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David Schönheit∗ † Dirk Hladik† ‡ Hannes Hobbie† ‡ Dominik Möst† ‡
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Abstract: This paper documents ELMOD, a linear optimization model with a nodal pricing approach,
covering the energy market and electricity grid of Europe. In the presented formulation, ELMOD is used
for the computation of market coupling results without grid constraints and subsequent computation of
congestion management, i.e. redispatch and curtailment. Furthermore, flow-based market coupling is
implemented, as the EU-stipulated calculation method for cross-border trading capacities. A short case
study presents exemplary results for market outcomes based on flow-based market coupling, i.e. n-1 secure
trading domains, import-export balances, and zonal prices, as well as necessary congestion management
measures.
Keywords: energy system modeling, electricity grid models, linear optimization, congestion management, flow-based market coupling, n-1 security criterion

1

Introduction

In its original form, ELMOD is a nodal pricing, optimization model with a representation of the
European electricity markets and electricity grids (notably, cf. works by Weigt et al., 2010 and
Leuthold et al., 2012). The main aims of the model are to research the interactions between power
generation and grid infrastructure. The model is based on a database, encompassing the European
transmission grids as well as the countries’ generation and demand structure in a node-specific
resolution. In most cases, ELMOD deploys linear optimization, for which the electricity flows
are modeled with a DC (direct current) load flow approximation. Often, the model is used to
analyze the effect of expanding renewable energy capacities on the grid operation and dispatch of
conventional power plants in Germany and Europe. Other topics include the design of electricity
markets, such as the optimal configuration of market zones, and security of supply.
A field of research, receiving growing attention, is the effect of more fluctuating energy sources
on congestion management measures (cf. Kunz, 2013; Abrell and Kunz, 2015; Fraunholz et al.,
2020). For this, market and grid compatibility are typically modeled in two steps. While nodal
pricing models solve the optimal dispatch, taking into account the grid constraints, congestion
management models typically first solve a market model, without intrazonal grid constraints,
and subsequently impose the grid constraints. This is depicted in Figure 1 and corresponds to
the sequential procedure used within the European electricity market. First, a coupling of different bidding zones (markets) takes place with zonal prices and predetermined trading capacities
between the zones. For market coupling, net transfer capacities (NTCs) are still used as crossborder trading capacities on most European borders. Central Western Europe (CWE), however,
uses flow-based market coupling (FBMC) since 2015. FBMC is supposed to go live at the end
∗
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Market model

Redispatch model

Resembling the day-ahead market with zonal energy balances
and NTC or flow-based trading capacities

Resembling the operational congestion management measures
including grid constraints to ensure grid compatibility

Figure 1: Schematic representation of the market model and redispatch model, exemplary with a focus on
Central Western Europe.

of 2020 in Central Eastern Europe (CEE) as well. In a second step, the necessary adjustments to
power outputs of conventional generating units (redispatch) and renewable energy sources (curtailment) can be computed to make the market results compatible with the grid. This corresponds
with the congestion management activities of European transmission system operators (TSOs),
whose responsibilities include the monitoring of grids and prompting necessary adjustments in
power outputs for a safe grid operation.
This text serves as a documentation and explanation how NTC-based market results and congestion management are modeled in ELMOD (Section 2). Additionally, Section 3 explains the
implementation of flow-based market coupling in ELMOD and its contrasts to the NTC approach.
Lastly, a small case study showcases how flow-based market coupling results are obtained in
ELMOD (Section 4): The selection of critical network elements, an exemplary way of obtaining
two-days ahead congestion forecasts (base cases), computation of n-1 secure day-ahead trading
domains, ensuing zone-specific import-export balances, prices and price zones as well as necessary redispatch and curtailment.

2

ELMOD: Mathematical formulation of market and redispatch model

In the following, ELMOD is described mathematically. First, all indices, sets, parameters and variables are described. Then, the equation systems of the market and redispatch model are described.
A short explanation follows on how to integrate both, market and grid, in a one-step nodal pricing
model. The adjustments made by including flow-based market coupling follow in Section 3.

Nomenclature
ELMOD has the following indices, sets, parameters and variables.
Indices and sets of ELMOD:
– C
– D

Countries c ∈ C
HVDC lines d ∈ D

Version of May 20, 2020
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Renewable technologies r ∈ R := {“PV”, “Wind offshore”, “Wind onshore”}
AC lines l ∈ L

– R
– L

– J
– K

Critical network elements/lines CNEs j ∈ J ⊂ L
Considered outages (lines) k ∈ K ⊂ L

Grid nodes n ∈ N

– N

– V

Slack node/nodes v ∈ V ⊂ N

Power plants p ∈ P

– P
–
–
–
–
–

S
Y
PRD
SRD
Y RD

Pumped storage power plants (PSPs) s ∈ S ⊂ P
Reservoir power plants y ∈ Y ⊂ P
Redispatch power plants p ∈ PRD ⊂ P
Redispatch pumped storage power plants s ∈ SRD ⊂ PRD
Redispatch reservoir power plants y ∈ Y RD ⊂ PRD

timesteps t ∈ T := {1, 2, ..., 8760}
Bidding/market zones z ∈ Z

– T
– Z

Parameters of ELMOD:
– Power plant characteristics:
– gmax
Maximum power output (installed capacity in MW) gmax
∈ R>0
p
p
– at,p
Availability of power plant at,p ∈ [0, 1]
– chpt,p Minimum share of capacity as must-run due to CHP chpt,p ∈ [0, 1]
For CHP units chpt,p follows the country-specific heat time series htt,c ∈ [0, 1]
For non-CHP units chpt,p = 0
– spint,p Spinning up restriction of power plant spint,p ∈ (0, 1]
For redispatch power plants spint,p = max(chpt,p , 0.9)
For remaining units, spint,p = 1
up
up
– rp
Ramp rate up rp ∈ [0, 1]
– rdown
Ramp rate down rdown
∈ [0, 1]
p
p
– ηp
Efficiency of power plant ηp ∈ [0, 1]
–
–
–
–

charge

gs
stors
fy
G

charge

Maximum charging capacity of PSP (MW) gs
Storage capacity (MWh) stors ∈ R>0
Full load hours of reservoirs (hours) fy ∈ R>0
Generation shift key matrix1 G ∈ [−1, 1]|N|×|Z|

∈ R>0

– Costs (all in EUR/MWh):
– cvar
t,p
RD,pos

– ct,p

RD,neg
ct,p
cPUMP
t,s
cLL

–
–
–
– cDG
– ccurt

Variable (generation) costs cvar
t,p ∈ R>0
RD,pos

Positive redispatch costs ct,p

∈ R>0

RD,neg
ct,p

Negative redispatch costs
∈ R>0
∈ R>0
Costs for adjustments to pumping cPUMP
t,s
LL
Costs for lost load c ∈ R>0
Costs for dumped generation cDG ∈ R>0
Costs for curtailed renewable energy ccurt ∈ R>0

