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Abstract

To reduce carbon dioxide emissions, variable renewable energy (VRE)
sources are replacing conventional fossil-based power plants for electricity gen-
eration. Due to the variability and uncertainty of weather dependent VRE
sources, there can be situations when it is not possible to accommodate all
the available VRE production, and VRE sources have to be curtailed. The
need to curtail VRE production can arise, among other reasons, due to low
electricity demand, lack of transmission capacity, or when operational security
requires conventional units to remain online to provide intertia or reserves for
balancing production and consumption.

Managing VRE curtailment and integrating VRE sources into power sys-
tems in an efficient manner require tools for long-term power system planning
and short-term power system operation planning, e.g., day-ahead scheduling
which is handled by electricity markets. This thesis develops tools for both
long-term and short-term power system planning, with a focus on estimat-
ing the need for VRE curtailment in future power systems and methods that
achieve efficient operation of power systems by allowing VRE curtailment.

Regarding long-term power system planning, an open source dispatch
model for the Nordic power system, ODIN, is developed and used to as-
sess the future need for VRE curtailment arising from wind power expansion
mostly in the north of Sweden. Regarding short-term power system operation,
further developments of the previously proposed power-based formulation for
unit commitment (UC) are made, extending the formulation to include re-
serves which can better deal with wind power variability and uncertainty, as
well as contingencies such as line and generator outages. Also, different situa-
tions when VRE curtailment can be efficient and lead to reduced system costs
and carbon dioxide emissions are investigated, and an open source model for
generating realistic wind power production scenarios for use in UC formula-
tions is developed. Finally, a power-based version of ODIN is implemented to
investigate the benefits of using the power-based formulation for production
cost models used for long-term power system planning.

The methods and models developed in this thesis can contribute to more
efficient long-term planning and short-term operation of power systems, par-
ticularly in the Nordic region. Excessive VRE curtailment should be avoided
through efficient long-term planning, but in the short term the flexibility of
VRE production should be used to operate the power system in a way that
minimizes system costs.

Keywords: Variable renewable energy, wind power integration, production
cost model, power-based unit commitment, wind power scenarios
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Sammanfattning

För att minska koldioxidutsläppen ersätts konventionella icke förnybara
kraftverk av förnybara energikällor. Som en följd av variabiliteten och osäker-
heten hos väderberoende förnybar elproduktion kan det uppstå situationer då
det inte är möjligt att använda all den förnybara elen, vilket gör det nödvän-
digt att spilla förnybar el. Dessa situationer kan uppstå t.ex. på grund av låg
efterfrågan på el, brist på överföringskapacitet, eller därför att konventionella
kraftverk behöver vara igång för att bidra med svängmassa eller reserver för
att hantera störningar i elsystemet och balansera produktion och förbrukning.

En effektiv integrering av förnybar elproduktion i elnätet kräver verkyg
för både långsiktig planering för utbyggnad av elsystemet och för kortsiktig
driftsplanering, t.ex. dagen-före planering som sker på elmarknader. I den här
avhandlingen utvecklas verktyg både för långsiktig och kortsiktig planering
av elsystem, med fokus på att uppskatta det framtida behovet av att spilla
förnybar elproduktion och att utveckla metoder som kan ge en effektivare
drift at elsystemet genom att tillåta spill av förnybar el.

För att underlätta långsiktig planering av elsystemet utecklas en fritt till-
gänglig produktionskostnadsmodell för det nordiska elsystemet, ODIN, som
sedan används för att uppskatta spillet som uppkommer som en följd av
den stora utbyggnaden av vindkraft i framför allt norra Sverige. För drifts-
planering av elsystem vidareutvecklas den effektbaserade varianten av unit-
commitment problemet, genom att inkludera reserver för att hantera osäker-
het och variabilitet från vindkrafsproduktion samt störningar i elsystemet,
såsom bortfall av ledningar och kraftverk. Dessutom undersöks situationer då
spill av förnybar el kan leda till lägre driftskostnader och koldioxidutsläpp
och därför vara fördelaktigt. Vidare utvecklas en fritt tillgänglig modell för
att generera realistiska vindkraftsscenarier som kan användas i unit commit-
ment formuleringar. Till sist implementeras en effektbaserad version av ODIN
för att undersöka fördelarna med att använda effektbaserad modellering för
långsiktig planering av elsystem.

Dessa studier och verkyg kan bidra både till bättre långsiktig planering
och mer effektiv kortsiktig driftsplanering av elsystem, framför allt inom Nor-
den. Ett alltför stort spill av förnybar el bör undvikas genom långsiktigt pla-
nering av utbyggnaden av elsystemet, men på kort sikt bör flexibiliteten från
förnybar elproduktion utnyttjas för att minimera driftskostnaderna.

Nyckelord: Variabel förnybar energi, vindkraftsintegering, produktionskost-
nadsmodell, effektbaserad unit commitment, vindkraftscenarier
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Chapter 1

Introduction

1.1 Curtailment of Variable Renewable Energy

In Europe and elsewhere, power systems are undergoing big changes as conven-
tional fossil-based power plants are being retired and replaced mostly by variable
renewable energy (VRE) sources such as wind and solar. For example, the EU has
the target that 32% of energy production should come from renewable sources by
2030 [1], and Sweden has adopted a target to have 100% renewable electricity by
20401 [3]. Unlike conventional energy sources, VRE production is not available
on demand, but produced when the wind is blowing or the sun is shining. Thus
VRE production has both variability and uncertainty, as illustrated by Fig. 1.1.
Apart from not necessarily being available when it’s needed, VRE production can
also be available in excessive quantities during times when it is not needed due to
low demand, or when it is not possible for the grid to accommodate more VRE
production, due to, e.g., operational security or insufficient transmission capacity.
In this situation, the VRE production must be curtailed, i.e., restricted below the
available potential production given the currently available weather dependent
resources.

Curtailment can be both voluntary, when, e.g., negative market prices induce
VRE producers to reduce their production, and involuntary, when, e.g., the sys-
tem operator decides to limit the output of certain VRE plants during operation.
As the share of VRE production in power systems has increased, many power
systems have had to curtail significant parts the total VRE production [4]. In
Germany, 2.9% of renewable electricity production was curtailed in 2020 [5] and
in Ireland the figure for 2020 was 12.1%, up from 7.7% in 2019 [6].

In the past there was no need for regular curtailment of VRE production in
the Nordic power system [4]. This is because the total share of VRE production
is still relatively low compared to other systems, with wind power being 15%

1This is, however, not a stop date for nuclear power generation. There is currently an ongoing
political debate whether nuclear power should be part of the future generation mix or not [2].

1
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Figure 1.1: Example of actual production and forecast for wind farm during four
hours. The variability corresponds to the fluctuations in the production, while the
uncertainty is reflected in the difference between the realized production and the
forecast. Even with perfect forecasts, VRE production has variability which must
be balanced by other production or by adjusting consumption.

of the total production in 2021, and also due to the large flexibility available
from hydro power production, which accounts for more than 50% of electricity
production in the Nordic countries. The exception is western Denmark, which is
synchronously connected to continental Europe, where wind power is sometimes
down regulated, i.e., payed to curtail, to alleviate grid congestion in northern
Germany [7]. However, in recent years there has been a large increase in wind
power capacity, particularly in the north of Sweden, as shown by Fig. 1.2. This
development is expected to continue [8], which means that VRE curtailment may
become more common in Sweden and the other Nordic countries. In fact, in 2021
there were hours with negative day-ahead prices in all the Swedish prices areas
for the first time [9]. Negative prices signal that there is too much production
available, and can induce VRE producers to curtail their production, in order to
avoid the cost of selling energy at negative prices [10].

This thesis is concerned with assessing VRE curtailment for future power
systems and avoiding inefficient curtailment. To analyse the need for VRE cur-
tailment we have to know why VRE curtailment is needed. There is a significant
literature detailing cases of VRE curtailment and why it happens [4,10–19]. The
curtailment comes from the challenges of integrating VRE sources into power
systems, which are listed in Table 1.1. Broadly defined, these challenges are 1)
the variability and uncertainty of VRE production, 2) the distributed nature of
VRE sources in the power system, and 3) the non-synchronous nature of most
VRE production. The different reasons why curtailment is needed can be related
to these challenges as shown in Table 1.1. Table 1.1 also lists which papers among
those included in this thesis that cover each reason for curtailment. Due to the
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Figure 1.2: Installed wind power capacity in the Swedish price areas (left) and
a map showing their geographical locations (right). Data from Energiföretagen
(energiforetagen.se).

wide range of reasons for VRE curtailment, not all of them are covered in this
thesis. The focus of this thesis is on curtailment due to the variability and un-
certainty of VRE production, but the other challenges are also partly covered by
some papers included in the thesis. A more detailed description of the papers
and how they relate to the objectives set for this thesis is given in Section 1.4.
We now proceed to give a brief description of the challenges for VRE integration
and related curtailment reasons.

Table 1.1: Challenges of VRE intregration and related curtailment reasons

VRE challenge Curtailment reasons Publications
Variability and
uncertainty

- Network constraints J2, J3, J5, J6
- Supply exceeds demand J2, J6
- Not enough/too expensive flexibility
to follow net load J3, J5

- Not enough/too expensive reserves
to cover VRE uncertainty range J5

Distributed
generation

- Steady state voltage problems J1
- Transmission network constraints J2, J3, J5, J6
- Distribution network constraints -

Non-synchronous
generation

- Reduced power system inertia J2
- Transient stability -

Firstly, the variability and uncertainty of VRE production means that more
flexibility is needed from the rest of the system to balance production and con-
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sumption of electricity. When VRE production changes, either the remaining
generators or the demand must change to keep the balance between production
and consumption. Also, if the actual VRE production is different from the fore-
casted production, it must be possible to redispatch the remaining generators
or the load to keep the balance. The resources used for balancing the system
must also be available at certain locations in the network to avoid overloading
transmission lines. In this way, more flexibility is demanded when operating a
power system with high VRE penetration. This flexibility can come from other
conventional power plants, such as hydro power, from energy storage technologies
like batteries and hydrogen production, or from demand side flexibility. However,
if the flexibility is not available or comes at a high cost, it can be more economical
to curtail VRE generation to reduce the need for flexibility from other sources.
Fig. 1.3 shows an example of how curtailment can reduce the variability of VRE
and thus decrease the need for flexibility.
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Figure 1.3: Illustration of how wind power production can be curtailed to reduce its
variability. If wind power is not curtailed, all fluctuations, shown by the solid curve,
must balanced by other controllable loads or generators in the system, which is
usually handled by operating reserves. By curtailing wind power, both the amount
of reserves and the speed with which they have to act can be reduced. The available
production is real data from an Australian wind farm but the dispatched production
is hypothetical.

The variability of VRE production also means that it is not always economical
to build enough transmission capacity to accommodate the maximum possible
production, if this is only expected to occur for a small fraction of the time.
Instead it can be better to curtail production during those hours with maximum
production [13, 14]. One such example occurred in Jönköping in Sweden, where
it was considered more economical limit the maximum output of a 29.3 MW
capacity wind farm to 26 MW rather than investing in the required grid upgrades
to completely eliminate curtailment [4].
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The second challenge comes from the fact that VRE sources are more geo-
graphically distributed and often connected at lower voltage levels in the grid
compared to the conventional generation they are replacing. This creates the
need to build new transmission capacity to remote locations with good VRE re-
sources, e.g., for offshore wind, and to invest in transmission capacity in existing
grids to accommodate VRE production. Also, power systems have traditionally
been designed to distribute power from high voltage levels to low voltage levels,
but the new VRE sources connected at lower voltages means that power flows
can also be in the opposite direction. The reversed flows can create challenges for
protection systems and make it harder to maintain acceptable voltage levels in
the grid [20,21]. Also, the transmission capacity in lower voltage systems may not
be sufficient to accommodate very high levels of distributed generation (DG), es-
pecially if there is high correlation between the production of different DG units.
This is particularly true for solar PV production, which is often connected to
distribution systems, but applies to all VRE production connected to the grid
below transmission system voltage levels. Also, retiring conventional generation
in the high voltage part of the grid means that the capacity for voltage regu-
lation from these generators is lost, and is not necessarily compensated by new
VRE sources connected in other parts of the grid. There is a considerable litera-
ture on voltage regulation in power systems with increasing share of distributed
generators [20–23]. An example of VRE curtailment related to this issue is the
curtailment of solar PV production in distribution grids due to overvoltages [23].

The third challenge for operating a power system with high VRE penetration
comes from the change caused by reducing the number of synchronous generators
in the system and replacing them with VRE generators, which are mostly asyn-
chronously connected via power electronics, so called inverter-based generation
(IBG). Reducing the number of synchronous generators in the system decreases
the total system inertia, leading to larger and faster frequency deviations dur-
ing disturbances, which makes it harder to maintain frequency stability in the
power system, and can also introduce new dynamics which adversely affect tran-
sient stability of the power system [24, 25]. An example of curtailment caused
by frequency stability is in Ireland, where VRE production is regularly curtailed
in order to keep the rate of change of frequency (ROCOF) for the dimensioning
fault below 0.5 Hz/s [6].

1.2 Power System Operation Planning and Integration
Studies

To efficiently integrate VRE production in the power system, meaning to keep the
system costs to a minimum while operating the power system in a secure man-
ner and avoiding excessive VRE curtailment, there are two major requirements.
Firstly, there needs to be an efficient long-term planning of the power system,
meaning that there is a coordinated expansion of VRE production and transmis-
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sion capacity to use the available VRE resources in the best possible manner.
This involves making decisions on what kind of VRE production to build and
where. Long-term planning studies investigating the potential and impact on the
power system of increased VRE production are often referred to as renewable
integration studies [26, 27]. Secondly, there needs to be an efficient short-term
operation planning of the existing power system, meaning that it is operated in
a way that minimizes the costs, whether these are economical or environmental,
while maintaining sufficient security levels. This involves making decisions on
how to operate VRE production.

For long-term power system planning and renewable integration studies, the
main tools used are generation expansion planning (GEP) models and production
cost simulation models [26–28]. In GEP models, the decisions on where to build
production are included as decision variables to find the optimal production mix
with respect to, e.g., geographical location and generation technologies [29,30]. In
production cost models, such as unit commitment (UC) models [31], generation
and transmission capacity are taken as given, and only the operation of the power
system is simulated. Notice that all GEP models include some kind of production
cost model, in order to simulate the power system operation for different capacity
configurations. However, this dispatch model is often simplified in order to reduce
the complexity of the GEP model [29, 30]. Integration studies for VRE make
use of both GEP models and production cost models. For example, A GEP
model can be used to determine the amount and mix of VRE production, and
a production cost model used to simulate the operation of the power system in
more detail [32, 33]. However, it is also possible to construct scenarios for VRE
production ex ante, based on analysis of VRE resources, such as wind locations,
and analyse these scenarios directly using production cost models [34,35]. In this
thesis we focus on production cost models, since they are necessary for all VRE
integration studies.

Production cost models are also used for short-term power system operation
planning, with the only difference that these models usually describe the power
system in greater detail compared to models used for long-term studies, hav-
ing, e.g., more detailed representation of individual units and grid constraints.
Prominently, UC models are used to plan the power system operation for time
frames ranging from 24 hours to several days, and are used by many system
operators [36–38]. UC problems include binary decision variables, to represent
on/off and startup/shutdown decisions, and thus become mixed-integer problems,
mostly mixed-integer linear programs (MILP), if the linear DC approximation for
grid constraints is used. For planning the power system on a shorter time frame,
economic dispatch (ED) or optimal power flow (OPF) models, sometimes used
interchangeably, are commonly used [39].

