That is, gener
ators do not additionally profit from activation for redispatch. In reality, 
the difference between the two is possible close to real time both due to 
the generators’ technical constraints and due to lower competition levels 
where a generator could potentially exploit their locational advantage. 

Concerning model output, the total welfare in the zonal business-as- 
usual setup is the sum of producer and consumer surplus and the 
congestion rent. It is reduced by the costs incurred from activating 
redispatch. Congestion rent is calculated as the price difference between 
two zones multiplied by the flow between these zones, from the low- 
price zone to the high-price one. Similar to the nodal model, con
sumers’ willingness to pay is equal to the value of lost load whereas 
generator profits are calculated as the difference between their revenues 
and marginal costs. 

2.3. Zonal model with integrated redispatch 

The key idea of integrating redispatch with the day-ahead market is 
that a selected number of power plants are determined by the TSO as 
relevant for redispatch (see Section 4 for a further discussion). Inte
grated redispatch (IRD) units are included in the optimization model 

with their real impact on critical branches. That is, for such generators, 
nodal PTDFs are considered, which can help expand the feasible domain 
in FBMC. In other words, instead of redispatching these units after the 
market clearing, their impact is already taken into account during 
market clearing. As a result, more capacity is expected to be available to 
the market, less congestion will occur after the market clearing, and only 
residual redispatch may need to be dealt with ex post. 

Importantly, IRD units participate in the day-ahead market on par 
with all the other generators but are the only ones whose dispatch can 
deviate from zonal market outcome in case of congestion. In contrast, 
the dispatch of the other generators impacts the lines only via zonal 
PTDFs. 

2.3.1. Base case 
The Base Case is formulated in the same way as for the zonal 

business-as-usual setup (see Section 2.2.1). 

2.3.2. Day-ahead market coupling with integrated redispatch 
In the second optimization step, however, the objective function is 

adjusted to account for the costs of upward and downward integrated 
redispatch: 

min
∑G

g=1
dIRD

g cg (14)  

where cg is the bid offered on the day-ahead market and the decision 
variable dIRD

g represents the actual generation after accounting for 
integrated-redispatch action (see also Eq. (15)). This objective function 
further implies that generator costs remain the same, regardless of 
whether these are used in the day-ahead market or for redispatch pur
poses. That is, generators make no profit from activation as part of in
tegrated redispatch and are awarded pay-as-bid. 

The decision variable for the generation offered by unit g on the day- 
ahead market is denoted by dDA

g . The difference between the actual 
generator dispatch and day-ahead market dispatch corresponds to the 
volume used as part of integrated redispatch: 

dIRD
g − dDA

g = ΔdIRD
g , ∀g ∈ G (15)  

Eqs. (14) and (15) show that two different decision variables are used for 
generator dispatch in this model: one representing the dispatching 
resulting from the day-ahead merit-order clearing, dDA

g , and another for 
the actual generation, including integrated redispatch, dIRD

g . Then, IRD 
dispatch is understood as the volume of the deviation of the IRD plant 
from the day-ahead market result. Similar to the zonal business-as-usual 
setup, redispatch within a zone is energy-neutral. It follows that the total 
dispatch in the zone remains the same. 

Generators that are deployed for integrated redispatch at nodes nIRD 

are excluded from the calculation of GSKs (Eq. (17)) and, consequently, 
from zonal PTDFs PTDFzon,IRD

b,z (Eq. (19)). Their impact is instead 
described using nodal PTDFs (see Eq. (5)). GSKs are used for the 
remaining dispatchable generators, GSKIRD (Eqs. (16) and (18)). 

GSKIRD
n,z =

∑Gn
g∈GDMAX

g

dz
,∀n ∈ Nz⋀n ∕∈ NIRD, ∀z ∈ Z (16)  

GSKIRD
n,z = 0, ∀n ∈ NIRD,∀z ∈ Z (17)  

dz =
∑Nz

n∕∈NIRD

(
∑Gn

g∈G
DMAX

g ),∀z ∈ Z (18)  

PTDFzon,IRD
b,z =

∑Nz

n
PTDFnod

b,n *GSKIRD
n,z , ∀b ∈ CB, ∀z ∈ Z (19) 

Neither are the IRD generators included in the calculation of the 5 These include the flow reliability margin (FRM) and the final adjustment 
value (FAV). For their more detailed description please refer to, e.g. [31]. 