– Power line characteristics:
– A

Incidence matrix A ∈ {−1, 0, 1}|L|×|N|

1

Typically, GSKs contain positive values. Studies, however, suggest that GSK-values can also be negative, as an
increase in net positions can be associated with a reduction in power output due to anticipatory power plant behavior
(cf. results and discussion in Schönheit, 2019).
Version of May 20, 2020
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–
–
–
–
–
–
–
–

hl,n
bn,n
PN full
PZ full
PN
PZ
capAC
l
frmAC
j

Element of the line susceptance matrix H ∈ R|L|×|N|
Element of the nodal susceptance2 matrix B ∈ R|N|×|N|
Nodal power transfer distribution factor (PTDF) matrix PN full ∈ [−1, 1]|L|×|N|
Zonal PTDF matrix PZ full ∈ [−1, 1]|L|×|Z|
Reduced nodal PTDF matrix PN ∈ [−1, 1]|J|×|N|
Reduced nodal PTDF matrix PZ ∈ [−1, 1]|J|×|Z|
Capacity limit of AC line (MW) capAC
l ∈ R>0
AC
Flow reliability margins frmj ∈ R>0

– favAC
Final adjustment value favAC
j
j ∈ R>0
–
–
–
–

capHVDC
Capacity limit of HVDC line (MW) capHVDC
∈ R>0
l
l
mar Security margin to account for n-1 security mar ∈ [0, 1)
lk
Load outage distribution factor vector lk ∈ [−1, 1]|J|×1 under outage k
f∆
CNEs flow changes vector f∆ ∈ R|J|×1 (f∆
k , under outage k)

– Exogenous time series (MW):
– rent,n,r Available node-specific renewable generation rent,n,r ∈ R>0
– dt,n Demand per node dt,n ∈ R>0
– Trade:
– ntct,c,cc Max. export capacity from country c ∈ C to country cc ∈ C ntct,c,cc ∈ R>0
Variables of ELMOD:
– Cost variables:
–
–
–
–
–
–

TC
CGt,c
CCt,c
T CRD
CGRD
t,c
CCRD
t,c

Total costs T C ∈ R>0
Generation costs CGt,c ∈ R>0
Curtailment costs CCt,c ∈ R>0
Redispatch total costs T CRD ∈ R>0
Redispatch generation costs CGRD
t,c ∈ R>0
Redispatch curtailment costs CCRD
t,c ∈ R>0

– Market model variables:
–
–
–
–

Gt,p
PUMPt,s
SLt,s
CURTt,n

Power plant generation Gt,p ∈ R>0
Power demanded by PSP PUMPt,s ∈ R>0
Storage level SLt,s ∈ R>0
Curtailment CURTt,n ∈ R>0

– Redispatch model variables:
pos

Positive redispatch RDt,p ∈ R>0

neg

Negative redispatch RDt,p ∈ R>0
RD ∈ R
Adjustment to curtailment CURTt,n
RD ∈ R
Adjustment to power demanded by PSP PUMPt,s
Storage level including redispatch SLRD
t,s ∈ R>0

– RDt,p
–
–
–
–

RDt,p
RD
CURTt,n
RD
PUMPt,s
SLRD
t,s

pos

neg

– Grid variables:
– INJt,n
– FHVDC
t,d
– FAC
t,l

Net injection INJt,n ∈ R
Power flow on HVDC FHVDC
∈R
t,d
AC
Power flow on AC line Ft,l ∈ R

2
The susceptance values in matrix H and B already contain the squared, line-specific voltage levels. Power flows
are calculated as a product of susceptance and voltage angle differences (cf. Equations 2.2n and 2.2o).
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– DELT At,n Voltage angle DELT At,n ∈ R
– Trade variables:
– EXt,c,cc
ref
– NPt,z
D−1
– NPt,z

Export EXt,c,cc ∈ R>0
ref ∈ R
Reference net position in FBMC area in base case (D-2) NPt,z
D−1
Net position in FBMC area during market coupling NPt,z
∈R

– Auxiliary variables3 :
–
–
–
–

CIt,c
Infeasibility costs CIt,c ∈ R>0
RD
CIt,c
Redispatch infeasibility costs CIRD
t,c ∈ R>0
dem
dem
DUMPt,n Dumped demand DUMPt,n ∈ R>0
gen
gen
DUMPt,n Dumped generation DUMPt,n ∈ R>0

dem,RD
dem,RD
– DUMPt,n
Dumped demand during redispatch DUMPt,n
∈R
gen,RD

– DUMPt,n

2.1

gen,RD

Dumped generation during redispatch DUMPt,n

∈R

Market model

The modeled market resembles the day-ahead market in reality. On the day-ahead market, the
majority of energy is traded and part of the electricity is traded in the short-run on the intraday
market, with a balancing effect, which is not modeled by ELMOD in its standard form. Clearing
the entire demand at once is a simplifying assumption and presupposes arbitrage free markets.
The standard is to assume a price-inelastic demand, i.e. small- and large-scale consumers do not
react to market prices.
The variables and constraints of ELMOD MARKET MODEL4 are described on the basis of
equation system 2.1. Equation 2.1a describes the objective function of the model which is the
minimization of total costs T C. The components of the total costs are shown in Equation 2.1b 2.1d. Each component is created for every country and timestep separately. The objective function
sums up the components for all countries and timesteps.
The generation costs CGt,c are the summation of the generation of all power plants Gt,p
within the respective country (mp(c)), multiplied with the time- and plant-dependent variable
costs (2.1b). The infeasibility costs CIt,c are computed by multiplying the amounts of dumped dedem and DUMP gen at all nodes within the respective country (mn(c)),
mand or generation, DUMPt,n
t,n
with the corresponding cost factors (2.1c).5 Curtailment costs CCt,c only occur when the available aggregated generation for a renewable technology is not fully utilized in a country (2.1d).
Curtailment is limited to the sum of the available power of all renewable technologies at a node
(2.1e).
Equation 2.1f describes the power balance for each country and timestep. The aggregated demand has to be satisfied. The variables that contribute to meeting the left-hand side demand are
node-specific dumped demand, the generation of power plants at the respective node (mp(n)) and
renewable energy generation. Dumped generation and curtailment as well as power demanded
by PSPs PUMPt,s connected to the node (ms(n)) contribute negatively to satisfying the demand.
Exports contribute depending on the importing/exporting balance of all relevant country-tocountry combinations. Exports are limited by time-dependent country-to-country NTC values
(Equation 2.1g).
3

Typically, these variables are used to prevent infeasibilities in the model and primarily serve to detect data inconsistencies. After a final model calibration, these values are zero in the market model. In the redispatch model, however,
they also indicate additional reduction in power plants output as well as energy not served.
4
Note that the Chair of Energy Economics at TU Dresden also deploys a energy market model, called ELTRAMOD.
ELMOD and ELTRAMOD share a common data basis, which is why, in its essential form, ELTRAMOD and ELMOD
MARKET MODEL are the same. Differences can occur because ELTRAMOD often takes into account more technologies, e.g. additional storages, and measures, such as demand-side management.
5
These variables are usually equal to zero in the market model (see above). Values deviating from zero serve to
identify infeasibilities. The variables are therefore considered dummy variables.
Version of May 20, 2020
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MARKET MODEL:
min

X
(CGt,c + CIt,c + CCt,c )

TC =

(2.1a)

t,c

s.t.