In Europe, the day-ahead markets which are used to plan the power system
operation do not solve UC problems, where all units are represented with their
technical characteristics and cost functions. Instead, producers submit bids to the
market that internalize information about the operation limits of their units [40].
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For example, a producer may submit a block bid, where the bid must be accepted
for several time periods or not at all, in order to represent information about the
minimum operating uptime of its units. The market is then cleared by accepting
the buy and sell bids that maximize the total market surplus. Although the mar-
ket design in Europe is quite different from solving a centralized UC problem, the
aim is still the same, i.e., to operate the power system to deliver the demanded
electricity to consumers at the minimum cost. If it is assumed that the market
results in a dispatch close to the optimal cost-minimizing dispatch of the central
planner, we can model the market as if it were operated by a central planner.
Indeed, under assumptions such as perfect information and the absence of market
power, a deregulated market where producers bid their marginal cost functions
will achieve productive efficiency, meaning that the resulting production schedule
also minimizes the production cost [41]. Thus, in this thesis we focus on cen-
tralized power system operation using production cost and dispatch models, even
though these are not used for electricity market clearing in Europe.

In short, production cost and dispatch models are central to both long-term
and short-term power system planning, and represent the most important tools
for studying curtailment in future power systems. For this reason, the major part
of this thesis is concerned with the development of such models.

1.3 Objectives

In this thesis, we deal primarily with VRE curtailment required due to VRE
variability and uncertainty. For this purpose, we want to develop methods for
long-term power system planning, to perform and improve VRE integration stud-
ies and allow an efficient expansion of VRE production. Also, we want to develop
efficient methods for short-term power system operation planning with high levels
of VRE, and investigate how electricity markets can be designed to facilitate sys-
tem efficient VRE operation. Towards these ends, the following objectives have
been set for this thesis:

1. Analyse the need for curtailment of VRE in a future power system with high
VRE penetration, and investigate how this curtailment can be reduced, in an
economical and environmental manner.

2. Investigate how market rules and grid codes can be adapted to facilitate
efficient operation of VRE production.

3. Develop methods for operation and simulation of power systems with high
penetration of VRE sources, which can achieve system efficient curtailment
of VRE production.

4. Develop open-source tools for power system operation and simulation to fa-
cilitate the use of the research contributions in this project by other actors,
both inside and outside of academia.
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1.4 Papers and Contributions

This section lists the papers which the thesis is based on, as well as a short
summary of each paper. Table 1.2 shows how each paper connects to the thesis
objectives established in Section 1.3. Going through the objectives in order,
papers J1-J3 contribute to the first objective of analyzing the need for VRE
curtailment. J1 focuses on voltage stability and J2 on accommodation of VRE
variability in a production cost model. These papers include case studies for the
Swedish, and, respectively, Nordic power systems. Paper J3 is more generic and
shows examples of when VRE curtailment reduces CO2 emissions compared to
fully dispatching VRE production. Papers J3 and C1 both contribute to the
second objective of investigating market rules and grid codes in relation to VRE
curtailment. The majority of the papers contribute to the third objective of
designing efficient methods for power system operation and simulation, which
can be considered the core topic of this thesis. Finally, J7 and C2 both present
open source models for power system simulation which can be used and further
developed by others.

Although the scope of the thesis is mainly limited to VRE curtailment neces-
sary to deal with VRE variability and uncertainty, some of the papers also touch
upon the other two challenges related to VRE integration that were described in
Section 1.1. Specifically, J1 investigates voltage stability with high VRE pene-
tration and J2 includes a consideration of inertia and frequency stability for the
Nordic power system.

Table 1.2: Publications’ contribution to objectives

Publication
J1 J2 J3 J4 J5 J6 J7 C1 C2 C3

O
bj
ec
tiv

e 1 X X X
2 X X
3 X X X X X X X X
4 X X

Journals Papers:

[J1] E. Nycander, L. Söder, R. Eriksson and C. Hamon, "Minimising wind power
curtailments using OPF considering voltage stability", The Journal of Engi-
neering, vol. 2019, 2019, pp. 5064-5068, doi: https://doi.org/10.1049/
joe.2018.9371.
Summary: In this paper, we develop an AC security-constrained OPF for
minimizing wind power curtailment considering voltage stability. The OPF is
tested using the Nordic 32 bus test system, showing that decreased reactive

https://doi.org/10.1049/joe.2018.9371
https://doi.org/10.1049/joe.2018.9371
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power capability from conventional units can create a need for curtailment
of wind power if wind farms are operated at constant power factor, but that
curtailment can be avoided by adjusting the reactive power production of
wind farms.

[J2] E. Nycander, L. Söder, J. Olauson, and R. Eriksson, "Curtailment analysis
for the Nordic power system considering transmission capacity, inertia limits
and generation flexibility", Renewable Energy, vol. 152, 2020, pp. 942-960,
doi: https://doi.org/10.1016/j.renene.2020.01.059.
Summary: In this paper, we develop a dispatch model for the Nordic power
system to study the need for curtailing wind power in a future scenario with
significant wind expansion, predominantly in the north of Sweden. We investi-
gate several different factors affecting the amount of wind power curtailment,
including the transmission capacity, the addition of a minimum inertia re-
quirement, and the flexibility of nuclear generation. The wind curtailment
for 26.4 GW of installed wind power capacity in the Nordic countries is below
0.3% of annual available generation, with the flexibility of nuclear production
and transmission capacity, particularly between Norway and Sweden, having
the highest impact on the curtailment. The inertia requirement does not give
rise to curtailment, assuming that a ROCOF of 1 Hz/s can be tolerated.

[J3] G. Morales-España, E. Nycander, and J. Sijm, "Reducing CO2 emissions
by curtailing renewables: Examples from optimal power system operation",
Energy Economics, vol. 99, 2021, doi: https://doi.org/10.1016/j.eneco.
2021.105277.
Summary: In this paper, we present several examples from unit commitment
and economic dispatch when not curtailing VRE production causes both in-
creased costs and CO2 emissions, highlighting the importance of dispatching
VRE sources at their true cost and not forcing VRE production into the grid.
We also give several examples from Europe of policies which are effectively
forcing VRE production into the grid, e.g., using subsidies which give in-
centives to VRE producers to maximize their energy production and giving
priority access to VRE sources in the dispatch.

[J4] E. Nycander, G. Morales-España, and L. Söder, "Security constrained unit
commitment with continuous time-varying reserves", Electric Power Systems
Research, vol. 199, 2021, doi: https://doi.org/10.1016/j.epsr.2021.
107276.
Summary: In this paper, we propose a security constrained unit commitment
with continuous time-varying contingency reserves. The formulation extends
the previously proposed power-based UC formulation to consider N-1 security.
Since the power-based formulation models the continuous trajectories of units,
this allows the formulation of continuous contingency reserves which follow the
trajectories of units, thus decreasing the cost for providing reserves and using

https://doi.org/10.1016/j.renene.2020.01.059
https://doi.org/10.1016/j.eneco.2021.105277
https://doi.org/10.1016/j.eneco.2021.105277
https://doi.org/10.1016/j.epsr.2021.107276
https://doi.org/10.1016/j.epsr.2021.107276
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the flexibility of units more efficiently. The proposed formulation is compared
to a similar energy-based formulation with constant reserves, using a 5-min
security constrained economic dispatch to simulate the real-time operation of
the power system, and is found to increase the security of the dispatch.

[J5] E. Nycander, G. Morales-España, and L. Söder, "Capacity and Intra-hour
Ramp Reserves for Wind Integration", under review in IEEE Transactions on
Sustainable Energy, doi: https://doi.org/10.13140/RG.2.2.26629.27363.
Summary: In this paper, we propose an hourly power-based UC-formulation
with intra-hour ramp reserves for dealing with intra-hour wind power vari-
ability and uncertainty. The formulation allows curtailment of wind power in
order to decrease its variability and uncertainty, which can be economical if
the system has limited ramp capability. Several variations of the proposed for-
mulation are tested, to find the best configuration for the intra-hour reserves.
The proposed formulation is then compared to several stochastic formulations,
and found to significantly increase the security of the dispatch, showing its
ability to deal with both intra-hour wind variability and uncertainty.

[J6] E. Nycander, G. Morales-España, and L. Söder, "Power-based modelling
of renewable variability in dispatch models with clustered time periods", Re-
newable Energy, vol. 186, 2022, doi: https://doi.org/10.1016/j.renene.
2021.12.122.
Summary: In this paper, we propose and investigate a power-based version
of the dispatch model from [J2] in order to better model renewable variability
while decreasing the model time resolution in order to decrease the model
size. In large scale energy-system models and capacity expansion models it is
often necessary to limit the size of the model to make the problem tractable,
by, e.g., decreasing the time resolution. However, this comes at the cost
of decreased modelling accuracy, since the variability of load and renewable
generation cannot be captured. Using different case studies, we investigate
the use of power-based and energy-based dispatch models with different time
resolutions. We find that using the power-based formulation better captures
the variability of load and renewable generation, and gives results closer to
the original dispatch model, showing that the formulation can be useful for
applications where model size is critical.

[J7] E. Nycander and L. Söder, "An open dispatch model for the Nordic power
system", Energy Strategy Reviews, vol. 39, 2022, doi: https://doi.org/10.
1016/j.esr.2021.100775.
Summary: In this paper, we present an updated version of the dispatch
model from [J2]. The model has been extended to the Baltic countries,
Poland, Germany, the Netherlands, and Great Britain. Also, pumped hy-
dro has been included and ENTSO-E data has been added to the model so
that it can be run for 35 weather years with consistent data for wind power,

https://doi.org/10.13140/RG.2.2.26629.27363
https://doi.org/10.1016/j.renene.2021.12.122
https://doi.org/10.1016/j.renene.2021.12.122
https://doi.org/10.1016/j.esr.2021.100775
https://doi.org/10.1016/j.esr.2021.100775
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solar PV, run-of-river hydro, and hydro reservoir inflow. The model is avail-
able on Github, together with scripts required to obtain the necessary data
to run a full version of the model. Among the existing models surveyed in the
paper, this is the only model which is completely open (providing the code as
well as the means to obtain the necessary data) and models all price areas in
the Nordpool spot market.

Conference papers:

[C1] E. Nycander and L. Söder, "Review of European Grid Codes for Wind Farms
and Their Implications for Wind Power Curtailments", 17th International
Wind Integration Workshop, Stockholm, 2018, http://urn.kb.se/resolve?
urn=urn%3Anbn%3Ase%3Akth%3Adiva-236565.
Summary: In this paper, we review grid codes for wind power from several
European countries, and compare them to the newly established European
grid code “Requirements for generators” (RfG). We show that RfG leaves
considerable room for different implementations by regulating authorities in
different countries. Regarding wind power curtailments, RfG already includes
the necessary requirements for TSOs to perform dynamic curtailment of wind
farms, such as operating with headroom to provide upward reserves. However,
it is up to the TSOs to require this type of operation in practice and to decide
on the market mechanisms whereby wind farms would be compensated for
these services.

[C2] E. Nycander and L. Söder, "An Open Model for Generating High Resolution
Wind Power Production Scenarios", 2021 IEEE Madrid PowerTech, 2021, pp.
1-6, https://doi.org/10.1109/PowerTech46648.2021.9495067.
Summary: In this paper, we present an openly available model for gener-
ating realistic 5-min time resolution wind power production scenarios and
wind uncertainty ranges. The scenarios and uncertainty ranges can be used
in stochastic or robust UC/OPF formulations, and an arbitrary number of
scenarios can be generated for performing out-of-sample evaluation of the for-
mulations. The model is based on real forecast data and 5-min production
data from Australian wind farms, which allows the reconstruction of the high
frequency component of the wind power production scenarios. The scenar-
ios can thus be used to capture intra-hour wind variability, which is often
neglected in UC/OPF formulations which mostly use hourly time steps.

[C3] E. Nycander, G. Morales-España, and L. Söder, "Reserve Formulations for
Power-Based Unit Commitment with N-1 Security", to be presented in 3rd
International Conference on Smart Grid and Renewable Energy, Doha, 2022.
Summary: In this paper, we investigate power-based UC formulations with
contingency reserves for N-1 security. We propose two different formulations,

http://urn.kb.se/resolve?urn=urn%3Anbn%3Ase%3Akth%3Adiva-236565
http://urn.kb.se/resolve?urn=urn%3Anbn%3Ase%3Akth%3Adiva-236565
https://doi.org/10.1109/PowerTech46648.2021.9495067
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one with constant reserves within the hour and one with time-varying reserves
within the hour. Unlike the traditional energy-based UC formulation, both
power-based formulations guarantee N-1 security within the whole hour for
a piecewise linear demand profile. Compared two using constant reserves,
using time-varying reserves lowers the reserve costs. The properties of the
formulations are illustrated using simple examples, and then evaluated using
a 5-min economic dispatch to simulate the real-time operation of the power
system.

Contributions of the author:
Elis Nycander is the main author of publications [J1]-[J2], [J4]-[J7], and [C1]-
[C3]. For these publications Elis Nycander conducted the research and wrote
the papers under supervision of professor Lennart Söder. Publications [J3]-[J5]
and [C3] were outcomes of a research visit at TNO Energy Transition in the
Netherlands during 2020, working with Germán Morales-España. For publication
[J3] Elis Nycander is the second author. The idea for the paper and the first five
examples were created by Germán Morales-España, while Elis Nycander added
the last example, wrote the original draft of the paper, and carried out most of
the literature review.

Papers not included in the thesis:

[1] A. S. Kumar, I. Kouveliotis-Lysikatos, E. Nycander, J. Olauson, M. Marin,
M. Amelin, and L. Söder, "Open Nodal Power Flow Model of the Nordic
Power System", 2021 IEEE Madrid PowerTech, 2021, pp. 1-6, doi: https:
//doi.org/10.1109/PowerTech46648.2021.9494886.

[2] E. Nycander and L. Söder, "Comparison of stochastic and deterministic
security constrained optimal power flow under varying outage probabilities,"
2019 IEEE Milan PowerTech, 2019, pp. 1-6, doi: https://doi.org/10.
1109/PTC.2019.8810833.

[3] I. Dimoulkas, L. Herre, D. Khastieva, E. Nycander, M. Amelin and P.
Mazidi, "A Hybrid Model Based on Symbolic Regression and Neural Networks
for Electricity Load Forecasting," 2018 15th International Conference on the
European Energy Market (EEM), 2018, pp. 1-5, doi: https://doi.org/10.
1109/EEM.2018.8469901.

[4] G. Morales-España, E. Nycander, and J. Sijm, "Too Much of a Good
Thing: Reducing Emissions by Curtailing Renewables in Power Systems Op-
eration", in International Energy Workshop (IEW), Freiburg, Germany, 2021.
[Online]. Available: http://resolver.tudelft.nl/uuid:a8948b58-bc27-
495a-bd2d-b75230eac857.

https://doi.org/10.1109/PowerTech46648.2021.9494886
https://doi.org/10.1109/PowerTech46648.2021.9494886
https://doi.org/10.1109/PTC.2019.8810833
https://doi.org/10.1109/PTC.2019.8810833
https://doi.org/10.1109/EEM.2018.8469901
https://doi.org/10.1109/EEM.2018.8469901
http://resolver.tudelft.nl/uuid:a8948b58-bc27-495a-bd2d-b75230eac857
http://resolver.tudelft.nl/uuid:a8948b58-bc27-495a-bd2d-b75230eac857
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1.5 Thesis Outline

This section describes structure of the thesis. Each chapter is organized around
a scientific contribution from one or more of the included publications. The
chapters are:

2. Electricity Markets and Grid Codes for Efficient VRE Curtailment
- Presents examples of how curtailing VRE production can help reduce both
operation costs and CO2 emissions, and discusses how electricity markets
and VRE subsidies can be designed to allow efficient VRE curtailment [J3].
Further, a review of European grid codes for wind power concludes that they
are compatible with efficient VRE operation and curtailment [C1].