K. Poplavskaya et al.                                                                                                                                                                                                                           



Applied Energy 278 (2020) 115669

7

change of zonal generation as compared to the Base Case value, Δpref,IRD
z : 

Δpref,IRD
z =

∑Nz

n∕∈NIRD

(pn − pref
n ),∀z ∈ Z (20) 

In the model, the flow on each branch in the second step is calculated 
by summing up the reference flow value from the Base Case, f ref

b , with the 
delta dispatch of IRD generators at nodes nIRD and their nodal PTDFs as 
well as with the sum of the delta dispatch of the other generators and 
their zonal PTDFs: 

f IRD
b = f ref

b +
∑NIRD

n=1
PTDFb,n*(pn − pref

n )+
∑Z

z=1
PTDFzon,IRD

b,z *Δpref,IRD
z ,∀b∈B (21) 

IRD generators can be considered to be all generators in the set of 
dispatchable generators or only a subset of the latter. Since nodal PTDFs 
are used to obtain the effect of IRD generators on the grid, deeming all 
dispatchable generators capable of redispatch action will lead to the 
nodal result. This would, however, not be aligned with the main purpose 
of integrated redispatch: making use of those generators that have a 
significant effect on grid stability while keeping the main characteristics 
of a zonal market design. 

While activation as part of integrated redispatch will have an effect 
on the zonal price, it is specifically avoided that these generators set the 
day-ahead market price if activated for redispatch. Doing otherwise 
would lead to a higher overall price corresponding to the bid of the up- 
regulated generator. As a result, the zonal price corresponds to the dual 
of the node injection constraint (see Eq. (4)) for the nodes in a given 
zone, excluding those nodes that have IRD generators connected to them. 
In other words, the prices at each node in a given zone will be the same, 
determining the zonal prices, with the exception of the IRD nodes. 

2.3.3. Residual redispatch 
If the use of integrated redispatch is unable to relieve all internal 

congestion in the day-ahead stage, residual redispatch measures can be 
taken in this step. It is formulated similarly to the ex-post redispatch step 
in the business-as-usual model, Section 2.2.3, and uses the same objective 
function (Eq. (13)). The redispatch simulation is the same as the full 
nodal model but all generation values are fixed to the dispatch values of 
the day-ahead market step from Section 2.3.2. All generators are 
assumed to be dispatchable in this step and thus are redispatch-relevant. 
All grid limitations are enforced. 

The key economic output indicators in this model are formulated in 
the same way as in the business-as-usual model. The only two differences 
consider zonal day-ahead prices and total system costs. Zonal prices 
correspond to the dual of the node injection constraint of any of the 
nodes located in a given zone. 

The volume of integrated redispatch is calculated as a change of 
dispatch as compared to the “ideal” merit order result dMO

g , i.e. the one 
where no grid limitations are considered (Eqs. (23) and (24)). Only the 
units selected for IRD may have a different generation value because of 
the redispatch action. The ideal merit order dispatch is calculated in 
such a way that the same zonal generation is achieved (Eq. (22)). 
∑

g∈Gz

dIRD
g =

∑

g∈Gz

dMO
g (22)  

Δdpos
g = max(dIRD

g − dMO
g

, 0) (23)  

Δdneg
g = max(dMO

g − dIRD
g , 0) (24) 

Then, total volume used for integrated redispatch in either direction 
is calculated as: 

DIRD
z =

∑

g∈Gz

(
Δdpos,MO

g + Δdneg,MO
g

)

2
∀z ∈ Z (25) 

The total costs of IRD units per zone are calculated as: 

CIRD =
∑

g∈G∈z

(
cDA

g *Δdpos,MO
g − cDA

g *Δdneg,MO
g

)
∀z ∈ Z (26) 

Total system costs, in turn do not just include the day-ahead market 
and the costs of IRD activation but also any possible costs of residual 
redispatch. 