X

CGt,c =

Gt,p · cvar
t,p

∀t ∈ T ∀c ∈ C

(2.1b)

dem
(DUMPt,n
· cLL + DUMPt,n · cDG )

∀t ∈ T ∀c ∈ C

(2.1c)

CURTt,n · ccurt

∀t ∈ T ∀c ∈ C

(2.1d)

∀t ∈ T ∀n ∈ N

(2.1e)

p∈mp(c)

X

CIt,c =

gen

n∈mn(c)

X

CCt,c =

n∈mn(c)

X

CURTt,n 6

r

X

dt,n =

n∈mn(c)

rent,n,r

X

hP

p∈mp(n) Gt,p

−

P

s∈ms(n) PUMPt,s

X

dem
+ DUMPt,n
− DUMPt,n
X
EXt,x,c −
EXt,c,x

x∈mc(c)

x∈mc(c)

− CURTt,n

∀x ∈ mc(c) ∀c ∈ C

(2.1g)

· spint,p

∀t ∈ T ∀p ∈ P

(2.1h)

· chpt,p

∀t ∈ T ∀p ∈ P

(2.1i)

∀t ∈ T ∀s ∈ S

(2.1j)

∀t ∈ T ∀s ∈ S

(2.1k)

∀t ∈ T \ {1} ∀s ∈ S

(2.1l)

∀t ∈ {1} ∀s ∈ S

(2.1m)

∀t ∈ {8760} ∀s ∈ S

(2.1n)

∀t ∈ T \ {1} ∀p ∈ P

(2.1o)

> −Gt,p + Gt−1,p

∀t ∈ T \ {1} ∀p ∈ P

(2.1p)

|T sub |
· fy · gmax
y
8760

∀y ∈ Y

(2.1q)

Gt,p 6
Gt,p >
PUMPt,s 6

gmax
· at,p
p
max
gp · at,p
charge
gs

∀t ∈ T

SLt,s 6 stors
SLt,s = SLt−1,s + PUMPt,s · ηs − Gt,s
SLt,s = 0.5 · stors + PUMPt,s · ηs − Gt,s
SLt,s = 0.5 · stors
· gmax
> Gt,p − Gt−1,p
p
gmax
p

i
(2.1f)

EXt,c,x 6 ntct,c,x

·
X

r rent,n,r

∀t ∈ T ∀c ∈ C

+

rdown
p

P

n∈mn(c)
gen

up
rp

+

Gt,y 6

t

The generation of power plant is limited by the product of its maximum capacity, a time- and
plant-dependent availability factor as well as a time- and plant-dependent spinning up factor,
which is less than 1 only for redispatch power plants (Equation 2.1h). A minimum generation
level is imposed in Equation 2.1i. For CHP units this minimum is equal to a fraction, resulting
from country-specific heat demand (htt,c , cf. Nomenclature), for all other units this parameter is
zero. For PSPs, Equation 2.1j is additionally imposed to limit the amount of pumped energy to the
charging capabilities of the plant. Also, the storage level of the PSP cannot surpass its maximum
storage capacity (Equation 2.1k).
The model has three different inter-temporal relationships: storage level constraints (Equation
2.1l - 2.1n) as well as ramping up and ramping down constraints (Equation 2.1o and 2.1p). The
storage level of the current period takes into account the storage level of the previous period
SLt−1,s as well as the generated and pumped energy (Equation 2.1l). Equation 2.1m ensures that
the storage level in the first period starts at half of the storage capacity6 ; nevertheless, pumping
6

There are various possibilities of modeling the start and end storage levels, e.g. taking into account the historical
seasonal storage levels. Here, a simplified assumption is depicted.
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and generation is possible in the first timestep. Complementary, Equation 2.1n ensures that the
storage level in the last period is also equal to half of the storage capacity. For conventional power
plants, a restriction for ramping up and down can apply. Equation 2.1o and 2.1p stipulate that the
change in generation between two timesteps cannot exceed the allowable change in output, the
product of ramp rate and capacity.7
Lastly, the aggregated generation of a reservoir power plant, as the summation of its generation levels over all timesteps, is limited by the product of full load hours and capacity (Equation
2.1q). Additionally, the fraction of considered timesteps and total timesteps further limits the generation when only subsets of T are considered, e.g. in case of using a rolling horizon to solve the
model or when analyzing only certain timeframes within the year.

2.2

Redispatch model

After the day-ahead market clearing, the responsible TSOs have to determine if the market results,
forwarded in form of dispatch schedules from the power plants operators, are compatible with the
grid. Large geographical discrepancies between demand and generation, i.e. local over- or undersupplies, can lead to the overloading of grid elements and lines. This requires the adjustment in
power plant outputs and, if necessary, the curtailment of renewable energy sources.
In its essential structure the ELMOD REDISPATCH MODEL is analogous to the MARKET
MODEL. It is described in equation system 2.2. It is important to note that the variable results
dem and
of the market model Gt,p , CURTt,n and PUMPt,s , and auxiliary variable results DUMPt,n
gen
DUMPt,n appear as parametric input in the redispatch model, namely gt,p , curtt,n and pumpt,s
gen
as well as dumpdem
t,n and dumpt,n .
REDISPATCH MODEL:

min

X
RD
RD
(CGRD
t,c + CIt,c + CCt,c )

T CRD =

(2.2a)

t,c

s.t.

X

CGRD
t,c =

h
i
pos
RD,pos
neg
RD,neg
RDt,p · ct,p
+ RDt,p · ct,p

p∈mprd(c)

X

h
i
RD
PUMPt,s
· cPUMP
t,s

∀t ∈ T ∀c ∈ C

(2.2b)

∀t ∈ T ∀c ∈ C

(2.2c)

∀t ∈ T ∀c ∈ C

(2.2d)

∀t ∈ T ∀n ∈ N

(2.2e)

∀t ∈ T ∀n ∈ N

(2.2f)

> −dumpt,n

∀t ∈ T ∀n ∈ N

(2.2g)

> −dumpdem
t,n

∀t ∈ T ∀n ∈ N

(2.2h)

6 gmax
· at,p − gt,p
p

∀t ∈ T ∀p ∈ PRD

(2.2i)

+

s∈msrd(c)

X

CIRD
t,c =

dem,RD
(DUMPt,n
· cLL

n∈mn(c)
gen,RD

CCRD
t,c =

+ DUMPt,n
· cDG )
X
RD
CURTt,n
· ccurt
n∈mn(c)

RD
CURTt,n

6

X

rent,n,r − curtt,n

r
RD
CURTt,n
> −curtt,n
gen,RD

DUMPt,n

dem,RD
DUMPt,n
pos
RDt,p

gen

7

up

For all units, except nuclear and geothermal power plants, the values rp and rdown
would exceed 1. Therefore,
p
Equation 2.1o and 2.1p are not considered for those units, i.e. the inequality would not constitute a constraint even if
included.
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neg

RDt,p 6 gt,p − gmax
· at,p · chpt,p
p
charge

RD
PUMPt,s
6 gs

− pumpt,s

RD
PUMPt,s
> −pumpt,s
X
dt,n + INJt,n =
FHVDC
−
t,d
d∈mde(n)

X

∀t ∈ T ∀p ∈ PRD

(2.2j)

∀t ∈ T ∀s ∈ SRD

(2.2k)

∀t ∈ T ∀s ∈ SRD

(2.2l)