3. An Open Dispatch Model for the Nordic Power System - Presents
the open-source dispatch model for the Nordic power system, ODIN, from
[J2] and [J7]. The model has been validated against historical data and can
be used to simulate 35 weather years with consistent data for hydro power
inflow, wind, and solar PV generation.

4. Curtailment in the Nordic Sower System - Presents case studies investi-
gating the need for VRE curtailment in the future Nordic power system from
[J2], considering generation flexibility, transmission constraints, and inertia
requirements. Further, the need for curtailment due to steady state voltage
stability under different assumptions of the operation mode of wind farms
was analysed in [J1].

5. Power-based Modelling of Renewable Variability in a Production
Cost Model - Presents a power-based formulation of the Nordic dispatch
model [J6], including power-based modelling of hydro power production. An
evaluation of the performance of energy-based and power-based versions of the
model with different time resolutions show the benefits of using power-based
modelling for this type of models, particularly for modelling VRE curtail-
ments.

6. Generating Wind Power Scenarios for Power System Operation
Planning - Presents the open-source wind power model from [C2]. This
can be used to generate realistic 5 min time resolution wind power produc-
tion scenarios for use in methods for power system operation planning with
uncertainty.

7. Power-based Unit Commitment for Efficient Power System Opera-
tion and Wind Integration - Presents further development of power-based
UC formulations, including N-1 contingency reserves proposed in [J4] and [C3]
and intra-hour ramp reserves for dealing with intra-hour wind power variabil-
ity and uncertainty proposed in [J5].





Chapter 2

Electricity Markets and Grid
Codes for Efficient VRE
Curtailment

This chapter is based on the publications [J3] and [C1]. In [J3] we show that cur-
tailment is often seen as undesirable, which is reflected both in the general power
systems literature and in policies pursued for VRE integration. We then present
several examples showing that, contrary to what is widely believed, curtailing
VRE production can decrease both operation costs and CO2 emissions of power
systems. The conclusion is that VRE production should be dispatched through
electricity markets based on its true cost, similarly to other generators. Then, in
[C1] we analyse the grid codes for wind farms and discuss their implications for
VRE curtailment.

2.1 Undesirability of Curtailment in the Literature

It is generally established that VRE curtailment can be necessary to avoid over-
loading transmission lines or due to other forms of system security [14,42]. How-
ever, it is also often claimed that curtailment should be avoided if not strictly
needed to guarantee system security. Curtailment is sometimes seen as inherently
wasteful [43] and is claimed to increase fuel use and generation-related emissions
of conventional power plants [42]. Furthermore, it has been argued that there is
an inherent value of a “green kWh” [44] as opposed to a “grey kW”, since the for-
mer contributes to meeting renewable targets, which are set as a fixed percentage
of the produced energy in many countries.

The view that curtailment should be avoided is also reflected in the UC lit-
erature, since many UC formulations considering VRE uncertainty do not allow
curtailment [45–53]. For example, one of the most common methods for solving
the UC problem with VRE uncertainty is the robust UC approach. Many robust

15
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UC formulations [45–50] model the VRE uncertainty as a fixed uncertainty set,
and thus do not allow for the possibility of curtailment to decrease the variability
and uncertainty from VRE production. In other cases only the uncertainty of
the residual load (demand minus VRE production) is modelled [51], which also
means that curtailment of VRE is not allowed. Another method to tackle VRE
uncertainty is through chance-constraints, i.e., constraints that only need to be
fulfilled with a certain probability, depending on the outcome of the stochastic
variable representing VRE uncertainty. Many chance-constrained UC/OPF for-
mulations also model VRE uncertainty as a fixed probability distribution, thus
neglecting the possibility for VRE curtailment [52–55].

In fact, it has been shown that inflexible operation of VRE can increase system
operation costs, even if its not strictly necessary for security reasons [15, 56–59].
However, what is not widely known is that inflexible operation of VRE sources
can also increase CO2 emissions. This has been shown to occur in some studies
[58,59], and has been attributed to increased startup emissions from conventional
units [58].

In [J3] we provide several examples showing that forcing VRE production and
not allowing curtailment can lead to a simultaneous increase in both costs and
CO2 emissions. This can occur not only due to more frequent startups and shut-
downs of units, as discussed in [58], but also due to network constraints, ramping
requirements, minimum uptime requirements or reserve/security constraints, all
of which affect the mix of online units. Section 2.3 presents two out of six exam-
ples provided in [J3], considering both ED and UC formulations.

2.2 Policies Forcing VRE Production Into the Grid

The view that curtailment is undesirable is also reflected in policies which have
the effect of forcing VRE production into the grid, irrespective of whether this
is the most efficient way to operate the power system. The main policies which
have this effect are: 1) subsidies to VRE that incentivice negative bidding and
thus avoid curtailment, 2) giving priority dispatch to VRE during system oper-
ation, and, 3) having VRE installations which are insensitive to market signals
such as behind-the-meter installations or installations where curtailment is not
technically possible. The following sections give examples of such policies, with
focus on European power systems.

Renewable Support Schemes
The most predictable VRE support scheme for producers is the feed-in-tariff,
which guarantees VRE producers a fixed price for their energy production. VRE
producers receiving a pure feed-in-tariff will never volontarily curtail their produc-
tion, irrespective of what the market prices are. Feed-in-tariffs are still common
for small-scale VRE, e.g., in both Germany and France where PV plants smaller
than 100 kW receive this subsidy [60].
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For large scale VRE the most common support schemes are different types
of feed-in premiums [61, 62], which means VRE producers are given an extra
payment for every unit of energy produced. While fixed feed-in premiums give a
fixed payment for every MWh, sliding feed-in premiums are designed to guarantee
investors a certain total revenue per produced MWh. This is achieved by calcu-
lating the average (actual or expected) revenue earned by selling the electricity
on the market, and then giving a top-up payment until the guaranteed revenue,
or the “strike price”, is reached [62]. Both fixed and sliding feed-in premiums
give incentives for VRE producers to produce at negative prices, but to varying
degrees. Some sliding feed-in premiums, such as the SDE+ support scheme in the
Netherlands [63], give very similar incentives to feed-in-tariffs, since they almost
completely compensate the losses incurred by VRE producers during periods of
negative prices. Fixed feed-in premiums, for which the premium is determined
independently of the wholesale electricity price, give incentives to produce until
the negative subsidy is reached. One such example is the electricity certificate
program in Sweden and Norway [61].

In [J3] we also show that VRE producers withhold flexibility from electricity
markets using real market data. Although bids submitted to European electricity
markets are anonymous, it is possible to infer the behaviour of VRE production
such as wind from the aggregated bid curves. Fig. 2.1 shows the negative bidding
by wind power for the Nordpool market. For each hour, Fig. 2.1 shows the
volume of all bids within a certain price range together with the aggregate wind
production, as well as the Pearson correlation coefficient and R2 value when
the bid volume is regressed against the wind power production. The strong
correlation between the time series clearly indicates that the bids consist mainly
of wind power.1 Surprisingly, there seems to be a significant amount of wind
power that is bidding below -100 EUR/MWh. Since Nordpool includes countries
with different VRE support schemes it is not clear if this bidding is motivated
by VRE subsidies or if it is related to operational strategies of wind producers.
For example, it may be that a wind producer considers the risk of incurring a
substantial loss due to negative prices so low that it is better to bid close to the
price floor and thus ensure being dispatched, to avoid having to be prepared to
curtail its production. Similar results were also found using market data from
the Netherlands [J3].

Priority Dispatch

During times when curtailment is necessary, market prices may induce VRE to
self-curtail, if prices become sufficiently low (negative). However, often it can
happen that the need for curtailment is not seen by the market, either due to
forecast errors that become apparent first close to real time, or if curtailment

1Notice that a perfect correlation cannot be expected, since the bids made in the day-ahead
market contain forecast errors.
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Figure 2.1: Evidence of negative bidding by wind in the Nordpool market from 2020.
Solid line shows aggregate wind generation (left axis) and dashed line shows the
total volume of spot market bids (right axis) in the range (−100,−20] EUR/MWh
(top) and (−500,−100] EUR/MWh (bottom).

is necessary due to, e.g., grid congestion or security reasons not considered in
the market clearing. In such situations system operators will have to make the
choice of which units to curtail. Often in these situations VRE has priority
to be dispatched. For example, in Germany it is mandated by law that VRE
curtailment is only allowed if the issues creating the need for curtailment (grid
congestion or severe threats to system reliability) cannot be solved by curtailing
conventional generation [10,64]. By EU law, all VRE commissioned before 4 July
2019 or VRE with a capacity below 400 kW is subject to priority dispatch [65],
meaning that it will be curtailed after conventional generation.

Behind-the-meter Generation
Significant amounts of VRE, particularly solar PV, is installed behind the meter
in private homes and commercial buildings, which means that the production of
these VRE units is not directly monitored by the TSO/DSO. Such generation
is mostly price-insensitive, as the plant owner is not exposed to market prices.
Also, most such plants are small scale and may not have the technical capability,
such as remote control, to perform curtailment. For example, the European grid
code RfG does not require power plants smaller than 1 MW to be able to be
operated remotely, although it is possible for TSOs to require remote turn-off
capability [66]. In Germany, 52% of all solar capacity, or 22 GW, is installed in
systems with less than 100kW capacity [67].
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2.3 Examples of Reducing CO2 Emissions by Curtailing
VRE Production

Here we provide two examples of how different constraints in both UC and ED
can create a situation when curtailing VRE decreases both costs and CO2 emis-
sions. In the first example (ED), limited ramping capability forces the use of a
polluting unit, and in the second example (UC), N-1 security constraints com-
bined with minimum generation limits force the use of a polluting unit. In [J3]
four more examples are provided, where we show that situations when curtailing
VRE production reduces both costs and CO2 emissions can occur 1) due to net-
work constraints which create the need for inefficient redispatch actions if VRE
is not curtailed, 2) due to increased need for flexibility from the system in terms
of unit cycling and increased ramp capabilities, and 3) due to reserve/security
requirements.

The examples are based on the generator units shown in Table 2.1. The costs
and emissions of the units are taken from [58], assuming a CO2 price of $25/ton.
Notice that wind power production is completely flexible within the range given
by the available production. For complete system data, including load and wind
power profiles, as well as the ED and UC formulations, see [J3].

Table 2.1: Generator units

Type Fuel Max prod
[MW]

Min prod
[MW]

Max ramp
[MW/h]

Min up
time [h]

Min dwn
time [h]

Startup
cost [$]

Startup
emis [ton]

Marg cost
[$/MWh]

Marg emis
[ton/MWh]

ST Coal 200.0 80.0 80.0 3 2 48879.0 1035.0 38.8 0.824
CCGT NG 300.0 120.0 120.0 3 3 15671.0 190.0 27.7 0.337
CT NG 150.0 50.0 100.0 1 1 18687.0 49.0 69.6 0.844
Wind - - - - - - 0 0 0 0
Types: ST - Steam turbine, CCGT - Combined cycle gas turbine, CT - Combustion turbine (single cycle)
Fuels: NG - Natural gas

ED Example: Ramping Constraints
This example consists of the CCGT and CT units together with a wind unit,
which must supply the demand shown in Fig. 2.2. Minimum ouput levels are not
considered and wind can provide a steady supply of 100 MWh for all periods.
When wind is forced to produce its maximum possible output for all the periods,
the optimal dispatch for the remaining units is to dispatch the next more expen-
sive unit CCGT (60 MWh), thus covering the demand completely for the first
two hours, and then increasing its production to 180 MWh by ramping up at its
maximum ramping capability (120 MW/h). However, since the CCGT cannot
cover the complete demand ramping requirement of 220 MW/h, then the CT has
to provide the ramping and energy deficit of 100 MWh in hour 3.

However, if wind is curtailable it will be optimal to curtail 100 MWh of wind
in hour 2, thus allowing the CCGT to ramp up by 100 MWh, as shown in the
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right part of Fig. 2.2. Then, in hour 3, the total ramping requirement of 220
MWh can be satisfied by the combined ramp of the CCGT and the wind unit,
thus avoiding the need to start the CT. In this example, costs and CO2 emissions
decrease by 6%, by curtailing 25% of the available wind power production, as
shown in Table 2.2. This example demonstrates how curtailing VRE production
decreases the variability of the net load, thereby allowing a cheaper and less
polluting dispatch of remaining units.
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Figure 2.2: ED with ramp constraints: forcing wind (left) and optimally dispatching
wind (right).

Table 2.2: Results from ED with ramp constraints

Gen. [MWh] Cost [$] CO2 [ton]
Forced Optimal Forced Optimal Forced Optimal

CCGT 580 780 16066 21606 195.46 262.86
CT 100 0 6960 0 84.4 0
Wind 400 300 0 0 0 0
Tot 1080 1080 23026 21606 279.86 262.86
Avg. [1/MWh] - - 21.3 20 0.259 0.243
Diff. [%] - - - -6.1 - -6.2

UC Example: N-1 Security and Minimum Output
In this example all units in Table 2.1 are considered and must supply a constant
load of 300 MW together with the wind production shown in Fig. 2.3. Addition-
ally, the UC formulation in this example also includes N-1 security constraints,
i.e., a security requirement that ensures that if any of the units supplying the
load is lost due to an outage, the remaining online units have enough reserves
to make up for the lost production. In this example only conventional units are
able to provide reserves. This means that at least two conventional units need
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to be online, so that in case one of them fails the other one can supply the lost
production. It is assumed that whichever units are scheduled in the first period
they have been previously online, i.e., startup costs are not imposed in the first
hour.
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Figure 2.3: UC with N-1 security: forcing wind (left) and optimally dispatching
wind (right).

Table 2.3: Results from UC with N-1 security

Gen. [MWh] Cost [$] CO2 [ton]
Forced Optimal Forced Optimal Forced Optimal

CCGT 0 960 0 26592 0 323.52
CT 400 0 27840 0 337.6 0
ST 720 640 27936 24832 593.28 527.36
Wind 1280 800 0 0 0 0
Tot 2400 2400 55776 51424 930.88 850.88
Avg. [1/MWh] - - 23.2 21.4 0.388 0.355
Diff. [%] - - - -7.8 - -8.5

Fig. 2.3 shows the optimal production schedules and Table 2.3 shows the
corresponding costs and CO2 emissions. If all wind power is dispatched, the
optimal schedule uses the ST and the CT. Although the CCGT is more economical
than both the ST and the CT, it is not possible to schedule this unit because the
net load is too low to allow simultaneous operation of the CCGT together with
another unit.

However, if wind can be curtailed, it is possible to lower wind generation
enough to allow the CCGT to replace the CT in the operation schedule. This
curtailment of 33% of available wind power results in a reduction of costs by 8%
and emissions by 9%, as shown in Table 2.3.
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2.4 Grid Codes for VRE Sources

In order to ensure a reliable power system TSOs or other regulating authorities
specify grid codes with requirements that must be fulfilled by generators that
want to connect to the power system. Grid codes are important for power plant
developers and operators since they impose minimum technical requirements that
power plants must satisfy. As the share of VRE in power systems has grown, it
has become increasingly important to adopt grid codes for VRE sources to ensure
that the increasing VRE penetration does not endanger the reliability of the power
system [68–72] .