3. Simulation setup 

In order to illustrate the improvement provided by the zonal model 
with integrated redispatch in a traceable manner, the proposed 
approach is illustrated with the help of a simple test network with two 
bidding zones, as shown in Fig. 2, and compared with the nodal and 
business-as-usual models. Zone A (red nodes) has low-priced generation 
units, A and B, whereas Zone B (grey nodes) has a higher-priced unit D. 
Total generation capacity and load equal to 180 MW and 20 MW in Zone 
A and 120 MW and 100 MW in Zone B, respectively. In the zonal models, 
lines 0–5 and 2–3 are deemed interconnectors. They are included in the 
set of critical branches together with an internal branch between nodes 
0 and 1 in Zone A. All branches have the same thermal capacity of 120 
MW whereas the branch 0–1 has a limited capacity of 30 MW. For this 
analysis, all line reactances are considered to be the same. 

In all scenarios, generators are assumed to be dispatchable, i.e. able 
to change their output depending on the market outcome. In the zonal 
the business-as-usual model, all generators can be redispatched, i.e. 
change their output ex post to alleviate congestion. 

The aim of this case study using a simple test network is to provide a 
better understanding of how intrazonal congestion affects cross-border 
exchange and the efficiency of FBMC as well as to demonstrate the po
tential benefits of the integrated-redispatch approach. The test network 
is intended for illustrative purposes rather that to represent grid and 
market reality in all their complexity. Market representation is limited to 
the day-ahead market clearing and does not consider other markets or 
intertemporal constraints. 

3.1. Results and analysis 

In all scenarios without congestion, the three models deliver iden
tical results, as expected. A common merit order results in a single day- 

Fig. 2. Overview of a 2-zone test network with 3 critical branches (in blue). 
The nodes and branches belonging to Zone A are marked in red, those belonging 
to Zone B are marked in gray. Next to the generators in the figure, the reader 
can find their maximum available capacities in MW and day-ahead market bids 
in €/MWh. 
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ahead price of 30 €/MWh for both zones, the total system cost of 3.600 € 
and the total economic surplus of 116.400 €. The value of lost load of 
1.000 €/MWh is used for the calculation of consumer surplus. In the 
zonal models, the total exchange between the two zones equal 100 MW 
(cf. Table 1). 

In case of a limited transmission capacity on a critical branch, the 
results diverge. 

Nodal setup 
The Nodal setup, or the complete network consideration, the optimal 

dispatch is shown in Fig. 3. Node 4 is able to import the entire volume 
needed to cover its demand of 100 MW without activating the expensive 
generator D at a nodal price of 33 €/MWh. 

Since the individual line constraints are respected, there is no need 
for ex-post remedial actions and all commercial flows are feasible. Due to 
the congestion on line 0–1, however, nodal market prices diverge and 
range between 30 and 35€/MWh, depending on the node (in red in 
Fig. 3). As a result, producer and consumer surplus decrease compared 
to the no-congestion case but the TSO obtains a congestion rent of 237 € 
(cf. Table 1). 

Zonal business-as-usual setup 
A common flow-based capacity calculation and exchange between 

the bidding zones is conducted. The cross-border transfer capacity is 
limited by the zonal PTDFs on the critical branches and the RAM. In this 
case study, security margins are assumed to be zero. The RAM is 
therefore equal to the maximum branch capacity. In this example, the 
capacity on the interconnectors (lines between nodes 0–5 and 2–3) is set 
to 120 MW each. 

In order to emulate imperfect foresight of the TSO, as described in 
Section 2.2.1, the total flows between the two zones in the Base Case are 
assumed to be 50% of the total flow on all interconnectors between the 
two zones, as compared to the nodal outcome. The cross-border ex
change is then equal to 50 MW in total, based on D-2 estimate. Note that 
the Base Case is identical for both the business-as-usual model and the 
model with integrated redispatch. 

The expected congestion leads to market splitting and produces two 
different zonal prices, 30 €/MWh and of 60 €/MWh in Zone A and Zone 
B, respectively, and a limited exchange of 67 MW between the two zones 
(Fig. 4). As a result, only the cheapest generator A could be activated in 
Zone A. To partially cover the demand in Zone B an expensive generator 
D needs to be activated. 