FHVDC
t,d

d∈mds(n)
gen
dumpt,n

gen,RD

dem,RD
+ dumpdem
+ DUMPt,n
− DUMPt,n
t,n −
X
X
RD −
rent,n,r − curtt,n − CURTt,n
pumpt,s −
+
r

X

s∈ms(n)

X

h
i
pos
neg
RDt,p − RDt,p

X

RD
PUMPt,s

s∈msrd(n)

∀t ∈ T ∀n ∈ N

(2.2m)

(hl,n · DELT At,n )

∀t ∈ T ∀l ∈ L

(2.2n)

(bn,q · DELT At,q )

∀t ∈ T ∀n ∈ N

(2.2o)

∀t ∈ T ∀v ∈ V

(2.2p)

AC
FAC
t,l 6 capl · (1 − mar)

∀t ∈ T ∀l ∈ L

(2.2q)

AC
−FAC
t,l 6 capl · (1 − mar)

∀t ∈ T ∀l ∈ L

(2.2r)

FHVDC
6 capHVDC
· (1 − mar)
t,d
d

∀t ∈ T ∀d ∈ D

(2.2s)

−FHVDC
6 capHVDC
· (1 − mar)
t,d
d

∀t ∈ T ∀d ∈ D

(2.2t)

∀t ∈ T ∀s ∈ SRD

(2.2u)

∀t ∈ T \ {1} ∀s ∈ SRD

(2.2v)

∀t ∈ {1} ∀s ∈ SRD

(2.2w)

∀t ∈ {8760} ∀s ∈ SRD

(2.2x)

∀t ∈ T \ {1} ∀p ∈ P

(2.2y)

∀t ∈ T \ {1} ∀p ∈ P

(2.2z)

+

gt,p +

p∈mp(n)

FAC
t,l

=

X

p∈mprd(n)

n∈N

INJt,n =

X

q∈N

DELT At,v = 0

SLRD
t,s 6 stors
SLRD
t,s

= SLRD
t−1,s + pumpt,s · ηs − gt,s
pos
neg
RD
− RDt,s + RDt,s + PUMPt,s
· ηs

SLRD
t,s = 0.5 · stors + pumpt,s · ηs − gt,s
pos

neg

RD
− RDt,s + RDt,s + PUMPt,s

SLRD
t,s = 0.5 · stors
pos

up

neg

> gt,p + RDt,p − RDt,p
rp · gmax
p
pos

neg

− (gt−1,p + RDt−1,p − RDt−1,p )
pos

neg

rdown
· gmax
> −(gt,p + RDt,p − RDt,p )
p
p
pos

neg

+ (gt−1,p + RDt−1,p − RDt−1,p )
X
X
|T sub |
pos
neg
gt,y 6
· fy · gmax
−
(RDt,y − RDt,y )
y
8760
t
t

∀y ∈ Y RD

(2.2aa)

Again, Equation 2.2a describes the objective function of the model, which is the minimization
of total costs T C. The components of the total costs are shown in Equation 2.2b - 2.2d. Each component is created for every country and timestep separately. Demand and generation dumping
are options as well as curtailment, which is limited to the total renewable energy generation, from
which already curtailed energy amounts are deducted (2.2e).
In the market model, necessary curtailment may be assigned to random nodes within countries, as each country is modeled as a single aggregated node. The redispatch model therefore
allows to reduce curtailment and reassign it to different nodes (2.2f). The same is true for the
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dumping of demand or generation (Eq. 2.2g and 2.2h).8
Redispatch options include positive and negative adjustments to the power output. Positive
redispatch is limited to the maximum generation minus generation already dispatched in the market model (Eq. 2.2i). Negative redispatch is limited to the generation already dispatched in the
market model minus minimum generation (Eq. 2.2j). The amount of pumping can be adjusted
in a similar manner. For positive changes, the charging capacity, with the already committed
pumping, serves as the upper limit (Equation 2.2k). The amount of pumping can be fully reduced
(Equation 2.2l). Positive and negative redispatch create positive costs for the model’s objective
function (cf. Eq. 2.2b), which results in the model only using these options to alleviate congestions, rather than optimizing the market results.9 When reporting redispatch costs as a model
result, positive redispatch is assigned the variable costs of power plants and negative redispatch
is assigned the negative variable costs, in form of payment from power plant operators to the
TSOs.

Costs of curtailment/redispatch [€]

Curtailment costs

Variable cost-dependent
positive redispatch costs

Variable costs of
most expensive
generating unit

Fixed, non-negative
added costs to
congestion management

Variable cost-dependent
negative redispatch costs

Most expensive
generating unit

Variable costs of energy generation [€]

Figure 2: Displayed are modeling costs to preserve the correct order of negative redispatch and curtailment.

To create the correct order for negative redispatch, Equation 2.2b penalizes the model for lowering power plants’ outputs in reverse proportion to the variable costs. This is depicted in Figure
2. Additionally, a fixed non-zero cost component can be imposed on all congestion management
activities. Otherwise certain redispatch activities are very feasible options for the model (due to
very low costs) and may be used to an exaggerated degree. Thus, adding costs, which can be determined through model calibration, can prevent the model from overly using redispatch measures.
The adjustments to pumping are assigned costs equal to the non-zero cost component. Because
the adjustments to pumping can be negative, costs greater than the costs of positive redispatch
activity would lead to an incentive for the model to reduce all pumping activity and use positive
to the base value prevents this.
redispatch to generate negative costs. Setting cPUMP
t,s
8

As stated above, the market result should yield dumping amounts of zero, which then determines the lower bound
for dumping in the redispatch model. However, as with curtailment, if small amounts of dumping occur, they may be
assigned to a random node. This formulation allows for reassigning the market-based dumping to the relevant node(s)
with no additional penalty to the model.
9
If, for instance, NTC values are very low and the grid allows for greater trade between countries than allowed
during market coupling, a negative penalty for negative redispatch can lead to negative overall costs. In these situations
the model would reduce the output of more expensive power plants and increase the output of cheaper power plants, a
trade-off that was not allowed during market coupling. This would be associated with an “improvement of the market
result” and the redispatch activities would occur irrespective of congestions.
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RD,neg

The resulting costs can be, for instance, ct,p

var 10
= 100 + (max(cvar
t,p ) − ct,p ) , while positive

RD,pos

PUMP = 100. To make curredispatch is penalized with e.g. ct,p
= 100 + cvar
t,p . In this case, ct,s
tailment the last option for reducing the energy feed-in, the curtailment costs have to be at least
as expensive as the costs of the most expensive power plants, in terms of marginal costs, e.g.
ccurt = 100 + max(cvar
t,p ). These costs incentivize the model to prioritize units with high variable
costs over units with low variable costs for negative redispatch. Negative redispatch is therefore
never more expensive than curtailment for the congestion management model, which preserves
the correct order of congestion management measures if both have the same effect on the alleviation of grid congestion.
The power balance in Equation 2.2m now pertains to each node and timestep. To meet the
nodal power balances through redispatch, only a subset of power plants is considered. Only the
output of redispatch power plants and PSPs connected to this node mprd(n) and mpsd(n) can
be adjusted. How the positive or negative flows of HVDC lines FHVDC
contribute to the nodal
t,d
balance depends on the start and end points of the line. All HVDC lines that start at the node
(mds(n)) contribute to the nodal balance with reversed sign of their flows. The opposite is true
for all HVDC lines that end at the node (mde(n)).
The flows on AC power lines FAC
t,l and the net injections at each node are computed according
to Equation 2.2n and 2.2o. This represents a DC load flow approach (cf. Stigler and Todem, 2005).
The voltage angles of all nodes DELT At,n are endogenous variables. The exception is the voltage
angle of the slack node(s) v that is automatically set to zero (Equation 2.2p). The line flows of AC
and HVDC lines are limited according to their maximum capacity, both for positive and negative
flows (Equation 2.2q - 2.2t). Equations 2.2u - 2.2aa are analogous to the MARKET MODEL with
the respective redispatch adjustments.