In the EU there has been increasing harmonization of grid codes with the
implementation of the EU-wide grid code Requirements for Generators (RfG)
[66] which came into force in May 2016. In [C1] we reviewed grid codes from
several countries in Europe and compared them to the requirements in RfG. The
reviewed grid codes are shown in Table 2.4. The focus was on grid codes for
wind farms, and the grid codes were reviewed in terms of 1) tolerance for voltage
and frequency deviations under normal operation, 2) active power control and
frequency regulation, 3) reactive power control and voltage regulation, and 4)
behaviour under grid disturbances. Since RfG specifies grid codes for wind farms
and solar farms collectively as “Power Park Modules”, most of the conclusions
in [C1] are valid not only for wind farms but also for solar farms. RfG instead
differentiates production units using the types A-D, based on the voltage at the
point of connection and capacity of the units. All units connected at or above
110 kV or greater than 30 MW in the Nordic region and 75 MW in continental
Europe belong to type D, which have the strictest connection requirements.

Table 2.4: Reviewed grid codes

Grid code Country TSO/Agency Year EU area Ref
Grid codes reviewed in [C1]

Teknisk forskrift 3.2.5 Denmark Energinet 2016 Nordic region [73]
Grid Code v.6 Ireland Eirgrid 2015 Ireland and

North. Ireland
[74]

Grid Code 5 Rev. 25 UK National Grid 2018 - [75]
O-NAR* Germany TenneT 2017 Cont. Europe [76]
RfG EU ENTSO-E 2016 - [66]

Additional grid codes
EIFS 2018:02 Sweden Ei** 2018 Nordic region [77]
* Preliminary version, for offshore wind
** The Swedish Energy Markets Inspectorate

For VRE curtailment, the most relevant parts of the grid codes are those
dealing with active power control and frequency regulation. Thus, we proceed to
summarize the most important parts from [C1] dealing with active power control.
Since the publication of [C1] the Swedish implementation of RfG, known as EIFS
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2018:2 [77] has also been released, and we thus include it among the reviewed
grid codes, as shown in Table 2.4.

The active power regulation required in the grid codes can be divided into au-
tomatic frequency response, where the active power is automatically adjusted by
frequency-based governors, and manual control where the active power is changed
according to set point values given by the TSO.

RfG defines three different frequency response types, shown in Table 2.5.
Limited Frequency Sensitive Mode for Over-frequencies (LFSM-O) is required
by all units and requires them to reduce the active power for over-frequencies
with a constant droop setting. Additionally type C and D units should have the
ability to operate in Limited Frequency Sensitivity Mode for Under-frequencies
(LFSM-U) or Frequency Sensitivity Mode (FSM) which both involve an active
power increase for under-frequencies. These modes require that the units are
curtailed from their maximum output. In EIFS it is specified that units in FSM
mode should operate with a regulating interval of 5-10% of their maximum con-
tinous output, i.e., operating between the ranges (95%,100%) and (90%,100%) of
maximum output, meaning that the units would be curtailed 2.5-5% on average,
assuming the average production is in the middle of the regulating interval. An
important setting affecting the use of FSM is the deadband around the nominal
frequency, in which no active power response is required. In EIFS the default
value for the FSM deadband is 0.1 Hz. Since the normal operating range for the
frequency in the Nordic system is 49.9-50.1 Hz, it means that units operating
in FSM mode will not activate their reserves inside the normal frequency band.
For VRE sources, this raises the question whether it’s economically justified to
continuously curtail the production in order to provide reserves which are mostly
inactive. Given the relatively high opportunity cost of curtailing VRE produc-
tion, it makes most sense to use VRE to provide the ancillary services with the
highest value, which is the primary frequency containment reserve (FCR) used
during normal operation.

Table 2.5: Frequency sensitivity modes specified in RfG

Mode Description
LFSM-O Limited Frequency Sensitivite Mode for Over-frequencies. Down-regulation

for high frequencies. Threshold value 50.2 Hz - 50.5 Hz. Droop 2% - 12%.
Response within 30 seconds.

LFSM-U Limited Frequency Sensitivitey Mode for Under-frequencies. Up-regulation for
low frequencies. Threshold value 49.5 Hz - 49.8 Hz. Droop 2%-12%. Response
within 30 seconds.

FSM Frequency Sensitivity Mode. Provide both up and down regulation with dead-
band of 0 Hz - 0.5 Hz and droop 2% - 12%. Response within 30 seconds.
Reserves 1.5% - 10% of available capacity.

Regarding manual active power control, RfG has a general requirement for
units be able to change their active power production according to set points



24
CHAPTER 2. ELECTRICITY MARKETS AND GRID CODES FOR

EFFICIENT VRE CURTAILMENT

issued by the TSO. In EIFS it is further specified that units should be able to
reduce their output to 50% of maximum power within 60 seconds. Notice that
these requirements assume that the necessary communication infrastructure is in
place for units to respond to automatic signals issued by the TSO. In fact, this is
often not the case for existing VRE installations and other power plants. Since
the Nordic power system operates by means of self-scheduling [78], there has been
limited automatic communication between TSOs and power plant operators [79].
The previous Irish grid code considered the absence of automatic communication
by allowing wind farms 120 days to change the frequency response mode. Thus,
the requirements in grid codes are ahead of what many units existing today satisfy.
However, as the fleet of power plants is renewed, more units will meet the new
requirements.

2.5 Conclusion and Discussion

In [J3] we showed that there is a widespread view that VRE curtailment should
be avoided unless it is necessary to guarantee power system security. However,
we demonstrate that there are many different situations when curtailing VRE
production reduces both operation costs and CO2 emissions, since treating VRE
production as must-take generation forces a more costly and polluting use of the
remaining units in the system. Even though the examples given in [J3] use sim-
plified systems, they demonstrate the mechanisms that give rise to the situations
when curtailing VRE production reduces costs and emissions. More research us-
ing realistic test systems is needed to determine to what extent these situations
appear in real power systems. However, in general better market integration of
VRE production is desirable, to allow VRE sources to be dispatched based on
their true costs and deliver flexibility to the power system.

In [C1] we reviewed grid codes for VRE production, concluding that technical
requirements for performing VRE curtailment are already in place. Large VRE
units can be required to operate with reserves to be able to participate in fre-
quency regulation for both over and under frequencies. In case of local congestion
or voltage limit violations, units can be required to reduce their output to a set
point issued by the TSO. However, requirements specified in grid codes are not
enough to ensure efficient operation of VRE units. Additionally, in deregulated
and liberalized power systems, market designs are needed to provide incentives
for VRE sources to offer their full flexibility to the market, thus maximizing their
value to the system.



Chapter 3

An Open Dispatch Model for the
Nordic Power System

In this chapter we present ODIN, an open dispatch model for the Nordic power
system, from papers [J2] and [J7]. We begin with a survey of existing produc-
tion cost models in Section 3.1 to motivate its development. Then, a high level
overview of the model is given in Section 3.2, followed by more detailed descrip-
tions of various aspects of the model implementation in Section 3.3. Finally,
Section 3.4 concludes.

3.1 Motivation

Efficient planning of power systems requires production cost models for simulating
the power system operation over long time periods. Table 3.1 shows a selection of
models that may be used for simulating the operation of the Nordic power system.
The emphasis is on openly available models, but a few models which are not open
have also been included in the first part of the table. To ensure coverage of the
models we consulted the Open Energy Database model factsheet [80]. All models
that 1), have open source code (not necessarily data) and 2), have been used
for modelling multi-national parts of the European or Nordic power system are
included in Table 3.1. Notice that most models are generation expansion planning
(GEP) models, which also include an economic dispatch (ED) model. For some
GEP models, e.g., EMMA, an option to run the model as a pure dispatch model
without generation expansion exists. In general, pure ED models can have more
detailed representations of the power system such as higher spatial resolution or
more detailed transmission constraints without being too complex to run. Most
models use GAMS or Python for building the optimization problem.

Among the models with open source code, many do not have open data that
can be used to run out-of-the-box simulations for the European or Nordic power
system. Since the data collection and pre-processing is a substantial part of the

25
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Table 3.1: Existing models covering the Nordic or European power system

Models not publicly available

Name Type Software Scope Data available Nordic spatial
resolution Ref

EDGESIM ED Matlab, GUSEK Nordic - Nordpool price areas [81]
EPOD ED GAMS Europe - Sub-national areas [82]
EU-RENGEN GEP, ED GAMS Europe - 1 nordic region [83]
LIMES-EU GEP, ED GAMS Europe - Countries [84,85]
PRIMES GEP, ED GAMS Europe - Sub-national areas [86]
REMix GEP, ED GAMS Europe - 1 nordic region [87]

Open Models

Name Type Software Scope Data available Nordic spatial
resolution Ref

Balmorel GEP, ED GAMS Nordic Nordic Sub-national areas [88]
Calliope GEP, ED Python Generic Europe Sub-national regions [89,90]
DIETER GEP, ED GAMS Europe Cont Europe - [91]
DISPA-SET ED Python, GAMS Europe Europe Countries [92]
dynELMOD GEP, ED GAMS Europe Europe Countries [93]
ELMOD ED (G) GAMS Europe German model - [94]
EMMA GEP, ED GAMS Europe Europe excl FI Countries [95]
GenX GEP, ED Julia Generic Test systems - [96]
openTEPES GEP, ED (G) Python Generic Spanish system - [97]
OSeMOSYS GEP, ED Python, GAMS Generic Test systems - [98]
TIMES GEP, ED GAMS, VEDA Generic - - [99]
URBS-EU GEP, ED Python Europe Test system Sub-national areas [100]
Wilmar ED (S) GAMS Nordic Test-system Sub-national areas [101,102]
Notes: GEP - Generation expansion planning, ED - economic dispach, S - stochastic, G - transmission grid

modelling effort for a realistic model, this reduces the usefulness of these models.
One reason why such data is not released can be the unclear legal status relating
to ownership of the data, as discussed in [103]. For example, many models may
make use of the ENTSO-E Transparency Platform (TP), and it is not clear to
what extent redistribution of this data is legal [104].

Of the models which do provide data that can be used to run out-of-the-box
simulations there are five models covering the whole or parts of the Nordic power
system: Balmorel, Calliope, DISPA-SET, dynELMOD, and EMMA. Of these
models, only Balmorel and Calliope use sub-national spatial resolution for the
Nordic countries. However, these models, which are primarily aimed at capac-
ity expansion, do not use areas corresponding to the current price zones in the
Nordic system and also have not been validated to reproduce historical production
patterns.

To summarize, no model exists which satisfies the following criteria:

1. Having open source code and can be run using only open-source software.

2. Including data required to run an out-of-the-box simulation for the Nordic
power system over at least one year.
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3. Modelling the Nordic power system on a sub-national level, to simulate inter-
nal bottlenecks in the Nordic countries, and having been validated to repro-
duce historical production and transfer patterns.

However, these criteria are met by the Open DIspatch model for the Nordic
power system, ODIN, presented here. Also, ODIN includes data to simulate 35
weather years with consistent weather-dependent production (hydro power, wind,
and solar). ODIN is implemented in Python and the full model is available on
Github [105].

3.2 Model Overview

ODIN is an area-based dispatch model for the Nordic power system. Fig. 3.1
shows an overview of the included countries. Since the model was built to model
the Nordic power system (Denmark, Norway, Finland, and Sweden) it has more
detailed representation of these countries, but neighbouring countries have been
included to increase the modelling accuracy.
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Figure 3.1: Map of areas included in ODIN.

The model includes the aggregated production types thermal, nuclear, hydro,
wind, and solar. For hydro production, both reservoir hydro, run-of-river hydro,
and pumped hydro is included. The aggregation of all conventional thermal
production (gas, coal, CHP, etc.) into one category is quite crude, but was chosen
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since the Nordic power system is hydro-dominated, with 57% of total production
coming from hydro in 2018. Also, the main purpose of the model is to study
the integration of VRE in the Nordic system, meaning that modelling of different
types of thermal generation is less important.

The model takes as input demand, potential wind and solar production, hydro
reservoir inflows, as well as installed production capacities and costs for the dif-
ferent areas. It then optimizes the dispatch of the different production categories
over the given time period, giving production in different areas, transfers between
areas, and prices in each area. Though the model may be solved for time periods
as short as a few days, it was primarily meant for simulating the power system
over longer time periods, e.g. 1 year.

3.3 Model Implementation

ODIN is implemented completely in Python. It uses data from the ENTSO-E
Transparency Platform (TP) [106] and from the Pan-European Climate Database
released with the ENTSO-E 2020 Mid Term Adequacy Forecast (MAF) [107]. The
MAF data has time series for solar and wind production and hydro power inflows
for 35 years (1982-2016). For more information relating to the input data used
by ODIN, the structure of the model source code, and model validation, we refer
to [J7].

In the following, the method used to fit the cost functions for thermal gener-
ation in the model is described, followed by a description of the most important
aspects of the hydro power modelling.

Cost Functions for Thermal Generation
Unlike most production cost models, ODIN uses quadratic cost functions for
thermal generation. The cost functions are fit using historical production and
price data, as shown in Fig. 3.2 for DK1. The marginal cost is given by

MCt = k · qt +mw (3.1)

where qt is the hourly thermal production. Notice that while the slope k of the
marginal cost function is constant, the offset mw = mw(t) varies on a weekly
basis. The least squares minimization problem to fit the cost parameters is given
by

min
k,{mw}

∑
t∈T

(pt −MCt)2 = min
k,{mw}

∑
t∈T

(pt − kqt −mw)2 (3.2)

where pt is the historical price and T is the set of all hours for which the cost
function is fit. Fig. 3.2 shows how mw varies throughout the year. Once k is
known it is also possible to compute an average offset mavg as

mavg = p− kq (3.3)
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Figure 3.2: Cost fit for thermal generation for DK1 for 2018. The top figure shows
the weekly varying offset m as well as its average value, and the bottom figure
shows the yearly price and production data used to fit the cost function, as well as
the fit using the yearly average m value.

where p and q are the average price and production during the period.
As shown in Fig. 3.3, using weekly m values better captures the seasonality of

thermal generation. The reason is that the amount of available thermal generation
decreases in the summer, as plants are shut down for maintenance and low heat
demand reduces electricity production from CHP plants. This shift of the supply
curve can be seen in Fig. 3.4, which shows the aggregate supply curves from
Nordpool for four selected hours during 2018. From January to July the total
offered capacity decreases by about 12 GW.

The shift in the supply curves is captured using the weekly offsets mw for the
marginal cost curves. For a given week the change in mw compared to the first
week corresponds to a shift in the supply curve ∆qw given by

∆qw = −∆mw

k
= −mw −m1

k
(3.4)

Fig. 3.5 shows the weekly shifts in supply curves calculated in this way for the



30
CHAPTER 3. AN OPEN DISPATCH MODEL FOR THE NORDIC POWER

SYSTEM

04-01 04-02 04-03 04-04 04-05 04-06 04-07 04-08 04-09

1

2

GW
h

Jan
2018

Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

0.5

1.0

1.5

2.0

2.5

3.0

GW
h

NMAE: 
weekly: 0.27
avg: 0.41

m (weekly)
m (avg)
data

Figure 3.3: Comparison of thermal production in DK1 for model run for 2018 using
variable and constant cost functions with historical data. Using weekly offsets in
the cost function better captures the seasonal changes of thermal production. The
top plot shows the production for 8 days in April.

different price areas. In the bottom figure the total shift is compared with the
24 hour average of the shift of total capacity offered on Nordpool. It can be seen
that the inferred seasonal behaviour from the fitted thermal costs is similar to
the seasonal variation of the actual supply on Nordpool. However, whereas the
total change in supply on Nordpool is around 12 GW during the summer, the
supply shift of thermal generation in the model is around 9 GW.
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Figure 3.4: Nordpool supply curves from 2018. From January to July, the total
offered capacity decreases by about 12 GW. The inset shows the part of the supply
curves in the range 30-50 EUR/MWh.
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the marginal cost curves.
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Hydro Power Modelling
For each area, hydro power production is divided into reservoir hydro produc-
tion using a single reservoir with aggregated reservoir capacity, and run-of-river
production, as is commonly done in large scale power system models [108]. Also,
areas may have pumped hydro production. For areas with pumped hydro, the
pumping can be from the main reservoir, or there can be a separate reservoir for
closed loop pumped hydro production. Thus, there are three possible configura-
tions for hydro power production:

1. No pumped hydro

2. Pumped hydro from main reservoir

3. Pumped hydro from separate reservoir

Here we provide some more details on different aspects of the hydro power
modelling. For a complete mathematical description and parameters for the hydro
power modelling, see [J7].