As a result of an imprecise flow calculation based on zonal PTDFs, the 
real flows that result from the day-ahead market clearing violate the 
limit on the internal critical branch between nodes 0 and 1 (shown in 
Fig. 4 in red), which triggers redispatch. Generator A was redispatched 
downwards whereas generator B in the same zone that was out of the 
merit order in the day-ahead market was redispatched upwards. The 
total volume of redispatch is 58 MW in each direction (Fig. 5). Generator 
B is remunerated pay-as-bid whereas generator A pays to the TSO the 
amount equal to its announced costs per MWh and the redispatched 
volume, i.e. the volume it no longer has to produce. 

To simulate the current approach to redispatch, optimization based 
on volume minimization is used. Therefore, the value of the volume- 

Table 1 
Overview of the results from all setups using a two-zone test network.   

No 
congestion 

Nodal setup 
(with 
congestion) 

Zonal 
business-as- 
usual setup 
(with 
congestion) 

Zonal setup 
with integrated 
redispatch 
(with 
congestion) 

Total system 
cost, €1 

3.600 3.758 4.610 3.758 

Redispatch 
cost, € 

– – 29 158 

Congestion 
Rent, € 

– 237 2.019 400 

Producer 
Surplus, € 

– – – – 

Consumer 
Surplus, € 

116.400 116.005 113.400 116.000 

Economic 
Surplus, € 

116.400 116.242 115.390 116.242 

Total cross- 
border 
exchange 
(MW) 

100 100 67 100 

Nodal prices, 
€/MWh 

30 in the range 
of 30–35 

n/a n/a 

Day-ahead 
price Zone 
A, €/MWh 

n/a n/a 30 30 

Day-ahead 
price Zone 
B, €/MWh 

n/a n/a 60 34 

1 including the cost of redispatch. 

Fig. 3. Six-node test network. Results from the nodal setup, generator dispatch, 
nodal prices (in red) and the flows on each branch (in blue). 

Fig. 4. Day-ahead market coupling in the zonal business-as-usual setup: 
generator dispatch according to the outcome of the day-ahead market clearing 
and the zonal market prices in Zone A (in red) and Zone B (in grey). The 
numbers next to the generators in the figure show the day-ahead market 
dispatch of generators and their bids. 
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based penalty coefficient, λ, in eq. (13) is set to 1.0 while the value of the 
cost-based penalty coefficient, γ, is set to zero6. 

Zonal setup with integrated redispatch 
The same parameters and Base Case inputs are used in the zonal 

setup with integrated redispatch as in the zonal business-as-usual setup. 
Units A and B are predefined for IRD. Fig. 6 shows the result of the 
second optimization step: the final dispatch volumes for each generator 
includes both volumes resulting both from the day-ahead market 
clearing and from integrated redispatch. The volume of the latter cor
responds to 31,6 MW in each direction, corresponding the difference of 
the plant’s output from the day-ahead merit-order result. 

Fig. 6 shows that the joint optimization of the day-ahead market and 
integrated-redispatch action allows to greatly increase cross-border ex
change to 100 MW (Fig. 6) and thus fully avoid the dispatch of the 
expensive generator D in Zone B. An increased cross-border exchange 
leads, among others, to the change of zonal prices. The price in the 
cheaper Zone A remained the same, 30 €/MWh (generator A is marginal 
since generator B is activated upwards as part of IRD and does not set the 
day-ahead market price), whereas the price in Zone B went down from 
60 €/MWh in the zonal business-as-usual setup to 34 €/MWh as acti
vation of generator D is avoided. 

The method for setting the day-ahead market price given the pres
ence of integrated redispatch is crucial. In the model with integrated 
redispatch, IRD units do not impact zonal day-ahead prices, since a 
purely economic merit order is used to set the market clearing price (cf. 
Section 2.3.2). Instead, the IRD units are remunerated pay-as-bid, a 
common practice in Europe. To prevent IRD generators from affecting 
zonal day-ahead market prices, in the model the zonal price then cor
responds to the dual of the nodal balance constraint of the nodes in each 
zone that do not have IRD generators connected to them (node 2 in Zone 
A in this case). 

Thanks to the fact that the impact of IRD generators is represented 
with the help of nodal PTDFs, it was further possible to fully utilize the 
available capacity without causing congestion on critical branch 0–1 
Hence, no residual redispatch was necessary in this case study. 

Table 1 and Fig. 7 summarize the results from each model illustrating 
how integrating redispatch action into the day-ahead market indeed 

may help improve the outcome as compared to the business-as-usual 
model. 