2.3

Nodal pricing model

If market results are to be obtained, taking into account grid constraint, ELMOD can also be formulated as a nodal pricing model. The idea of the economic nodal pricing model is very closely
related to the optimal power flow model, well-known in electrical engineering. Optimal power
flow models and nodal pricing models coincide if power flows are modeled identically. Reformulating ELMOD as a nodal pricing model involves taking Eq. 2.1a-2.1e and Eq. 2.1h-2.1q from
the MARKET MODEL as well as Eq. 2.2m-2.2t from the REDISPATCH MODEL. The necessary
adjustments are twofold: (1) Transforming market parameters in Eq. 2.2m to market variables, as
they are used in the MARKET MODEL and removing redispatch variables and (2) not necessarily
using the spinning up parameter in Eq. 2.1h. This merges the two steps (market model and redispatch model) into an integrated procedure, where grid congestions are already considered during
dispatch decisions.

3

Modeling of flow-based market coupling in ELMOD

Flow-based market coupling entails important changes in the provision of trading capacities to
electricity markets. Thus, the modeling of flow-based market coupling differs substantially from
NTC-based models and requires the computation of additional grid parameters. Namely, while
NTCs provide bilateral (zone-to-zone) trading capacities, FBMC predicts flows before market coupling and provides margins for relevant/critical network elements, which remain and are made
available to the market. These so-called remaining available margins (RAMs) effectively replace
NTCs and indicate to what extent flow changes, caused by market changes during market coupling, are permitted. The formulations in this section follow Guo et al. (2009), Van den Bergh et al.
(2014) and Schönheit et al. (2020).
10
When computing the maximum variable costs, it can be advantageous to neglect outliers in to avoid an extremely
high value. Otherwise, curtailment may only be used in few cases and redispatch amounts may be overestimated.
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3.1

Description of input parameters

The network topology, following the DC load flow approach, is captured in the nodal power trans|L|×|N| , which is constructed in the following
fer distribution factor (PTDF) matrix PN
full ∈ [−1, 1]
way. In its “full” form, the nodal PTDF matrix contains all lines of the grid. Importantly, the
column of a reference node has to be removed from H and the column and row in B, before comN
puting PN
full (equivalent to slack node with voltage angle 0). Later it is added back into Pfull as a
|L|×|L|
11
zero-column. The diagonal matrix Bd ∈ R
contains the line susceptance values.
T
−1
PN
= H · B−1
full = (Bd · A) · (A · Bd · A)

(3.1)

Generation shift keys (GSKs) are important parameters of FBMC, as they predict, which power
plants participate in net position changes (Schönheit et al., 2020). Through this, GSKs translate
zonal balance changes into nodal injections. A GSK value gskp is therefore constructed for every
relevant generating unit p. It essentially assigns a weight wp ∈ [−1, 1]12 to each unit. Therefore,
the construction of GSKs entails two tasks, namely determining which units are considered and
assigning weights.
gskp = wp = ∆Gp /∆NPz

(3.2)

GSK values of all power plants gskp belonging to one node are consolidated as gskn . All GSK
values are summarized in matrix G ∈ [−1, 1]|N|×|Z| . An element of this matrix, gskn,z therefore
also has the dimension z. However, it can only take on non-zero values for the one zone, the unit is
located in. The GSK can be static or time-dependent, depending on the approach. The GSK matrix
then depends on timestep t, i.e. Gt as well as its elements, i.e. gskt,n,z .
The function of GSKs is the creation of the zonal PTDF matrix PZfull , which indicate how lines
are affected by zonal balance changes. At first, zonal PTDF matrix contains all lines l, i.e. PZfull ∈
[−1, 1]|L|×|Z| .
PZfull = PN
full · G

(3.3)

The first task of GSKs is the selection of critical network elements (CNEs) j ∈ J ⊂ L (“CNE
selection”) and reduction of the row-dimension of the nodal and zonal PTDF matrix based on a
threshold criterion. For each zone-to-zone combination the following inequality is checked. This
is the stipulated method for the selection or nomination of CNEs (cf. 50Hertz et al., 2017). Other
approaches for CNE selection exist as well as other chosen thresholds are applied (e.g. 0.08 instead
of 0.05).
|pZfull,z − pZfull,z 0 | > 0.05 ∀z ∈ Z ∀z 0 ∈ Z

(3.4)

It involves subtracting the column of zone z 0 (pZfull,z 0 ) from the column of zone z (pZfull,z ) from
matrix PZfull . Every line l that fulfills this criterion for at least one zone-to-zone combination is
selected as a critical element. Testing each zone-to-zone combination involves checking |Z|·(|Z|−1)
2
combinations. Subtracting the column of zone z 0 from the column of zone z, results in the same
value as subtracting the column of zone z from the column of zone z 0 with the opposite sign.
Because absolute values of the differences are taken, it suffices to check each zone-to-zone combination in a one-directional manner.
After all critical network elements are identified, the “full” zonal PTDF matrix PZfull is reduced
N
|J|×|N| .
to PZ ∈ [−1, 1]|J|×|Z| and the “full” nodal PTDF matrix PN
full is reduced to P ∈ [−1, 1]
∆
The second task of GSKs is the anticipation of line flow changes f due to zonal/market
changes. This also involves the construction of zonal PTDF matrices. However, the GSKs for CNE
11

For PTDF computations, the values are adjusted to obtain an equal voltage amplitude for all nodes, i.e. per unit
values (cf. Van den Bergh et al., 2014).
12
Typically, wp ∈ [0, 1] holds (cf. Nomenclature).
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selection and this task are not necessarily the same. Different GSK strategies can be deployed
and define G accordingly. The net position changes, which are the differences between the net
D−1
positions during day-ahead market coupling (NPt,z
) and the anticipated net positions two-days
ref
|Z|×1
ahead (NPt,z ), are summarized in vector x ∈ R
.
f∆ = PN · G · x = PZ · x

(3.5)

The flow changes are restricted by so-called remaining available margins (RAMs), positive
pos
neg
RAMs rj,t and negative RAMs rj,t , summarized in r+ and r− . These RAMs are computed by
M
taking the maximum physical capacity capAC
j (vector f ) and subtracting flow reliability margins
frmAC
(vector m) and final adjustment values favAC
(vector v). Finally, anticipated reference
j
j
R
flows are subtracted f , which come from the base case. As there are many different approaches
for obtaining base cases (cf. discussion in Schönheit et al., 2020), their description is beyond the
scope of this document. However, the case study in Section 4 gives an example of how to obtain
the reference flows and reference net positions.
Flow changes f∆ are computed for all CNEs. This means that f∆ , r+ , r− , fM , fR , m, v ∈ R|J|×1
r− 6 f∆ 6 r+