Inflow Data

There are two different data sources available for the hydro power inflow per area.
Either MAF inflow data can be used, or the inflows can be calculated based on
historical reservoir and hydro production values. The calculated weekly inflow
for a given price area is given by

Iw =
∑
t∈w

Ht +Rw −Rw−1, (3.5)

where Ht is the hourly hydro production in that area and Rw is the aggregate
reservoir level at end of week w. This method ignores spillage, and will thus
underestimate inflows if there was significant spillage. However, as shown in
Fig. 3.6, the calculated inflow values for Sweden show very good agreement with
historical data. Fig. 3.6 also shows the MAF inflow, which deviates more from
the historical data.

Fitting Run-of-River Shares

It is important to consider run-of-river generation when modelling hydro power.
However, for most of the modelled countries separate data for run-of-river inflow
is missing. Hence, a fixed share of the total inflow was treated as run-of-river
production.

To find reasonable values for the share of run-of-river inflow, the model was
run while varying the share of run-of-river and comparing the resulting hydro
power production to historical data. As shown in Fig. 3.7, there is an optimal
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Figure 3.6: Total weekly reservoir inflow for Sweden from the calculated inflow
data, the MAF inflow data, and historical data from Energiföretagen. The legend
shows the normalized MAE compared to the historical data, which is 4% for the
calculated inflow and 20% for the MAF inflow.
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Figure 3.7: NRMSE for hydro production vs share of inflow that is run-of-river. The
period modelled was 2018-04-20 to 2018-06-20. For each case, run-of-river fraction
of the corresponding area is varied and the NRMSE shown is for the total hydro
generation of that area. Solid lines show results using 2018 data and dashed lines
show results using 2017 data. The difference between constant and linear inflow is
a minor difference relating to how weekly inflows are interpolated to hourly values,
as described in [J2].
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Table 3.2: Optimal run-of-river shares based on Figure 3.7

2018* 2017*

FI 0.27 0.31
SE1 0.13 0.17
SE2 0.21 0.15
SE3 0.27 0.22
SE4 - -
*Based on linear
interp. from Fig. 3.7

fraction for most areas which gives the hydro production closest to historical
values, and Table 3.2 shows the resulting run-of-river fractions.

To illustrate the effect of including run-of-river hydro generation, Fig. 3.8
and Fig. 3.9 show hydro generation in Finland during the period of the spring
flood (2018-04-20 to 2018-06-20) with, respectively, a run-of-river share of, 0 (no
run-of-river), and the optimal share of 0.27. With no run-of-river generation the
model will ramp up and down much more than the actual production, especially
during the high inflow period beginning in May. However, when run-of-river
is included the minimum generation is increased during the high inflow period,
giving a behaviour closer to historical values. This is also reflected in the decrease
of the normalized RMSE from 0.3 to 0.1.
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Figure 3.8: Hydro generation in Finland without run-of-river.
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Figure 3.9: Hydro generation in Finland with 0.27 of inflow as run-of-river share.
Total generation in model consists of reservoir generation and run-of-river genera-
tion.

Pumped Hydro Modelling

For pumped hydro, there can either be a separate reservoir, or the pumping can
be from the main reservoir which also holds the natural inflow. If the aggregate
reservoir is very large, the model will be able to use the pumped hydro to shift
large amounts of energy between different weeks or seasons. However, in countries
where pump hydro exists, e.g., Germany, it is mainly used for daily cycling, i.e.
pumping during the night and producing during the day, as shown in Fig. 3.10.

In the MAF 2021 hydro power dataset [107], there is 608 GWh of pumped
hydro reservoir capacity in Germany. However, as, shown in Fig. 3.11, running
the model with this amount of pumped hydro reservoir capacity overestimates
its flexibility, leading to too low hydro production during some periods and too
high production during others. Decreasing the pumped hydro reservoir capacity
to 20 GWh gives a much better result when comparing to historical hydro power
production data, as shown in Fig. 3.12. For this reason, some pumped hydro
reservoir capacities have been decreased when tuning the model, to get better
agreement with historical production data.
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Figure 3.10: Pumped hydro production in Germany. Data from ENTSO-E.
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Figure 3.11: Hydro production in Germany with 608 GWh of pumped storage
reservoir capacity as in MAF data. The total hydro production in the model consists
of reservoir hydro, run-of-river hydro, and pumped hydro.
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Figure 3.12: Hydro production in Germany with 20 GWh of pumped storage reser-
voir capacity.

Time Resolution for Hydro Reservoir Balance

It is possible to decrease the time resolution for modelling the hydro reservoir
balance constraint, by defining the reservoir content and spillage as daily instead
of hourly variables. This has been implemented as an option in the model, in
order to decrease the computational burden.

Table 3.3 compares the results when running the yearly model for 2019 for the
Nordic countries (DK, FI, NO, and SE) with hourly and daily resolution for the
reservoir balance. The difference in the objective is negligible but the number of
variables and constraints in the model decreases by 15.5%, and 9.4%, respectively.
This shows that the decreased time resolution is an effective way to decrease the
computational burden of the model. Fig. 3.13 shows the yearly reservoir content
for SE1. Note that even though the model with hourly and daily resolution give
the same objective, there is a notable difference in the reservoir profiles.

Table 3.3: Model size for hourly and daily reservoir balance

Objective NumVars NumConstrs
Hourly 1422.3884 1083264 891022
Daily 1422.3882 915824 807302
Diff (%) -0.000018 -15.5 -9.4

Using daily resolution for the reservoir balance works well when the hydro
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Figure 3.13: Hydro reservoir content in SE1 with hourly and daily resolution for
the reservoir constraints, compared to ENTSO-E historical data. Model was run
for 2019 with all Nordic countries (DK, FI, NO, and SE).

reservoirs are large and mainly used for seasonal storage. However, if there is
pumped hydro which is used for daily cycling and the reservoir capacity is a
limiting factor, the reservoir from which the pumping is done should be modelled
with hourly resolution. Thus, the recommended setting with pumped hydro would
be model the main reservoirs with a daily resolution and have separate reservoirs
for pumped hydro which are modelled with hourly resolution.

3.4 Conclusion and Discussion

The development of ODIN, the open dispatch model for the Nordic power system
and neighbouring countries, including the entire Nordpool electricity market area,
has been a major part of the work conducted in this thesis. Although many
different open-source electricity market models already exist, none of them model
all the Nordpool price areas and allow the user to do an out-of-the-box simulation
using the complete model. Apart from being completely open-source and having
been validated against historical data, ODIN also comes with data which can be
used to run the model for 35 weather years, with consistent hydro power reservoir
inflow, wind power, and solar power. Further, ODIN can be run using the open-
source solver ipopt, thus avoiding the dependence on commercial optimization
solvers.

By making the model completely open, we hope that this will allow others to
start using and contributing to the model. There are many possible interesting
applications of the model and also a lot of potential for further improvement.
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In Chapter 4 we use the Nordic dispatch model for a case study looking at
VRE curtailment in 2025. However, regarding VRE integration and curtailment,
it would be interesting to use the model for a more thorough analysis of future
scenarios for the Nordic power system, in 2030 and beyond. For this analysis
it would be necessary to include additional storage technologies in the model,
such as batteries and hydrogen production, as well as a better representation of
demand side flexibility.

Another possibility for studying the future Nordic power system would be to
extend the model into a GEP model, in order to find the optimal allocation of
new VRE production and storage technologies. To date not many analyses of
this kind have been carried out for the Nordic power system. A recent example
is the study by Staffan Qvist [109] which used the GenX model but made many
simplifying assumptions regarding, e.g., hydro power production, and only con-
sidered capacity expansion in Sweden. A similar study using ODIN would have
the additional benefit of using both open source code and open data. This would
allow the complete model and dataset used for the study to be made publicly
available, allowing others to test the effect of different assumptions on the re-
sults, contributing to increased transparency in the discussion about the future
Swedish and Nordic power systems.

An important improvement of the model would be if it could include a more
detailed representation of the physical power grid. The model now uses net
transfer capacity values to limit the transfer between different price areas, but
these can change as the power system evolves, if, e.g., expansion of renewable
generation and decommissioning of conventional generation affect the capabilities
to deliver ancillary services such as reactive power support. Including a grid model
would give information about internal bottlenecks inside the price areas. It could
be accomplished by integrating a grid model such as that in [110]. By using fixed
distribution factors mapping different generation types to different buses in the
grid, the model could also incorporate ex ante power flow constraints, to run
time-dependent optimal power flows to simulate a nodal market.

Finally, it would be possible to adapt the model to make it more suitable to
study offshore wind power in the North sea. Including a separate area with North
sea offshore wind power, the model could be used for studying the economical
and operational aspects of this offshore wind development.





Chapter 4

Curtailment in the Nordic Power
System

This chapter presents case studies for the Nordic power system, looking at curtail-
ment in future scenarios with increased VRE production. The purpose of these
case studies is to investigate how different aspects of power system operation,
including VRE variability and geographical distribution, network constraints, fre-
quency stability, and voltage stability, can be expected to affect curtailment in
the Nordic power system. We first summarize the case study from [J2], which
uses Nordic dispatch model ODIN, and then the case study from [J1], which looks
at curtailment due to voltage stability.

4.1 Curtailment Using the Nordic Dispatch Model

Model Assumptions
The model used for this case study is described in detail in [J2]. It is the first
version of ODIN, which included Denmark, Norway, Sweden, and Finland. The
case study used 2018 as the base year, meaning that variable time series data,
e.g., demand and transmission capacities between areas, for 2018 were used.

Additional transmission capacities corresponding to reinforcements of the trans-
mission system and new HVDC links were added and the production capacities
for thermal, nuclear, solar, and wind production were updated, as described in
[J2]. The assumptions for wind power and the kinetic energy constraints are
described in more detail below.

Wind Power Scenarios
For wind power production two scenarios were developed using the model by
Olauson and Bergkvist [111]. The model uses a detailed database of planned
future wind farms together with ERA-5 reanalysis wind speed data to generate

41
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aggregate wind power production profiles for the different price areas in the Nordic
countries.

Table 4.1: Wind power capacity (MW)

area 2017 [112] 2020 [113] base case high wind
DK1 5 066 -
DK2 1 689 -
DK 5 520 6 235 6 755 6 755
NO1 200 -
NO2 1 202 -
NO3 1 573 -
NO4 745 -
NO5 0 -
NO 1 888 3 977 3 720 3 720
FI 2 000 2 474 3 442 3 442
SE1 2 516 5 500
SE2 5 113 7 500
SE3 3 230 4 030
SE4 1 594 2 158
SE 6 691 9 688 12 453 19 188
Tot 16 099 23 342 26 371 33 106
Yearly prod. (TWh) 73.8 94.6

Table 4.1 shows the allocation of wind power capacity for the two scenarios.
The base case scenario, also shown in Fig. 4.1, included 26 GW of wind power, or
an increase of about 10 GW from 2017 levels, mostly in Sweden with an increase
of 5.7 GW. For this projections for wind power capacity by the Swedish Wind
Energy Agency were used [114]. For the other countries increases in wind power
capacity of 1-2 GW were assumed. In Denmark the increase was mainly from
new offshore wind, while existing wind farms to be decommissioned in the coming
years were assumed to be replaced with new capacity. Table 4.1 also shows the
updated wind power capacities as of 2020. For Norway the 2020 capacity actually
exceeded the capacity used in the scenario by 200 MW.

In addition to the base case scenario a high wind scenario was developed. This
scenario had 7 GW of additional wind power capacity in Sweden, giving a total
capacity of 33 GW.
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Figure 4.1: Distribution of wind farms for base case scenario.

Kinetic Energy Requirement
The model included a minimum requirement for the kinetic energy in the Nordic
synchronous region to consider the effect of frequency stability on VRE curtail-
ment. Fig. 4.2 shows the kinetic energy of the Nordic synchronous area during
the summer of 2018, estimated based on the aggregate generation of different
types using the method from Persson and Chen [115]. During this summer, there
were several occasions when the Swedish TSO Svenska kraftnät ordered down-
regulation of the largest nuclear reactor in Oskarshamn by 100 MW, in order
to keep the frequency nadir from reaching critical values if this reactor would
trip. Based on this, the minimum level for kinetic energy was assumed to be
Ekin = 113 GWs, i.e., the lowest estimated kinetic energy during those hours
when no down-regulation was ordered.

However, in 2020 a new type of fast frequency reserves (FRR) were introduced
in the Nordic system to allow operation with lower inertia levels [116,117]. Thus,
a second inertia requirement based on rate of change of frequency (ROCOF)
for disturbances was also implemented. Unlike the frequency nadir, the initial
ROCOF during a disturbance is not influenced by FFR. The initial ROCOF for
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a disturbance is given by [118]

df

dt
= ∆Pdisturbancef0

2Ek
(4.1)

Assuming the dimensioning fault to be 1.4 GW (either the loss of an HVDC
connection or nuclear unit) and the maximum allowed ROCOF to be 1 Hz/s, the
minimum kinetic energy is 35 GWs. Note that the Swedish grid code requires
generators to remain connected for a ROCOF of 2 Hz/s [77].
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Figure 4.2: Estimated kinetic energy in the Nordic system during the summer of
2018 using the method from [115] (left axis) and generation from the nuclear reactor
Oskarshamn 3 (right axis). Orange highlighting marks periods when O3 was down
regulated due to frequency stability.

Case Study Results
Table 4.2 shows the share of curtailed wind energy for different model configura-
tions. The different configurations are:

1. Wind scenario -
W26: 26 GW scenario, see Table 4.1.
W33: 33 GW scenario.

2. Isolated system -
S0: transfer on all external connections to the areas DE, NL, UK, EE, and
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LT is variable, with 2018 prices used for these external regions.
S1: transfer on existing external connections is fixed to 2018 values, and
future external connections are ignored.

3. Historical NTC -
T0: the full nominal NTC capacity is used for all connections.
T1: variable 2018 values for NTC with capacity reductions are used.

4. Kinetic energy constraint -
E35: 35 GWs minimum kinetic energy, see section 4.1.
E113: 113 GWs minimum kinetic energy.

5. Nuclear flexible -
N1: Nuclear flexible within 65%-100% of available capacity.
N0: Nuclear inflexible, constrained to 95%-100% of available capacity.

We will use the denoted codes to refer to the different configurations, so that
e.g W26-S0-T0-E35-N1 refers to the case with 26 GW of wind, considering vari-
able exchanges (not isolated system), using fixed nominal NTC values, with a
minimum kinetic energy constraint of 35 GWs and flexible nuclear generation.
Configurations S and T both relate to how transfer capacities between different
areas are modelled while configurations E and N relate to system-wide flexibility
issues. For S and T the most realistic setting is to consider variable transfers
to external regions (S0) and to use historical NTC values (T1), which are the
columns in Table 4.2 that have one boldface value.