The table shows that, in the simulation, the zonal setup with inte
grated redispatch achieves the nodal result with congestion (although 
this would not be generally the case due to a much higher complexity of 
the European grids). Consumer surplus and economic surplus are higher 
than in the zonal business-as-usual setup. Producer surplus is equal to 
zero in all setups, which however doesn’t represent the general case. 
Instead, it is owed to the fact that only one generator is activated in each 
zone in the day-ahead market making it marginal. This, assuming 
marginal-cost bidding, generates a profit of zero by definition. Since 
inelastic demand was modelled with a high value of lost load (1.000 
€/MWh), the overall economic surplus is dominated by the consumer 
surplus. 

In the case study:  

– Activation of IRD units leads to a higher cross-zonal exchange: 100 
MW (same as nodal market) as opposed to 67 MW in the zonal 
business-as-usual setup.  

– The zonal setup with integrated redispatch increases the economic 
surplus compared with the zonal business-as-usual setup. In the case 

Fig. 5. Activation of redispatch ex-post in Zone A in the zonal business-as-usual 
setup (redispatched generators A and B are marked with blue arrows). 

Fig. 6. Results from the zonal setup with integrated redispatch. Activation of 
IRD generators in Zone A. The resulting zonal market prices in Zone A and Zone 
B are marked in red and grey, respectively. 

0.00%

0.50%

1.00%

1.50%

2.00%

2.50%

3.00%

3.50%

4.00%

4.50%

 1,11,500
 1,12,000
 1,12,500
 1,13,000
 1,13,500
 1,14,000
 1,14,500
 1,15,000
 1,15,500
 1,16,000
 1,16,500
 1,17,000

Nodal no
congestion

Nodal with
congestion

zonal BAU
with congestion

zonal IRD with
congestion

Consumer Surplus, € minus RD Producer Surplus, €

Congestion Rent, € Cost as percentage of ES

Fig. 7. Economic surplus (ES) of the three setups and their comparison with a 
no-congestion case. Note that the cost of redispatch is subtracted from the 
consumer surplus. RD - redispatch. 

6 Both variants of the objective function lead to the same result since the 
chosen redispatch was the only feasible solution given flow limitations for such 
a simple network, yet can produce different results in a large network. 
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study, the IRD solution replicates the economically optimal solution. 
This can be explained by the small size of the test network and a 
limited number generators and is therefore not generalizable for the 
European grid.  

– The proposed approach indeed helps to increase price convergence 
between the two zones due to a higher flow between the zones and 
thus produces a more cost-efficient dispatch.  

– The costs of integrated redispatch are covered by the congestion rent 
between the zones.  

– Finally, in the zonal setup with integrated redispatch the congestion 
was solved in one step, i.e. no residual redispatch needed to be 
activated. In reality, depending on grid limitations and the location 
of congestion, a limited volume of residual redispatch might still be 
needed, yet this does not have an effect on higher cross-border flows 
produced in the zonal setup with integrated redispatch. 

Therefore, in the zonal setup with integrated redispatch, market 
prices are more representative of the actual grid situation and efficiency 
gains can be achieved by reflexing the cost of congestion in the market, 
producing a more efficient dispatch and reducing the need for subse
quent redispatch. 

4. Discussion 

The results presented in Section 3 demonstrate potential benefits of 
integrating preventive redispatch into the day-ahead market. The 
distinction between the IRD units and the rest of the generators lies in 
the fact that their effects on the critical branches are explicitly consid
ered during the market coupling process. At the same time, the proposed 
approach ensures that IRD generators are not treated differently from 
other generators in the day-ahead market. They participate on par with 
the others and may only deviate from the market clearing outcome in 
case of expected congestion. 

As a result, in the event of congestion, integrating redispatch in the 
day-ahead market helped to reduce total system costs and raise con
sumer surplus, as compared to the zonal business-as-usual setup. The use 
of integrated redispatch was shown to lead to an increase of cross-zonal 
exchange and therefore can facilitate zonal price convergence and 
generate market efficiency gains. 