(3.6)

r+ = fM − m − v − fR

(3.7)

r− = −fM + m + v − fR

(3.8)

To consider n-1 cases, load outage distribution factors (LODFs) summarized in vectors lk ∈
[−1, 1]|J|×1 are used, which describe how the flow on an outage line k ∈ L is distributed across
the critical network elements j. They are computed according to Eq. 3.9-3.11, where ak is one
row of the incidence matrix. The reciprocals of the line susceptance values xk are contained in the
diagonal matrix X ∈ R|L|×|L| .
T
lk = X−1 · A · B−1
k · ak

(3.9)

−1
B−1
− B−1 aTk · c · ak · B−1
k =B

(3.10)

c = (−xk + ak · B−1 · aTk )−1

(3.11)

1×|N| are multiplied. The latter term is a single row of
Next, the vectors lk and pN
full,k ∈ [−1, 1]
the nodal PTDF matrix (the outage line, at l = k). Their product is the additional flow on all CNEs
due to outage k. Under the consideration of outages, CNEs become CNECs (critical network
elements under contingencies). The product is added to PN
j , the nodal PTDF matrix of all CNECs.
This matrix is identical to the regular nodal PTDF matrix PN if k 6∈ J. If k ∈ J, the respective row
of the matrix, corresponding with line k = j is replaced with zeroes. As a result, f∆
k is computed,
the flow changes on CNECs under the specific outage k. The restrictions in Eq. 3.6 have to be
respected for all relevant outages k ∈ K.
N
N
Z
f∆
k = (Pj + lk · pfull,k ) · G · x = Pk · x

(3.12)

Note that while any line can theoretically be an outage, only a subset of lines is considered
as possible outages, i.e. k ∈ Lreduced ⊂ L. This is due to several reasons: First, if the line outage
is a stub (a line which is the only connection of a node to the meshed grid), the model becomes
infeasible, or rather the net generation or load at the affected node has to dumped, since the node’s
remaining demand (or generation) can not be supplied (or transported) via the grid. Thus, all
Version of May 20, 2020
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stubs are removed from the considered lines. As an iterative process, the grid topology is checked
again for stubs since there is the possibility of two or more subsequent stubs, which are all not
included in Lreduced .
The second reason for removing lines from the possible outages is the reduction of model
complexity. If the restrictions of Eq. 3.6 have to be complied with for the flow on every CNE j, for
each outage k, the amount of constraints (2 · |J| · |Lreduced |) can become a substantial computational
hurdle. Thus, approaches to help considering only the most severe outages are needed.

3.2

Description of model formulation

Implementing flow-based market coupling leads to adjustments to the regular MARKET MODEL,
which are described in the following.
As constraints, bidding zone-specific energy balances are introduced, i.e. Eq. 3.13a replaces
Eq. 2.1f. In the model, zones contain one country in most cases, with the exception of zone
“DE/AT/LU”, which encompasses Germany, Austria and Luxembourg (until September 2018).13
Hence, all nodes within a zone (mn(z)), and consequently all units within a zone, are considered
for the zone-specific energy balances. Zones can export and import energy from other countries.
However, note that the mapping mc 0 (c) is different than the mapping mc(c), used in the NTC
market coupling model. For FBMC-countries, the mapping to other FBMC-countries is deleted
and only mapping to non-FBMC-countries is included. For non-FBMC-countries, the mapping to
other non-FBMC-countries as well as FBMC-countries stays unaltered. This accounts for the fact
that within the FBMC-area, cross-border trading capacities are not determined by NTCs but FBMC
constraints, i.e. physical lines. Summing up over all countries within a FBMC zone, c ∈ mc(z),
ensures that in case of zones, consisting of numerous countries, all neighbor-to-neighbor export
capacities are taken into account. This pertains to the zone DE/AT/LU, which e.g. can use the
NTC capacity DE-CH as well as AT-CH for NTC-based FBMC-to-non-FBMC market coupling.
FLOW-BASED MARKET COUPLING MODEL:
X

X

dt,n =

n∈mn(z)

n∈mn(z)

X

−

X

h

p∈mp(n)

PUMPt,s +

dem
DUMPt,n

+
X

c∈mc(z)
D−1
NPt,z

h

X

rent,n,r − CURTt,n

r

s∈ms(n)

+
X

Gt,p

−

X

x∈mc 0 (c)

gen
DUMPt,n

EXt,x,c −

i

D−1
− NPt,z
i
X
EXt,c,x

∀t ∈ T ∀z ∈ Z

(3.13a)

∀t ∈ T

(3.13b)

x∈mc 0 (c)

=0

z∈ZCWE
D−1
NPt,z
=0

∀t ∈ T z 6∈ ZCWE
(3.13c)

EXt,c,x 6 ntct,c,x
i
X h
pos
D−1
rj,t >
ptdfZj,k,z · (NPt,z
− npref
)
t,z

0

∀x ∈ mc (c) ∀t ∈ T ∀c ∈ C

(3.13d)

∀j ∈ J

∀t ∈ T ∀k ∈ K

(3.13e)

∀j ∈ J

∀t ∈ T ∀k ∈ K

(3.13f)

z∈ZCWE
neg
rj,t

6

i
X h
D−1
ptdfZj,k,z · (NPt,z
− npref
)
t,z

z∈ZCWE

13

In reality, one country can consist of many market zone, e.g. Norway and Italy. In most cases, this is not taken into
account in ELMOD. This means that zones contain at least one entire country.
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To model the trade within the FBMC-area, net positions can be assumed. These are the exportimport balances within the FBMC-area, thus not accounting for trade between FBMC-zones and
D−1
non-FBMC-zones, NPt,z
. Within the FBMC-area, all net positions have to balance out to zero
(Eq. 3.13b). The net positions of non-FBMC-zones have to be zero (Eq. 3.13c). Their trade is fully
captured in the export variables, which are limited by NTC values. Eq. 3.13d replaces Eq. 2.1g
because of the altered mapping mc 0 (c). To limit trade within the FBMC-area, Eq. 3.13e and 3.13f
are imposed. Here, the net position changes of all FBMC-zones are multiplied with the respective
zonal PTDF-values of each CNE j, for each timestep and each relevant outage k. As a parameter,
the reference net positions (npref
t,z ) come from the base case, where they can be endogenously
determined. It is crucial to note that with time-dependent GSKs, also the zonal PTDF matrices
become time-dependent along with its elements, i.e. ptdfZj,k,t,z , which affects Eq. 3.13e and 3.13f.
The right-hand side of Eq. 3.13e and 3.13f are the flow changes of Eq. 3.5, while the left-hand side
pos
neg
limit these flow changes, as shown in Eq. 3.6. rj,t and rj,t are computed according to Eq. 3.7 and
3.8. The reference flows, necessary for the computation, are retrieved from the base cases as well.