For configuration E the minimum kinetic energy level may limit the wind
power that can be used since it effectively enforces a minimum limit for the com-
bined synchronous generation in the system, and thus may prevent this generation
from being reduced to accommodate wind power even it it would be possible with
regards to transmission capacity and minimum generation limits.

For configuration N, allowing nuclear to operate within 65%-100% of capacity
gives the system more flexibility to accommodate wind power production. Nuclear
power is currently operated as baseload generation in the Nordic system, but it
would be possible to use nuclear for load following or frequency regulation at low
additional costs as long as the production is within 65%-100% of capacity and
the ramp rate is less than 3% of capacity per minute [119].

Table 4.2 is set up so that the curtailment increases (in principle) as you go
to the right or downwards for each option. For example, having flexible nuclear
(N1) will give less curtailment than having baseload nuclear (N0).

The maximum curtailment for, respectively, the 26 GW and the 33 GW sce-
nario, is 0.3% and 2.33% of available generation. For the 26 GW scenario, the
difference between the maximum curtailment for an isolated system and a non-
isolated system is very small, and allowing exports to external areas actually
increases curtailment in a few cases. The reason is that there are some periods
with negative prices Germany. During these periods the model will maximize
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Table 4.2: Wind power curtailment - % of available production

Wind scenario 26 GW 33 GW
Isolated system 0 1 0 1
Historical NTC 0 1 0 1 0 1 0 1
Energy
constraint

Nuclear
flexible

35 GWs 1 0.03 0.2 0.0 0.03 0.12 0.79 0.2 0.89
0 0.04 0.28 0.02 0.28 0.5 1.66 0.96 2.31

113 GWs 1 0.04 0.21 0.0 0.1 0.31 1.02 0.57 1.21
0 0.04 0.28 0.02 0.3 0.52 1.67 1.0 2.33

the import and curtail internal wind generation, provided that the external price
is below 1 EUR/MWh1. One such event is shown in Figure 4.3. In this way,
increasing the transmission capacity between the Nordic system and Germany
increases the exposure to negative prices in Germany, which tends to increase
curtailment. This effect counteracts the general effect of decreasing curtailment
when being able to export excess VRE to neighbouring systems.

Figure 4.4 and 4.5 show duration curves of the curtailment, for, respectively,
the 26 GW and 33 GW cases in boldface in Table 4.2. For the 26 GW case the
most significant curtailment occurs in DK1, which may be coupled to prices in
Germany, while for the 33 GW case most curtailment occurs in SE1 and SE2. It
is notable that the hours with curtailment in SE1 increases from 50 hours in the
former case to more than 600 hours in the latter case.

It can further be concluded from Table 4.2 that the kinetic energy requirement
has a negligible effect on curtailment. The requirement for 35 GWs was never
binding, and sensitivity analysis in [J2] revealed that the requirement had to
be increased to 85 GWs to become binding for some time periods. However, as
Table 4.2 shows, even the requirement for 113 GWs had only a small impact on
curtailment.

Table 4.2 also shows that increasing the transmission capacities from historical
to nominal values significantly decreases curtailment irrespectively of the other
configurations. For example, if we consider the case W33-S0-T1-E35-N0 curtail-
ment decreases from 1.66% to 0.5% by using nominal NTC values. Fig. 4.6 and
Fig. 4.7 show how the curtailment changes when the capacity on a certain con-
nection increases by 100 MW, for, respectively, internal and external connections.
As can be seen the internal connections which have the greatest effect on cur-
tailment are those connecting Sweden with Norway and Denmark, which reduce
curtailment by about 3%. Among external connections the highest reduction of
curtailment is around 2.5%, and actually negative for connections between Ger-
many and Denmark, which can be explained by the phenomenon of imported

1In the model, a low cost of 1 EUR/MWh was used for wind power to ensure that the model
prioritized curtailing wind power over curtailing solar PV or spilling run-of-river generation.
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Figure 4.3: Curtailment events in DK1 during first week of 2018. Negative prices in
DE means that DK1 is importing at maximum capacity and thermal generation is
at its minimum generation limit. The case is with 0.28% curtailment marked with
boldface in Table 4.2. Note that the increased transmission capacity allows more
imports from DE which increases curtailment compared to the same scenario with
an isolated system.
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Figure 4.4: Duration curves for wind curtailment for 26 GW case in boldface in
Table 4.2.



48 CHAPTER 4. CURTAILMENT IN THE NORDIC POWER SYSTEM

0 100 200 300 400 500 600
Hours

0

1

2

3

4

5

GW
h

SE1
SE2
SE3
SE4
DK1
DK2
FI
NO3
NO4

Figure 4.5: Duration curves for wind curtailment for 33 GW case in boldface in
Table 4.2.

curtailments due to negative prices in Germany, as illustrated in Fig. 4.3. It
is notable that increasing the transmission between SE4 and Germany gives a
large reduction in curtailment, while increasing the capacity between Denmark
and Germany increases curtailment. The reason is most likely that there is a
high correlation between negative prices in Germany and Danish wind power
production, but less so for SE4.
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Figure 4.6: Reduction in curtailment for a 100 MW increase in transmission capac-
ity of internal lines. The case is W33-S0-T1-E35-N0 from Table 4.2.
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Figure 4.7: Reduction in curtailment for a 100 MW increase in transmission capac-
ity of external lines. The case is W33-S0-T1-E35-N0 from Table 4.2.

4.2 Curtailment Considering Voltage Stability

The Swedish power system is characterized by the transfer of hydro power over
long distances from the north to the south. Thus, voltage stability is an important
factor for determining the north-south transmission capacity of the system [120,
121]. If the voltage regulating capability of the nuclear units in the south is lost
as these units are retired and replaced with wind power built mainly in the north,
there is the possibility that the transmission capacity will be reduced. This could
then create the need to curtail wind power in the north of Sweden.

To study curtailment due to voltage stability an AC security-constrained opti-
mal power flow (SCOPF) was used. The objective was to minimize the expected
curtailed wind power over a set of contingency scenarios, see [J1] for the mathe-
matical formulation.

For a case study similar to the Swedish power system the Nordic32 test system
was used, shown in Fig. 4.8. Notice that all wind power is located in the North,
which exports about 3600 MW of power to South. As security constraint, a single
scenario of a 20% increase in wind generation is included. Since the objective is
to minimize curtailment in the contingency scenario, the SCOPF will optimize
the production of generators to maximize the transfer capacity from North to
Central.

Fig. 4.9 shows the curtailment in the 20% wind increase scenario, for three
different cases, C1-C3. In C1, wind farms do not provide any reactive power to
support the voltage. In C2, the wind farm at bus 1021 was removed, meaning
that the wind power was concentrated in fewer buses. Finally, in C3, wind can
generate or absorb reactive power corresponding operation between a capacity
factor 0.9 inductive or capacitive. On the x-axis, the amount of wind power in
the base case is shown, as well its share of generation in the North region.
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Figure 4.8: Nordic 32 CIGRE system. The first digit in the bus number indicates
the voltage level of the bus. The location of wind farms for case C1 and C3 is
shown.

From Fig. 4.9 it can be concluded that very high penetration levels around
85% of wind power in North are needed before voltage stability creates the need
for curtailment. However, if wind farms are allowed to provide reactive power
support no curtailment is needed.

4.3 Conclusion and Discussion

This chapter presented two case studies made to assess the need for curtailment
in the Nordic power system. In [J2] we used the Nordic dispatch model to study
curtailment when simulating the Nordic power system over a year, and in [J1] we
used a snapshot of an AC power flow for a system with similar transfer patterns
as the Swedish power system to assess the impact of voltage stability and reactive
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Figure 4.9: Curtailment for increasing wind penetration.

power capabilities on wind curtailment.
In [J2] we analysed VRE curtailment for a 26 GW and a 33 GW wind power

scenario, and studied the impact of different factors influencing the curtailment,
including transmission limits, export capabilities, flexibility of nuclear generation,
and minimum kinetic energy requirements. The curtailment was found to be
below 0.3% of annual generation for the 26 GW scenario, and below 2.3% for
the 33 GW scenario. In the 33 GW scenario most curtailment occurred in SE1
and SE2, and increased transmission capacities, particularly between Sweden
and, respectively, Denmark and Norway, was found to be effective for reducing
curtailment. Inertia requirements did not impact the curtailment significantly,
especially considering that faster frequency reserves will allow operation with
lower inertia levels.

In [J1] we studied curtailment due to voltage stability using an AC SCOPF
for the Nordic 32 test system. It was concluded that very high penetration levels
of wind power are needed before lack of reactive power capability creates the need
for curtailment, and that no curtailment is needed if wind farms can contribute
with reactive power. Actually, in 2020, there was reduced voltage regulating
capability in the south of Sweden following the decommissioning of two nuclear
reactors in Ringhals, which prompted Svenska kraftnät to procure voltage support
from power plants which were not otherwise expected to operate [122]. Although
this did not give rise to wind curtailments, it shows that the premise for the study
in [J1], that decreased reactive power support from conventional generation can
have a negative impact on the transfer capacity in the system, was correct.

Notice that the case studies in [J2] and [J1] include aspects of, respectively,
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frequency stability and voltage stability. Though the results from these case
studies showed that these factors will not have a large impact on VRE curtail-
ment, more research is needed to corroborate these conclusions. Regarding both
frequency and voltage stability, studies using realistic grid models for the Nordic
power system are needed. Examples of such models are the Nordic 44 model [123]
and the Nordic grid model developed in the EU MultiDC project [124].

One difficulty when studying power system stability for future scenarios is
coming up with good test systems. Even if an accurate model exists for the current
system, this needs to be updated to account for future changes in generation.
One way to do this would be to use ODIN for high VRE penetration scenarios
to determine the allocation of generation and load in the Nordic system. Then,
a limited number of interesting snapshots from the simulation could be used as
input to set the power flow in the detailed grid model, which could then be used
for more detailed analysis considering voltage and frequency stability.

For example, it would be possible to use ODIN together with the Nordic 44
model [123] to do a more detailed analysis to assess frequency stability in the
Nordic power system, where also the geographical distribution of inertia could be
considered. However, these ideas were not pursued further in this thesis, since
the focus was on dealing with VRE variability and uncertainty, which instead
motivated research into better tools for power system operation and planning,
such as production cost and UC models.



Chapter 5

Power-based Modelling of
Renewable Variability in a
Production Cost Model

This chapter is based on [J6] and studies the possibility of using a power-based
dispatch model with decreased time resolution for reducing the complexity of
power system dispatch models, using ODIN as a test model. First Section 5.1
motivates the need for dispatch models with a low computational complexity.
Then, Section 5.3 summarizes the implementation of the low-resolution versions of
ODIN. Finally, Section 5.4 present results comparing the energy-based and power-
based dispatch models with different time resolutions, and Section 5.5 concludes.

5.1 Motivation

Planning for future power systems with high penetration of VRE requires the use
of power system dispatch models which are run for long time periods and large
geographical areas. For power systems with significant seasonal reservoir hydro
power production, long-term planning extends up to several years, to capture the
annual variations in hydro power inflow [125]. At the same time, the increasing
number of long distance power system interconnections through HVDC cables
and the increasing amount of weather dependent VRE production requires the
use of models with increasing geographical scope. Also, considering VRE uncer-
tainty requires the use of stochastic optimization methods which further increases
the computational burden. An example is the ENTSO-E Mid Term Adequacy
Assessment, which is based on Monte Carlo simulation of different weather years
and outages [126].

For these reasons, methods that can be used to decrease the size of dispatch
models are useful. One method to decrease the model size is to decrease the model
time resolution, as is commonly done in hydro power scheduling models [125,127]
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and large-scale generation expansion models, e.g., Balmorel [88]. Since conven-
tional models describe the production profiles as average energy values during
the time step, any variability within the time period is neglected, meaning that
the model becomes less accurate as the time step increases. However, in the
power-based formulation proposed in [128,129], production profiles vary linearly
during the time step, meaning that some variability within the time periods is
preserved. Section 5.2 describes the advantage of power-based modelling over
energy-based modelling in more detail. This suggests that a power-based for-
mulation can be more accurate as the time resolution decreases compared to a
conventional energy-based formulation.

Thus, using a power-based model with decreased time resolution could be
a way to reduce the model complexity while maintaining sufficient modelling
accuracy. To investigate this possibility, a power-based version of ODIN from [J2]
was implemented and compared to the original energy-based version. This was
done for different time resolutions, ranging from 1 hour to 6 hours. The results
were presented in [J6], which is the first comparison of energy- and power-based
dispatch models with increased time resolution and also the first implementation
of the power-based formulation to include hydro power production.

5.2 Power-based and Energy-based Modelling

In traditional energy system models, continuous quantities such as electricity de-
mand and generation are approximated to discrete time periods using staircase
functions by modelling the average energy quantity during a time step, as illus-
trated in Fig. 5.1. This type of modelling has the drawback of not accurately
capturing the ramp rates of continuous quantities [57], and a power-based for-
mulation was proposed in [128, 129] to overcome the drawbacks of traditional
energy-based UC formulations.

Fig. 5.1 shows an example illustrating the benefits of the power-based formu-
lation for modelling ramp rates. We assume that a unit has min/max generation
levels of 100 MW and 500 MW, respectively, and a maximum ramp rate of 200
MW/hour. Notice that this unit may represent an individual power plant or
an aggregation of several smaller power plants, as is common in large scale dis-
patch models such as ODIN. It is assumed that the energy production of the unit
during hour 1 is 100 MWh, which means that it must operate at its minimum
output level for the whole hour. Then, assuming the unit must increase its out-
put to meet demand, Fig. 5.1 shows how the production profile can look with
energy-based and power based scheduling. Using the energy-based formulation
and imposing the ramp rate requirement of 200 MW/h on energy quantities, the
unit can ramp to 300 MWh during hour 2 and 500 MWh during hour 3. However,
since the unit starts hour 2 at 100 MW, the maximum power output at the end
of hour 2 is 300 MW, and the corresponding maximum energy output only 200
MWh, and similarly for hour 3. Thus, the energy schedule resulting from the
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Figure 5.1: Representation of ramps using energy-based (left) and power-based
(right) formulation.

energy-based formulation is in fact infeasible for the unit to provide, as shown by
the dark shaded area in Fig. 5.1. On the other hand, using the power-based for-
mulation correctly represents the unit’s ramp rate and produces a feasible power
and energy schedule.

Apart from better modelling the ramp rates of units, the power-based ap-
proach can also better represent variability of VRE production and load. This
is illustrated in Fig. 5.2, which shows an example of a wind production profile
during two model time steps. The original wind profile has higher time resolution
than the time step of the model and is considered as the continuous wind profile,
though the resolution in this example is only 4 times the model time step. To be
used in the model, the wind profile must be resampled to the model resolution.
The energy profile is obtained by averaging the values during an hour. Notice
that the value at an hour shift is considered to be part of the hour starting at that
time. To obtain the power profile, we can fit a piecewise linear curve that mini-
mizes the distance to the continuous values, which would give the power profile
shown in Fig. 5.2.

An inspection intuitively shows that the continuous wind profile is better
approximated by the piecewise linear power profile than the energy staircase
profile. However, this can also be seen by computing the ramp rates. For the
energy profile, let the ramp rate for an hour be given by

rampt = et − et−1, (5.1)

where et is the energy produced during time step t, and for the power profile by

rampt = pt+1 − pt, (5.2)

where pt is the power output at the beginning of time step t. Table 5.1 shows the
ramp rates of the energy and power profile for the time steps 1-3, and compares
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the minimum and maximum ramp rates during the period to the minimum and
maximum instantaneous ramp rates of the continuous profile. Although both
the energy and power profiles underestimate the maximum ramp rates due to
the lower resolution, the power-based profile give ramp rates closer to the actual
values. Also, the power profile captures the minimum and maximum output of
the wind power better than the energy profile. A similar example with real wind
power production data showing how fitted power profiles better capture VRE
variability is given in [J6].