Two factors are likely to have a positive effect on the efficiency of the 
proposed approach. First, we assume that the costs of generators in the 
day-ahead market and in integrated redispatch are the same. In contrast, 
the costs of a generator used for ex-post redispatch are likely to be higher 
than their day-ahead market costs (cf. Section 2.3.2). This can poten
tially lead to even higher costs of redispatch in the zonal business-as- 
usual setup and comparing the zonal setup with integrated redispatch 
more favorably. Second, the presented zonal models focus on intrazonal 
redispatch. The possibility of a coordinated cross-border redispatch (as 
expected to be implemented by the CACM [13]) is also likely to further 
increase the efficiency of the integrated-redispatch action, which can be 
investigated as a future model enhancement. 

The revenue streams of stakeholders depend on the design choices. If 
IRD units are remunerated pay-as-bid, then their profits will be zero if 
they bid at marginal cost, therefore, producer surplus would tend to be 
lower as compared to the nodal model with congestion. Welfare distri
bution among system stakeholders is also affected by whether IRD 
generators are remunerated through the market or through the TSO. It is 
assumed that all generators that were scheduled in the day-ahead 
market were remunerated there while the costs of integrated redis
patch are part of TSOs’ redispatch costs. 

The choice of a compensation mechanism will affect generators’ 
incentives [32]. Similar to conventional redispatch, the way to set up a 
pricing rule for integrated redispatch in a way that these generators 
cannot excessively profit from providing this service to the TSO becomes 
an important consideration. The redispatch payment should, on the one 
hand, be sufficient to cover the real costs but, on the other hand, should 

not result in additional profits for the generator in order to avoid 
possible market-distorting incentives. Technically, if activated for inte
grated redispatch often, in particular for downward redispatch, this may 
negatively affect these generators’ financial positions, e.g. through ef
ficiency losses from running at partial load. As a consequence, these 
generators may start to bid strategically to improve cost recovery, once 
they find out that they are used for integrated redispatch. This implies 
that the level of information of market participants about the state of the 
system plays an important role in defining their strategies. 

A dedicated investigation of strategic bidding behavior and market 
power issues are out of the scope of this study. Yet, the proposed 
approach has clear benefits compared to the current practice as well as 
to the market-based redispatch, which raised concerns among re
searchers and regulators as potentially opening up opportunities for so- 
called inc-dec gaming7. The integration of integrated redispatch with 
the day-ahead market means that generators are not taken out of the 
market, i.e. are still subject to market mechanisms and competition. As 
IRD units may be used either in the day-ahead market or for redispatch, 
they are discouraged from bidding strategically, as otherwise they risk 
not being awarded. However, in a situation in which a generator is 
physically necessary to meet demand in a certain area, market design 
cannot remediate its market power. 

The proposed approach has several limitations, which stem from the 
design choices and some model assumptions. Similar to other ap
proaches, the TSOs would still face a tradeoff between the scope of 
available resources they use for congestion management and the degree 
of market interference The selection of IRD generators and the size of the 
pool affect the physical flows and, consequently, the economic efficiency 
of the outcome in the model with integrated redispatch. The design of the 
method cannot guarantee that the TSO secures sufficient redispatch 
potential or includes different kinds of providers. This would probably 
require the development of a dedicated harmonized methodology, for 
instance, one that involves a periodic re-evaluation of choice of IRD 
units. The value of integrated redispatch stems from a more precise grid 
representation based on IRD units rather than from improved fore
casting of grid congestion. Finally, although the model has been 
formulated in a way to accommodate any number of nodes and 
branches, testing the developed methodology on the European network 
may reveal implementation challenges such as computational speed 
constraints, requiring a further development and fine-tuning. 

The uncertainty associated with the output of variable renewable 
energy sources (vRES) may also affect the efficiency of the model with 
integrated redispatch since it relies on the calculation of cross-border 
capacity ahead of the market coupling algorithm. As a result, ex post 
changes in vRES output may potentially lead to higher volumes of re
sidual redispatch. 

The proposed approach does, however, have two benefits as 
compared to the current practice:  

(1) One of the major consequences of congestion in vRES-rich areas is 
that vRES often need to be curtailed and more expensive and CO2- 
intensive generation needs to be regulated upwards. Since the 
proposed approach allows to increase available cross-border ca
pacity, more cost-efficient vRES can be exported and the need for 
curtailment reduced.  