4

Case study

This brief case study exemplifies and illustrates the different elements of modeling flow-based
market coupling with ELMOD. The subject of the case study is one week in 2016, January 410, with the geographical scope of CWE. After describing the analyzed week, the structure is as
follows: First, critical network elements are determined endogenously. This is done using only
one static GSK to get a static choice of CNEs. Second, a base case is constructed for one week,
in an hourly resolution. Third, n-1 secure trading domains are computed with two different GSK
strategies, flat and capacity-weighted. Fourth, market coupling results are estimated based on
the two GSK strategies. Lastly, the necessary redispatch and curtailment amounts are calculated,
resulting from imposing all grid constraints.
The following Figure 3 shows the electricity demand and the renewable energy generation
by zone for the selected week. The white area between the black load curve and the stacked
renewable energy generation is the residual load. For this analysis, four exemplary timestamp are
identified, marked by the red, dashed, vertical lines. These hours later serve to discuss the effects
of different situations of load and renewable energy generation on the trading domain:
– Hour 114, Tuesday, 17:00-18:00. This hour is characterized by a high load in all zones in
combination with low renewable energy generation.
– Hour 126, Wednesday, 05:00-06:00. This hour is characterized by a low load in all zones in
combination with low renewable energy generation.
– Hour 174, Friday, 05:00-06:00. This hour is characterized by a low load in all zones in combination with high renewable energy generation.
– Hour 181, Friday, 12:00-13:00. This hour is characterized by a high load in all zones in combination with high renewable energy generation.

4.1

Selection of critical network elements

For the determination of CNEs, a flat GSK strategy is used to construct the zonal PTDFs (cf. Eq.
3.4). The flat strategy weights all nodes equally. For the zone DE/AT/LU, the consolidated node
in Austria is assigned the full weight of the actual existing Austrian grid nodes in relation to all
nodes within DE/AT/LU. This value is roughly equal to 10%. CNEs in the zone of Austria’s TSO,
APG, were added in November 2016, when Austria was fully integrated in the CWE flow-based
capacity calculation (APG, 2016), which is why it suffices to model AT as a consolidated node
for the year 2016. With this GSK strategy, zone-to-zone PTDFs are created and 8% is used as the
threshold.
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Figure 3: Separately for every zone, the electricity demand as well as the stacked renewable energy generation levels are displayed.

Figure 4 displays all selected CNEs. Naturally, the 70 selected CNEs are located near the
borders of the FBMC zones. Between the two large economies France and Germany, Belgium
and the Netherlands are located. As transit countries, many of their grid lines are substantially
affected by the bilateral trade between Germany and France, which makes them critical network
elements. Note that almost all cross-border lines are automatically selected with this criterion.
Additionally, all remaining cross-border lines are included in the set of CNEs, regardless of their
zone-to-zone PTDF values.

4.2

Base case for D-2 net positions and reference flows

In order to obtain reference flows and reference net positions for the FBMC zones, a base case for
the selected week is created. While there are many approaches, as mentioned above, this case
study relies on a nodal pricing approach, described in Section 2.3. All CWE countries, in addition
to Norway, Sweden, Denmark, Poland, the Czech Republic, Switzerland, Italy and Spain, are
modeled. However, the nodal balances for nodes outside of the CWE region, are set to zero. This
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No CNE
CNE at 5%
CNE at 8%
CNE at 10%

Figure 4: Displayed is the transmission grid of Central Western Europe, with a physical representation of
France, Belgium, the Netherlands, Luxembourg and Germany. The neighboring countries are aggregated
as single demand/generation nodes as well as near-border nodes. The thick lines are the critical network
elements, selected according to different thresholds of the zone-to-zone PTDF criterion. The light-green,
thick lines are only selected when the threshold is set to 5% or below. The dark-green, thick lines are
selected at any threshold below and including 8%. The black, thick lines are selected at any threshold
below and including 10%.

sets trade between neighboring countries and between the CWE region and neighboring countries
to zero. It is important, however, to model the lines outside the CWE region to correctly represent
loop flows. For the identified CNEs, the maximum flow is set to 70% of the line capacity. The
remaining 30% consist of 10% reliability margin (frmAC
j ) and 20%, as a flat deduction (mar) for
the n-1 security criterion, without explicitly modeling it, which is also imposed on all other (nonCNE) lines.14 The adjustment values (favAC
j ) are neglected.
14

It is crucial to mention that normally, minimum trading capacities have to be fulfilled by at net positions of zero,
i.e. when the FBMC region is “zero balanced”, a minimum RAM has to be available for trading. This is especially
important with growing minimum capacities. Here, net positions deviating from zero are allowed without computing
the RAMs at “zero balanced” net positions.
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4.3

D-1 trading domains, net positions and zonal prices

As a next step, the n-1 secure trading domains are computed according to two different GSK
strategies. First, the mentioned flat strategy and second, a capacity-weighted strategy (Pmax),
which weights nodes according to the installed capacity at the node, in relation to the overall
installed capacity of the zone. For this, nuclear power plants and renewable energy capacities are
not taken into account as typically only market-driven generating units with flexible output are
considered (cf. Van den Bergh et al., 2016 and Schönheit et al., 2020). Note that these two strategies
are both very simple approaches. One major drawback is that they are both static, i.e. the GSK
values are constant for every timestep. Effectively, Pmax is a capacity-weighted flat strategy.
As mentioned above, not all outages are taken into account to reduce complexity. Here, for
every CNE j, the outage k (only line outages are considered here) with the largest positive lodfj,k value (lodfj,k ∈ lk , cf. Section 3) and the outage k with the largest negative lodfj,k -value are
identified. The outages are subsequently used for all CNEs. That means, once an outage is identified as relevant, it is applied for all CNEs. In this analysis, K = Lreduced contains 96 elements.
Figure 5 displays the resulting n-1 secure trading domains for the above-mentioned selected
hours. The domains only show the possible changes in bilateral trade between DE/AT/LU and
France as well as DE/AT/LU and the Netherlands. The left-hand side shows the resulting domains when using the flat GSK strategy, the right-hand side when using a capacity-weighted GSK
strategy (Pmax). All constraints are displayed as lines. The thick, dark-blue lines are n-0 constraints, i.e. without considering outages. The thin, bright-blue lines are n-1 constraints, under
all considered outages. Note that n-0 constraints are never the inner, or limiting constraints of
the flow-based market coupling domain. This is a logical result, since for every critical network
element there is at least one considered outage which increases the anticipated line flow change
on this CNE due to trade, thus always making CNECs more restrictive than CNEs. In other words,
the domain will always be limited by CNECs and not CNEs.
Complementary, Figure 6 depicts the base case net positions (D-2) and the resulting net positions from day-ahead market coupling. These values are shown separately for each FBMC-zone
as well as for the two deployed GSK strategies.
The shape and size of the domains substantially differ in the four analyzed hours.
– Hour 114 and 126 show a domain with a larger vertical extension, i.e. the trade between
DE/AT/LU and the Netherlands allows for greater changes, especially in the negative directions. The domain also allows for greater increases in the bilateral trade between DE/AT/LU
and FR. The large domain could be attributed to the low feed-in of renewable energy. CNEs
will likely be utilized at low rates in the base case, allowing for large flow changes and
consequently large changes in net positions. Also, the net position of DE/AT/LU is on a
medium level during these hours, allowing for a substantial increase of the bilateral exchange DE/AT/LU<>FR. The upper side of the domains is truncated due to a low net position of NL, not allowing a great increase in further imports from DE/AT/LU.
– Hour 174 shows similar properties to hour 114 and 126, with the exception of a larger “left
side” and more truncated “lower side”. The net position of NL is above average during this
hour, limiting the amount of further imports from DE/AT/LU. France’s net position is low,
so more exports from FR to DE/AT/LU are possible. The high renewable feed-in and the
likely associated high utilization of CNEs may limit the domain in this situation.
– Hour 181 is the domain most different from the other hours. This is likely caused by the
large renewable feed-in, combined with a high load. DE/AT/LU’s net position is high and
France’s net position is low, limiting the “right side” of the domain and opening up the “left
side. The Netherlands’ net position is comparatively high, which also truncates the lower
end of the domain.
The GSK strategies affect the domains, but, generally, only to a small extent. Most noticeably,
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Figure 5: The x- and y-axis show additional exchanges, differing from the projected net positions of the
base case (black dot at origin). Every point in the graph, inside the domain, is a possible market outcome.
Note that all points are “balanced”, i.e. the increase of a net position of one zone coincides with a simultaneous decrease of the net position of the respective pair DE/AT/LU<>FR or DE/AT/LU<>NL. In this
visualization the other pairs are not considered due to the two-dimensionality.