MW

t1 2 3

100

300

500

continuous power energy

Figure 5.2: Representation of wind variability using energy-based and power-based
formulation. The x-axis labels mark the beginning of each model time period.

Table 5.1: Ramp rates of energy and power-based wind profiles in Fig. 5.2

ramp rate

hour energy
[MWh/h]

power
[MW/h]

continuous
[MW/h]

1 150 400 -
2 100 -400 -
3 -250 0 -
min -250 -400 -800
max 150 400 600

Another problem with the energy-based formulation is that there is not a
unique energy profile for a given continuous profile. Fig. 5.3 shows two additional
distinct continuous high resolution wind profiles that have the same energy con-
tent as in Fig. 5.2. Although the continuous profiles have distinctly different ramp
rates and maximum values, the low resolution energy profiles will be identical.
On the other hand, fitting low resolution piecewise linear power profiles will result
in different profiles that better capture the variability of the continuous profile.
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Figure 5.3: Continuous wind profiles with the same energy content as in Fig. 5.2.

In summary there are two main benefits of using a power-based dispatch model
as opposed to a traditional energy-based formulation. The first is the improved
modelling of supply of flexibility, by correctly modelling unit ramp rates and
avoiding infeasible energy schedules, and the second is an improved representation
of demand of flexibility, by more accurate modelling of the variability of model
inputs such as demand and VRE production.

5.3 Low-resolution Model Implementation

To make a fair comparison between the energy-based and power-based model
formulations a 15-min time resolution model was used as benchmark. The input
time series of the low resolution models were derived from the 15-min time series
as detailed in [J6]. Thus, both the energy-based and power-based models were
derived from and compared to the 15-min benchmark model. The full mathe-
matical formulations for the energy-based and power-based models are given in
[J6].

The benchmark model was the first version of ODIN presented in [J2]. Thus
only the Nordic countries Sweden, Finland, Denmark, and Norway were modelled,
for the model year 2018. The transfer to external price areas was fixed, meaning
that the Nordic countries were modelled as an isolated system, and transmission
losses were set to zero.

5.4 Results

Two case studies were used to test the energy-based and power-based model
formulations, one with increased renewable generation in Sweden resulting in 36
GWh of wind power curtailments and one with decreased nuclear generation in
Sweden (deactivating block 1-3 in the Ringhals nuclear power plant) resulting in
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85 GWh of load shedding. The main results of these case studies are provided in
the following sections. For more detailed results and sensitivity analysis see [J6].

Wind Curtailment
Fig. 5.4 shows the total amount of wind power curtailment in the models run with
different time resolution. Notice that the energy-based model consistently under-
estimated the amount of curtailment, the difference compared to the benchmark
model increasing as the model time step increases, giving deviations up to 85%.
On the other hand, the power-based formulation gave an estimate of the curtail-
ment closer to the benchmark model, being off by at most 19%. Fig. 5.5 shows
the time series and duration curves for the total wind power curtailment, for the
6h models. The duration curves show that the result for the power-based model
was closer to the 15-min benchmark model compared to the energy-based model,
both in terms of estimating the maximum amount of curtailment and the number
of hours with curtailment, which is around 200.
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Figure 5.4: Total yearly wind curtailment in the Nordic system for different model
time resolutions. Values are normalized with results for the benchmark model,
which is 35.8 GWh.

Fig. 5.6 shows the objective values obtained when solving the models with
different time resolution. Both models underestimated the system cost, but the
difference for the energy-based model was much larger, 1.6% for 6h resolution
compared to 0.4% for the power-based model. Decreasing the time resolution
can be expected to decrease the costs, since the variability of the inputs such as
demand and VRE production is reduced, allowing smoother production profiles
for the thermal generation, which decreases the costs due to the quadratic cost
functions used in the model.
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Figure 5.5: Total yearly wind curtailment in the Nordic system for models with 6h
time resolution, plotted as time series (left) and duration curves (right).
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Figure 5.6: Objective value for different model resolutions. Values are normalized
with results for the benchmark model, which is 8.75 ·108 EUR. For the power-based
model the cost for ramp penalizations has been excluded, see [J6].



60
CHAPTER 5. POWER-BASED MODELLING OF RENEWABLE

VARIABILITY IN A PRODUCTION COST MODEL

The time it took to solve the models is shown in Fig. 5.7. Notice that the
time needed to build the optimization problem (which was done using Gurobi’s
Python API) and the time spent in the solver are shown separately, but together
comprise the total solution time. For both the energy-based and power-based
models, the solution time decreased by about a factor 9 when going from 1 hour
time resolution to 6 hour resolution. Notice that the solution time for the power-
based model was consistently somewhat higher than for the energy-based model.
The reason that the power-based formulation was harder to solve can be due
to the additional complexity introduced by the constraints needed to penalize
unwanted power oscillations, as described in [J6].
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Figure 5.7: Model solution duration for different time resolutions.

Load Shedding

Fig. 5.8 shows the total load shedding for the models with different time steps.
Similarly to the case with curtailment, the energy-based model consistently un-
derestimated the amount of load shedding. On the other hand, the power-based
model overestimated the load shedding, but gave results closer to the benchmark
model for resolutions of 2-6 hours, with a maximum error of 26% compared to
34% for the energy-based model. Fig. 5.9 shows the load shedding for the 6h
models, plotted as time series and duration curves. Notice that although the 6h
power-based model overestimated the total amount of load shedding, the peak
load shedding in GW was quite close to the benchmark model.

Fig. 5.10 shows the objective values obtained for the low resolution models.
The objective value was strongly effected by the load curtailment, and was thus
overestimated by the power-based model and under-estimated by the energy-
based model. The time needed to solve the models was similar to the values in
the curtailment case study.
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Figure 5.8: Total yearly load shedding in the Nordic system for different model time
resolutions. Values are normalized with results for the benchmark model, which is
85.3 GWh.
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Figure 5.9: Total yearly load shedding in the Nordic system for models with 6h
time resolution, plotted as time series (left) and duration curves (right).
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Figure 5.10: Objective value for different model resolutions. Values are normalized
with results for the benchmark model, which is 2.97 ·109 EUR. For the power-based
model the cost for ramp penalizations has been excluded.

5.5 Conclusion and Discussion

In this chapter we evaluated the use of a power-based dispatch model with de-
creased time resolution for reducing the size and complexity of dispatch models.
This was done by comparing the performance of energy-based and power-based
versions of the same dispatch model for different time resolutions, ranging from
1-6 hours. Using a power-based formulation was expected to improve the mod-
elling since VRE variability and ramp rates could be modelled more accurately.
This was also confirmed by the results. The power-based model was much better
at capturing curtailment for a case with increased VRE production, especially
as the time resolution increased to 6 hours. For a case with load shedding, the
power-based formulation also gave results closer to the benchmark model for a
resolution of 2-6 hours. Notably, the energy-based formulation significantly un-
derestimated both wind curtailment and load shedding, since it overestimates
the flexibility of the system and underestimates the VRE variability if the time
resolution is decreased.

The results show that the power-based dispatch model can be useful for ap-
plications where it is important to decrease the complexity of the model while
maintaining relatively accurate modelling results, relating to e.g., renewable cur-
tailment and load shedding. As future research, the power-based dispatch model
with lower time resolution could be integrated into a model for generation expan-
sion planning, to study if this gives improved investment decisions, compared to
using an energy-based dispatch model with the same time resolution. Since the
energy-based model overestimates the flexibility of the system, it can be expected
to invest too little in technologies that provide flexibility.



Chapter 6

Generating Wind Power Scenarios
for Power System Operation
Planning

This chapter presents the wind power model presented in [C2] and used in [J5].
First, Section 6.1 motivates the need for developing the model. Then, Section 6.2
gives a brief description of the model, and Section 6.3 concludes.

6.1 Motivation

There is a large literature on adapting unit commitment (UC) formulations to
accommodate wind uncertainty. The wind uncertainty in these formulations can
be modelled in different ways. The three main types of formulations [130] are
1) scenario-based stochastic formulations, 2) robust formulations, and 3) chance-
constrained formulations. Scenario-based formulations [131–134] represent the
wind uncertainty using a discrete set of scenarios and optimize the expected
value of costs over the scenarios, and are thus dependent on having realistic
wind scenarios as input [135]. Robust formulations [46,47,136–139], on the other
hand, specify an uncertainty range within which the wind production can take
on any value. Thus, robust formulations require much less information about
the underlying uncertainty distribution but tend to give more conservative and
thus more expensive scheduling decisions [130]. Chance-constrained formulations
[52, 53, 140–143] represent wind uncertainty using stochastic variables which are
included directly in the constraints, so called “chance constraints”, which must
be fulfilled with a certain probability.

To compare formulations that use different representations of wind uncer-
tainty, it is important to use out-of-sample evaluation. This means simulating
how the schedule obtained from the UC formulation performs for a large number
of realizations of the uncertain wind production, to evaluate the robustness of
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the scheduling decisions and estimate the costs that will be incurred in real-time
operation, through redispatch and emergency actions needed to avoid violating
security limits, e.g., overloading transmission lines.

However, the methods used in the literature to generate wind scenarios vary
widely and are often based on simplifying assumptions. Most commonly, the sce-
narios are generated by assuming an analytical probability distribution for the
wind power forecast errors [53, 132, 136–139, 142, 143], e.g., a normal distribu-
tion [136, 138] or multivariate normal distribution [139]. This leaves out an im-
portant aspect of the forecast errors, namely their conditional dependence on the
forecasted value. Generally, the forecast errors are higher when the the forecasted
production is high, and vice versa. Furthermore, almost all UC formulations use
hourly wind scenarios, and thus neglect intra-hour variability.

To facilitate the comparison between different UC formulations that include
wind uncertainty, we have developed an open source wind power model that can
be used to generate wind power scenarios from the historical forecast for a given
day. The model uses 5-min production data and 30-min forecast data from real
wind farms, and uses a method based on quantile regression, similar to the one
presented in [144], to estimate the empirical probability distribution of forecast
errors. It also considers the correlation of forecast errors between different wind
farms. Furthermore, the high time resolution of the data allows estimation of the
high frequency component of wind power production and the creation of realistic
scenarios with 5-min time resolution, thus capturing the intra-hour wind power
variations. The model is open source and available on Github1.

6.2 Description of Model

The model was constructed using 5-min resolution production data and 30-min
resolution forecast data which is publicly available from the Australian Electric-
ity Market Operator [145]. For the implementation of the model presented in
[C2] three wind farms in southeast Australia were chosen, as shown in Fig. 6.1.
However, the model can be refitted using a different set of wind farms if desired.

There are three main steps in fitting the model to the data:

1. For each wind farm, fit the cdf for the forecast error x as a function of the
forecasted value, Fer(x) = P (error ≤ x|forecast). This is done using quantile
regression, as shown in Fig. 6.2. Once the cdf is obtained, the forecast errors
can be mapped to the uniformly distributed marginal distribution y = Fer(x).
The marginal distribution y is then mapped to a normally distributed variable
using the inverse of the standard normal distribution, z = F−1

N (y).

2. Fitting the correlation matrix for the forecast errors of the different wind
farms, as illustrated in Fig. 6.3. This is done using the normally distributed
forecast errors z.

1https://github.com/ElisNycander/wind_scenarios

https://github.com/ElisNycander/wind_scenarios
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Figure 6.1: Wind farms included in model.

3. Fitting the high frequency component of the forecast errors. This is done
by adding white noise that has been filtered to match the high frequency
component of the production data to the generated scenarios, as detailed in
[C2].

Figure 6.2: Distribution of the (relative) forecast error for ARWF1. Left figure
shows fitted quantile curves and right figure shows the pdf of the resulting param-
eterized distribution.

To generate n scenarios from the fitted model, the method is as follows:

1. Start with a historical wind power forecast.

2. Generate n samples z of the multivariate normal distribution, using the fitted
correlation matrix.

3. Map the values to a multivariate uniform normal distribution using the cdf
of the standard normal distribution: y = FN (z).

4. Map y to forecast errors using the inverse of the fitted cdf: x = F−1
er (y).
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Figure 6.3: Correlation matrix for original errors (left) and errors mapped to normal
distribution (right). The wind farms, in order, are ARWF1, MACARTH1, and
BALDHWF1. Three wind farms and 24 ·12 periods for each wind farm give a total
of 3 · 288 = 864 variables.

5. Generate the high frequency component by appropriately filtering n white
noise time series.

6. Construct the scenarios by adding the errors and the high frequency compo-
nent to the original forecast.

Fig. 6.4 shows the scenarios generated for a particular forecast. In [C2] the
fitted model has been verified to reproduce the distribution of the forecast errors
and the frequency spectrum of production. Apart from generating scenarios for
the wind power production, the model can also generate the time-varying per-
centiles for a given forecast, also shown in Fig. 6.4. These percentiles can then
be used as the uncertainty range in robust optimization formulations. Thus, the
model can be used for both robust and stochastic UC formulations, and also for
performing out-of-sample validation of these formulations.

6.3 Conclusion

In the literature on unit commitment (UC) with uncertainty there is significant
variety relating to how the uncertainty from wind power is modelled, but the
most common method is assuming some analytical distribution for the forecast
errors. In most cases the intra-hour variability of wind power generation is also
not considered. In [C2] we present an open-source model for generating realistic
5-min resolution wind power scenarios, which consider the empirical forecast error
distribution and correlation between different wind farms. The model is used in
this thesis for evaluating the proposed UC formulations considering wind uncer-
tainty. We also provide the data needed for others to use the model to generate
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Figure 6.4: Forecasted wind production along with actual production and 10 scenar-
ios for ARWF1. The dashed lines show the 2% and 98% quantiles for production,
obtained from the parameterized error distribution.

any number of wind power scenarios for use in stochastic optimization or out-
of-sample validation, or to generate uncertainty ranges for robust optimization
formulations. This can facilitate comparison of different formulations and con-
tribute to the development of methods for power system scheduling considering
wind power uncertainty.





Chapter 7

Power-based Unit Commitment for
Efficient Power System Operation
and Wind Integration

This chapter presents the results from publications [J4], [J5], and [C3]. Section 7.2
presents the main results from [J4] and [C3] regarding security-constrained unit
commitment (SCUC), and Section 7.3 shows the main results from [J5], an UC
formulation for dealing with wind uncertainty and variability.

7.1 Introduction

The unit commitment (UC) problem is widely recognized as the most efficient
method for power system scheduling [31, 36, 146], and is used by many system
operators for system operation and market clearing [37,147]. Traditional UC for-
mulations model the production of generators as staircase profiles by considering
the energy quantity produced during each time step. This has several disadvan-
tages, such as not correctly representing generator ramp rates [57]. To overcome
the problems of the traditional energy-based UC formulation, a power-based UC
formulation is proposed in [128, 129, 148], where generator production profiles
are described using piecewise linear power profiles. In this chapter the power-
based UC formulations are further developed with different reserve formulations
to consider security to generator and transmission line outages, and intra-hour
variability and uncertainty of wind power production.

7.2 Security Constrained Unit Commitment

To guarantee safe operation of power systems in the event of generator and trans-
mission line outages, UC formulations can include N-1 security constraints, i.e.,
constraints which ensure that the remaining generators can be redispatched to
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compensate for the lost generation and bring the flow on transmission lines within
limits. The extension of the UC problem to consider N-1 security is known as
security-constrained unit commitment (SCUC).