(2) As not only day-ahead but also intraday markets are now being 
integrated in the EU as part of XBID project [35], with the cross- 
border capacity for intraday trade being calculated within the 
intra-day timeframe, the proposed approach could be applied in 
the same way to the intraday market coupling when more precise 

7 The textbook example of inc-dec gaming, the Enron case in California, can 
be found in [33]. The analysis of inc-dec gaming potential in the German 
market is presented in [34]. 
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grid information and vRES forecasts are available, further 
limiting the impact of uncertainty. 

The effect of uncertainty can be addressed both at the macro level, 
for instance as pointed out in points 1 and 2 above, and at the micro level 
by providing market participants with tools to improve forecasting and 
scheduling of vRES. For instance, researchers in [36] proposed a 
probabilistic-possibilistic model for scheduling wind and thermal power 
plants that enables their participation in the electricity markets and 
addresses uncertainties such as high-impact low-probability events and 
calling probabilities in the reserve markets [36]. In [37], the authors 
developed a multi-objective bidding strategy framework for a portfolio 
with vRES that allows them to account for their intermittency and price 
uncertainties in different marketplaces. Both papers emphasize the 
value of integration of vRES and conventional generation in portfolios to 
better tackle uncertainty. Similarly, authors in [38] showed how vRES 
can successfully participate in electricity markets as part of a virtual 
power plant together with storage that allows to offset vRES variability 
more efficiently. The effect of uncertainties, such as vRES forecasts, on 
the efficiency of different congestion management approaches, 
including integrated redispatch, would be an interesting topic for a 
future investigation. 

Just like FBMC is an enhancement of the ATC approach, the proposed 
approach is intended as a further enhancement of FBMC. A combined 
use of integrated redispatch and non-costly remedial actions, such as 
transmission switching, the integration of distributed sources of flexi
bility (e.g. controlled EV charging [39] and storage [40]) for congestion 
management and improved TSO-DSO cooperation [41], are likely to 
yield further efficiency gains. 

5. Conclusions 

There is an increasing need to increase cross-border transmission 
capacity in order to be able to integrate more renewable energy into the 
European system, facilitate market integration and reduce redispatch 
costs. Hence, the efficiency of congestion management needs to be 
improved. 

The authors propose a novel approach to congestion management in 
Europe by integrating preventive redispatch with the day-ahead market. 
It builds upon flow-based market coupling, which is currently used in 
Central Western Europe. Linear optimization models were used to 
compare the “integrated redispatch” mechanism formulated in this 
paper with two existing alternatives, 1) the nodal market, which is 
considered the optimal benchmark, and 2) the zonal market with flow- 
based market coupling. The results of the approach with integrated 
redispatch are closer to the nodal solution, increasing the total economic 
surplus, as compared to the zonal model with flow-based market 
coupling. The extent to which it approximates the nodal solution de
pends both on network complexity and on the number and specific 
choice of generators used for integrated redispatch. 

The authors evaluated the physical and economic effects of the three 
approaches on the distribution of revenues and costs among different 
stakeholders as well as on the costs and the available cross-border 
transmission capacity. The results show that the zonal approach with 
integrated redispatch can:  

– increase cross-border trade by freeing up more capacity for trade and 
making day-ahead dispatch more cost-efficient,  

– increase price convergence thus contributing to European market 
integration,  

– reduce the need for costly ex post redispatch,  
– lower overall system costs delivering value to consumers while 

politically and practically more feasible in Europe than nodal 
pricing,  

– potentially lower the risk of strategic bidding as compared to other 
market-based options. 

Although the volume used for redispatch tends to be higher with 
integrated redispatch than in the current approach, it is more cost- 
efficient overall because of the welfare gains that result from 
increased cross-border trade. The integrated-redispatch approach may 
perform better if generator redispatch costs in business-as-usual are 
higher than their day-ahead market offers. 