the lower end of the domains is more limited when using the capacity-weighted GSK strategy.
Concretely, net position increases of NL are associated with higher participation of generating
units in proximity of the limiting CNEs, which leads to a lower amount of an allowed bilateral
decrease of the net position of DE/AT/LU. To a smaller extent, this also pertains to the upper end
of the domains. The horizontal characteristics (exchange between DE/AT/LU and FR) are similar
between GSK strategies.
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Figure 6: For every zone and timestep, three different net positions are depicted: (1) the D-2 reference net
position, obtained from the base case and the net positions during day-ahead market coupling (2) for the
flat GSK strategy and (3) for the capacity-weighted strategy.
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Figure 7: For the analyzed week, the prices for all flow-based market coupling zones are shown. The
vertical bars indicate the amount of price zones that are formed.
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As shown in Figure 6, GSK strategies have little effect on the net positions of Belgium and the
Netherlands. Also, the deviation from the D-2 net positions (base case) are small. For DE/AT/LU
and France, larger differences in net positions between D-2 and D-1 as well as between the two
GSK strategies occur during some hours.
Lastly, Figure 7 shows the zonal prices for both GSK strategies. The bars indicate, how many
price zones are formed during flow-based market coupling, from 4 (no full price convergence
between any zones) to 1 (full price convergence across the entire FBMC area). The dark-gray
bars indicate, when there are difference in price convergence between the GSK strategies. The
capacity-weighted strategy leads to a slightly higher average price of 30.27 EUR, compared to the
flat strategy with 30.26 EUR.

4.4

Overall costs and congestion management amounts

Figure 8 depicts the hourly total costs and congestion management amounts, resulting from the
two GSK strategies. Congestion management entails positive and negative redispatch as well as
curtailment. For this analysis, redispatch power plants are all units within the FBMC area, except
for PV, wind energy, run-of-river and biomass-fired units as well as nuclear power plans. Also,
coal- and gas-fired units are allowed for redispatch in the non-FBMC area. However, their usage
is penalized with a base value of 5000 instead of 100. This prevents non-FBMC units to relieve
congestions within the FBMC-area. Thus, this option is only used when demand or generation
would have to be dumped otherwise.
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Figure 8: The figure displays the hourly total costs, generation and redispatch costs combined (left-hand
side y-axis) and hourly total congestion management amounts, positive and negative redispatch as well as
curtailment (right-hand side y-axis). The results for both GSK strategies are depicted, with vertical lines
indicating the differences in results.

The hourly depiction in 8 shows that the costs and congestion management amounts are often
similar between GSK strategies. During a few hours, either the flat or the capacity-weighted
strategy is disadvantageous and leads to higher congestion management.
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The total costs in the CWE region, comprised of generation costs and congestion management
costs, are 447.08 mi. EUR and 447.16 mi. EUR for the flat and capacity-weighted strategy, respectively. The congestion management amounts within in the CWE region15 are 2.784 TWh for the
flat strategy: 1.394 TWh positive redispatch, 1.031 TWh negative redispatch and 0.359 TWh curtailment; and 2.790 TWh for the capacity-weighted strategy: 1.397 TWh positive redispatch, 1.030
TWh negative redispatch and 0.363 TWh curtailment. Thus, congestion management amounts
and costs16 are slightly higher when using the capacity-weighted strategy. The generation costs
are very similar between the two strategies. The higher resulting system costs when using the
capacity-weighted strategy therefore stem from a minimal increase in the amount of congestion
management.
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Figure 9: The hourly total costs (upper panel) and hourly congestion management amounts (lower panel)
from Figure 8 are shown in relation to the renewable energy generation (x-axis) and electricity demand
(color scale). The results for both GSK strategies are depicted, with vertical lines indicating the differences
in results.

Lastly, Figure 9 displays the hourly costs and hourly congestion management amounts in relation to the level of renewable energy generation. The color scale corresponds to the electrical
load. The costs are strongly positively correlated with the load and negatively correlated with renewable energy generation due to the assumption of zero variable generation costs. While during
low-load times, the costs are often similar between the GSK strategies, with increasing load as well
as growing feed-in of renewable energies, the cost differences become larger during a few hours
15
16

Redispatch and curtailment activities outside the FBMC/CWE region are virtually zero for both GSK strategies.
Note that for this analysis, curtailment is assigned an average of 100 EUR/MWh.
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but remain small overall. The congestion management amounts are positive correlated with the
renewable energy generation. Also, on average, high electrical load is associated with larger congestion management amounts. Differences in congestion management between the GSK strategies
occur throughout the spectrum, but are especially large in situations with higher load.

5

Conclusion

ELMOD has developed from a nodal pricing model to one that incorporates the two steps of
market results (also referred to as ELTRAMOD) and consequent congestion management, corresponding with the European market structure. Recent changes, most notably the introduction
of flow-based market coupling, necessitate adjustments and additions of ELMOD, which are detailed in this paper. Nevertheless, nodal pricing remains a valuable approach, e.g. in obtaining
congestion forecasts (base cases), which necessitate the contemporaneous estimations of dispatch
and grid constraints, especially when imposing additional restrictions on certain grid elements,
e.g. minimum trading capacities on critical network elements.
The brief case study illustrates how flow-based market coupling results can be obtained with
ELMOD. This involves the three steps of base case construction, day-ahead market coupling and
congestion management. Two GSK strategies, i.e. methods of weighting generating units’ participation in market changes, are deployed. Overall, they exhibit minute differences during market
coupling and small differences in terms of costs and necessary redispatch amounts. For the selected week, the flat strategy leads to slightly lower redispatch amounts and is therefore advantageous, but differences are minimal. The analysis suggests that the level of renewable energy
generation and load affects the influence of GSK strategies. It is important to note that both GSK
strategies are very simplified strategies. Also, a pure strategy is used for the entire CWE region in
this analysis. Testing TSO-specific strategies and/or dynamic and time-dependent, and therefore
more complex strategies will likely affect the results and could lead to greater differences between
strategies.
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