The main objectives of this study were to formulate a new method
ological approach to redispatch in zonal markets with flow-based mar
ket coupling, illustrate its implementation using a simple network and in 
this way provide an impression of how the different approaches 
compare. It did not intend to provide an exact quantification of costs or 
welfare benefits. In the future, it is intended to quantify the results of the 
zonal integrated-redispatch approach by testing the developed model on 
a large network with a substantially higher number of generators and 
loads. Other crucial questions that could be addressed in future research 
include an investigation of modalities for the remuneration of 
redispatch-providing generators and the ways of minimizing potential 
strategic behavior of market participants. The future discussion should 
also address the effect of this approach on other short-term markets. 
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Appendix A. Model assumptions 

The following model assumptions were made: 
Regarding the grid: 
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• Lossless DC network.  
• Outage scenarios are not considered.  
• All zonal interconnectors and a few intra-zonal branches are included in the set of critical branches in FBMC;  
• In case of congestion, other remedial actions (e.g. topological changes) or possible flexibility on the demand side are not considered.  
• The redispatch action is energy-neutral within a zone, i.e. cross-border redispatch is not considered. 

Regarding the market:  

• For both zonal setups, zonal load is assumed not to change, as compared to the Base Case.  
• It is assumed that all generation is traded on the day-ahead market, no long-term nominations or intraday market deviations from the day-ahead 

result are considered.  
• For the sake of this analysis, generators are defined with fixed marginal costs.  
• Demand is assumed to be inelastic.  
• Perfect competition, no market power, i.e. generators bid their marginal costs.  
• Intertemporal constraints are disregarded. 

Appendix B. Notation used in the paper  

Scenario parameters  
b ∈ {1,⋯,B} branches 
b ∈ CB  critical branches 
bIC ∈ BIC  Zonal interconnector branches 
cg  Marginal costs of generator g [€/MWh]  
Dmax

g  Maximum dispatch of generator g [MW]  
Fb  maximum flow on branch b (=maximum thermal limit) [MW]  
FRM  flow reliability margin [MW] (assumed to be 0) 
g ∈ {1,⋯,G} generators 
Gn  set of generators on noden  
Gdisp  set of dispatchable generators 
Gnon− disp  set of non-dispatchable generators 
kn,b ∈ K  N × S incidence matrix 
ln  electrical load at node n [MW]  
n ∈ {1,⋯,N} nodes 
Nz  set of nodes in zonez  
S  diagonal S × S matrix of branch susceptances 
sIC  Share of interconnector capacity 
z ∈ {1,⋯,Z} zones 
γ  cost-based penalty coefficient for redispatch 
λ  volume-based penalty coefficient for redispatch 
Model internal parameters  
dMO

g  dispatch of generator g that would have resulted from purely merit-order activation used in the Zonal IRD model [MWh]  

dref
g  

dispatch of generator g in the Base Case [MWh]  

f ref
b  

reference flow on branch b in the Base Case [MW] 
GSKn,z  generation shift key of node n in zonez  
GSKIRD

n,z  generation shift key of node n in zone z in zonal IRD model  

kFBMC
z  

Zonal market price in zone z in the business-as-usual model  

pref
z  reference power injection in zone z in the Base Case [MW]  

PTDFnod
b,n  nodal PTDF on branch bfor noden  

PTDFzon
b,z  zonal PTDF on branch b in zonez  

RAMb  remaining available margin on a critical branch [MW] 
CIRD  cost of units used for integrated redispatch in the Zonal IRD model [€] 
Decision variables  
dg  dispatch (i.e. electricity production) of generator g [MW] in the nodal and business-as-usual models  
dDA

g  generation offered by unit g on the day-ahead market [MW]  

dIRD
g  actual dispatch after accounting for IRD in the zonal IRD model 

dz  total dispatch of all generators in zone z [MW]  
ΔdERD

g  generation after ex-post redispatch [MW] in the business-as-usual model 

ΔdIRD
g  Change of dispatch due to the activation of IRD [MW] in the Zonal IRD model 

Δdneg
g  change of dispatch due to downward regulation due to redispatch [MW] 

Δdpos
g  change of dispatch due to upward regulation due to redispatch [MW] 

Δdz  change of generation per zone as compared to the Base Case [MW] 
f b  flow on branch b [MW]  
fFBMC

b  flow on branch b resulting from FBMC [MW]  

f IRD
b  flow on branch b resulting from IRD approach [MW]  

NEXz  net export position of zone z [MW]  
pn  total active power injection at node n (generation – demand at that node) [MW]  
Δpref,IRD

z  change in zonal generation as compared to the Base Case value in the Zonal IRD model [MW]  
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