Notice that the term SCUC can be used quite broadly to refer to different
types of formulations. For example, an SCUC formulation may include a simple
reserve requirement, specifying that the combined reserves from all generators
should exceed a certain value [149]. Assuming that the reserves are enough to
cover the loss of the largest unit, and that transmission constraints do not interfer
with the reserve deployment, this constraint can then ensure that the system is
N-1 secure against all generator outages. In fact, this simple case is close to the
way most electricity markets operate, if reserves are procured jointly with the
energy scheduling. The amount of reserves is given as an input to the market
clearing, and only recently have some operators started to consider zonal post-
contingency transmission constraints to ensure that the scheduled reserves can
be deployed [38,147].

On the other hand, it is also possible to include constraints which explicitly
model the production of all generators for each plausible contingency [150–152].
This way, the amount of reserves is not determined ex-ante but is determined
endogenously as part of the optimization. Also, the flow on transmission lines
are modelled for each contingency, to ensure that no lines are overloaded.

The formulations in this thesis are of the second type, explicitly modelling
both line and generator outages and determining the required contingency re-
serves endogenously. These type of formulations are not used by system opera-
tors, since the sheer problem size make them too large to solve for real systems.
However, the goal here is not to provide formulations that can be used directly
by system operators, but to extend the power-based formulation to consider N-1
security, and showing how this can be done more efficiently due to the explicit
modelling of generator trajectories. We now proceed to illustrate the differences
between using a traditional energy-based SCUC and a power-based SCUC. Then,
we present two different ways of formulating the power-based SCUC problem, one
with constant reserves and one with continuous time-varying reserves.

Energy-based versus Power-based SCUC

To illustrate the limitations of the energy-based SCUC, consider the case of the
two units shown in Fig. 7.1. Let us assume that unit 1 has to ramp up by 100 MW
during hour t to follow the load, while unit 2 produces at 50 MW and provides
reserves to secure against the loss of unit 1. Using the energy-based formulation,
the energy production of unit 1 during hour t is 150 MWh. Thus unit 2 must hold
150 MW of reserves to compensate for the possible outage of unit 1. However, as
unit 1 is ramping up, its production will be above 150 MW for the second half
of the hour and hence the reserves held by unit 2 will be insufficient. The total
reserve deficit is shown by the dark shaded triangle in Fig. 7.1.
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Figure 7.1: Energy-based UC with N-1 security. Time labels mark end of hour.
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Figure 7.2: Energy-based UC with N-1 security and higher reserve deficit.

A second problem concerns the representation of ramps in the energy-based
formulation. Suppose also that unit 1 must provide reserves to secure against the
outage of unit 2, and that the maximum ramp rate of unit 1 is 100 MW/h. Since
unit 1 is ramping at its maximum ramp capability, it will not be able to provide
any reserves during hour t. However, the energy ramp is only 50 MWh/h, and
hence the energy-based formulation may schedule unit 1 to provide 50 MW of
reserves which it cannot deliver.

Thus the energy-based formulation cannot provide sufficient reserves and en-
sure that these are available given the power trajectories of units. Furthermore,
the energy-based formulation does not specify what the power trajectories of units
are within the hour. For a given energy profile there is an infinite number of power
profiles that may impose different reserve requirements. Fig. 7.2 shows another
power profile for unit 1 which corresponds to the same energy profile as the ex-
ample in Fig. 7.1 but requires more reserves to satisfy N-1 security. Hence, the
inability of the energy-based formulation to distinguish between different power
trajectories means that it does not know how much reserves are needed and how
much of units’ ramp capability is used.

In summary, formulating the SCUC using the traditional energy-based formu-
lation leads to the following short-comings related to scheduling reserves:

1. It will schedule insufficient reserves to cover the loss of units that are ramping
up or down.

2. It may schedule reserves to units that are unable to deliver due to incorrect
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representation of ramping resulting from ramp constraints being applied to
discrete energy-blocks.

3. It does not include power trajectories for units within the hour, meaning that
it does not include the information needed to know how much ramp capability
and reserves are required to cover the outage of a specific unit.

However, these drawbacks can be overcome by using a power-based SCUC. Since
the power-based formulation includes explicit power trajectories, the reserves can
be guaranteed to cover the production trajectories of units.

MW

200

100

t− 1 t t− 1 t t− 1 t

rt−1
rt

unit 1 unit 2 -
constant reserves

unit 2 -
variable reserves

power

ramps
reserves

Figure 7.3: Power-based UC with variable reserves and N-1 security. The reserves
held by unit 1 can either be constant or time-varying within the hour.

When using the power-based formulation, there are two ways to formulate the
reserves, as illustrated in Fig. 7.3. The reserves can either be constant during the
whole hour, similar to energy-based formulations, or they can be specified as in-
stantaneous values at the hour shifts and then be assumed to vary linearly within
the hour, in the same way as the continuous power trajectories. This way, the
reserve trajectories can match the production trajectories exactly, reducing the
amount of reserves that need to be held, and thus giving more efficient schedul-
ing decisions. The formulation of time-varying reserves is a major difference from
energy-based formulations [53,150,153,154] and also from previous versions of the
power-based UC problem [148], and one of the main contributions of publications
[J4] and [C3].

Mathematical Formulations
This section explains the main differences between the power-based formulations
with constant and time-varying reserves. For the full formulations we refer to [C3]
and [J4]. Note that in [C3] and this section the SCUC formulations are without
transmission constraints, since this simplifies the formulations and allows the
construction of simple illustrative examples. In [J4] the full power-based SCUC
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formulation was implemented with transmission constraints, but only with time-
varying contingency reserves, as the results presented here and in [C3] showed
that that this formulation provided full N-1 security and also gave lower costs,
compared to the formulation with constant reserves.

In the power-based formulation, pgt is the production of a unit g above its
minimum generation level P gt at the end of hour t, as illustrated in Fig. 7.4. We
consider a fast start unit, i.e., a unit which can start within one hour.

P
P

t

t [h]
u

v

z

1 2 3 4 5 6
0 0 01 1 1
0 0 0 0 01
0 0 0 0 01

p2

p3 p4

power

energy

Figure 7.4: Commitment logic for a fast start unit in the power-based UC formu-
lation. The binary variables u, v, and z are commitment, startup, and shutdown
variables, respectively. Notice that the power production pt refers to the power
output above the minimum level P at the end of hour t, meaning that p3 = p4 = 0
in this example.

Constant Reserves

The capacity constraint, which ensures that the combined production pgt and
reserves re

gt held by a unit is within its maximum level, and that the production
and reserves are zero if the unit is offline, is normally given by1

pgt + re
gt ≤ (P g − P g)ugt ∀g, t (7.1)

The superscript of re
gt denotes that these are “energy” reserves, i.e., constant dur-

ing the whole hour. Since the reserves are constant within the hour an additional
constraint is needed to ensure that production and reserves held by the unit at
the beginning of the hour fit within the maximum capacity:

pg,t−1 + re
gt ≤ (P g − P g)ugt ∀g, t (7.2)

1For simplicity we have assumed that the unit can reach its maximum production P g during
both the first and last hour of the online period.
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Thus, when using constant reserves in the power-based formulation, an extra
capacity constraint is needed. The ramp constraint, which limits the ramp rate
of the unit when online, and ensures there is enough ramp capability left to
dispatch the reserves, is given by

pgt − pg,t−1 + 60
τs
re

gt ≤ RUg ∀g, t, (7.3)

where τs is the deployment time of reserves in minutes and RUg is the ramp up
capability of the unit.

Variable Reserves

With variable reserves rp
gt, only one capacity constraint is needed

pgt + rp
gt ≤ (P g − P g)ugt ∀g, t (7.4)

Also, the reserves must be dispatchable with respect to the ramp capability of the
unit. However, since the reserves are changing within the hour, we must ensure
that there is enough ramp capability available during both the beginning and end
of the hour. Thus, apart from the normal ramp constraint

pgt − pg,t−1 + 60
τs
rp

gt ≤ RUg ∀g, t, (7.5)

an additional ramp constraint at the beginning of the hour, when the reserves
rp

g,t−1 are held, is needed:

pgt − pg,t−1 + 60
τs
rp

g,t−1 ≤ RUg ∀g, t, (7.6)

Thus, the main difference between the power-based formulations with constant
reserves and variable reserves is that the former requires an additional capacity
constraint and the latter an additional ramp constraint. Furthermore, the power-
based formulation with constant reserves requires that N-1 security is ensured
both at the beginning and end of the hour, since the production of units are
different but the reserves are constant. For the full formulations, including the
energy-based formulation used for comparison with the power-based formulations,
we refer to [C3].

Example 1
We start by examining a simple test system with only three units, shown in
Table 7.1. The nomenclature for the generator data is given in Table 7.2. All
units in this system are fast start units which can start up within one hour. Only
online units can provide reserves, with a deployment time τs of 15 min.
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Table 7.1: Generator data for Example 1

Technical limits Costs Initial state

Unit P P TU RU SU CNL CLV CSU CSD CS P0 S0 RS
0

1 450.0 200.0 1 900.0 200.0 100.0 20.0 1000.0 100.0 20.0 200.0 1 200.0
2 500.0 200.0 1 1000.0 200.0 100.0 35.0 1000.0 100.0 25.0 200.0 1 200.0
3 500.0 100.0 1 1000.0 500.0 500.0 100.0 1000.0 100.0 30.0 0.0 -1 0.0
The startup and shutdown and ramp capabilities are symmetrical, i.e., TD = TD, RD = RU , SD = SU .

Table 7.2: Nomenclature for generator data

Parameter Description Unit
CNL No load cost $/h
CLV Variable cost $/MWh
CS/NS Cost of spinning/non-spinning reserves $/MW
CSU/SD Startup/shutdown cost $
P0 Initial production MW
P , P Max/min production MW
RS

0 Initial spinning reserves MW
RNS Max limit for non-spinning reserves MW
RU, RD Ramp up/down capability MW/h
S0 Initial time unit has been online/offline h
SU, SD Startup/shutdown ramp capability MW/h
SUD, SDD Startup/shutdown duration h
TU, TD Min up/down time h

The total load is shown in Fig. 7.5, with an initial load of 400 MW. Since
unit 1 and 2 are the cheapest, these are online initially, both operating at the
minimum generation level of 200 MW. Although each of them could satisfy the
demand of 400 MW by itself, both units need to be online to provide reserves in
case the other unit is outaged.

The maximum demand that can be met by unit 1 and 2 while still satisfying
N-1 security is 450 MW, which is the maximum capacity of unit 1. Thus unit 3
should be brought online during hour 2 when demand increases to 500 MW.

Fig. 7.6 shows the optimal generation and reserve schedules obtained by the
energy-based formulation and the two power-based formulations. Notably, the
energy-based formulation does not start unit 3 until hour 3, thus it cannot guar-
antee N-1 security during the second half of hour 2 when power demand exceeds
450 MW. The reason is that the energy demand during hour 2 is exactly 450
MWh, so that the energy-based formulation does not see the need to bring unit
3 online.

On the other hand, both of the power-based formulations satisfy N-1 security
for all times, which can be seen from Fig. 7.6 since the reserves held at any point
in time by two units exceed the generation level of the remaining unit. However,
the formulation with variables reserves schedules the reserves in a more efficient
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Figure 7.5: Demand profile for Example 1. For the energy-based formulation,
the demand profile has been discretized into energy blocks with the total energy
produced during the hour.

manner, holding just the amount of reserves required to cover the loss of any of
the units at any point in time, and is thus more economical than the formulation
with constant reserves. Table 7.3 shows the reserves procured by the power-based
formulations and the associated cost, showing that the total cost for reserves is
decreased by 2.6% for the formulation with variable reserves.

Notice that in this case the two power-based formulations gave identical power
trajectories for all units. However, this is not necessarily the case, as shown by
the next example.

Table 7.3: Comparison of reserves for power-based formulations in Example 1

Reserves (MWh) Cost ($)
Reserve formulation Reserve formulation

Unit Constant Variable diff. Constant Variable diff. (%)
1 650.0 700.0 50.0 13000.0 14000.0 7.7
2 1050.0 1000.0 -50.0 26250.0 25000.0 -4.8
3 950.0 900.0 -50.0 28500.0 27000.0 -5.3
Tot 2650.0 2600.0 -50.0 67750.0 66000.0 -2.6
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Example 2
This example shows the performance of the formulations for a more realistic
test system, using the 10 generators shown in Table 7.4 and 5 minute load data
obtained from California ISO and scaled to a peak load of 1 GW, shown in Fig. 7.7.
For complete information about the test system and formulation settings see [C3].

Table 7.4: Generator data for Example 2

Technical limits Costs

Unit P P TU RU SUD SDD SU RNS CNL CLV CSU CSD CS CNS

1 455.0 150.0 8 225.0 5 3 262.5 0.0 1000.0 16.2 11071.2 6642.8 11.3 0.0
2 455.0 150.0 8 225.0 5 3 262.5 0.0 970.0 17.3 11322.5 6793.5 12.1 0.0
3 130.0 20.0 5 50.0 3 2 45.0 0.0 700.0 16.6 2598.0 1732.0 11.6 0.0
4 130.0 20.0 5 50.0 3 2 45.0 0.0 680.0 16.5 2535.0 1690.0 11.5 0.0
5 162.0 25.0 6 60.0 3 2 55.0 0.0 450.0 19.7 2088.8 1392.5 13.8 0.0
6 80.0 20.0 3 60.0 3 1 50.0 0.0 370.0 22.3 1777.8 592.6 15.6 0.0
7 85.0 25.0 3 60.0 3 1 55.0 0.0 480.0 27.7 2480.2 826.8 19.4 0.0
8*† 55.0 10.0 1 135.0 1 1 55.0 55.0 660.0 25.9 60.0 0.0 18.1 15.6
9*† 55.0 10.0 1 135.0 1 1 55.0 55.0 665.0 27.3 60.0 0.0 19.1 16.4
10*† 55.0 10.0 1 135.0 1 1 55.0 55.0 670.0 25.8 60.0 0.0 18.1 15.5
Notes: 1. Nomenclature provided in Table 7.2. 2. * - fast start unit, †- unit providing non-spinning reserves.
3. symmetric ramp capabilities, i.e. RD = RU and SD = SU .

Figure 7.7: 5-min CAISO demand scaled to 1000 MW.

To evaluate the SCUC formulations we use a 5-min security-constrained eco-
nomic dispatch (SCED) which simulates the real-time operation of the power
system using the 5-min load profile. In the SCED the units can be redispatched
to compensate for the difference between the hourly load profiles used in the
SCUC formulation and the 5-min load data. However, the reserve schedules are
fixed to the values obtained from the SCUC. Thus there can be a reserve deficit if
the reserves scheduled in the SCUC are not sufficient to guarantee N-1 security in
the SCED. Also, for the energy-based formulation it is necessary to allow relax-
ation of the reserves to ensure feasibility, since the inexact representation of unit
ramp rates means that the reserves may not be feasible to provide, as discussed
in Section 7.2.
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Table 7.5 shows the results from the evaluation of the SCUC formulations.
Comparing the reserve deficits shows that the power-based formulations give
much higher security than the energy-based formulation. The reason that the
power-based formulations do not provide complete N-1 security, shown by the
non-zero reserve deficits, is explained by the difference between the piecewise lin-
ear load profile assumed by these formulations and the actual 5-min load profile
used in the SCED. Further, some of the reserves scheduled by the energy-based
formulation were not possible to deliver due to the inexact representation of unit
ramp rates.

Comparing the power-based formulations, Table 7.5 shows that using vari-
able reserves decreases the reserve cost by 4%, while only slightly increasing the
dispatch cost in the SCED evaluation.

Table 7.5: Evaluation of formulations for Example 2

Energy Power (constant) Power (variable)
SCUC
Dispatch cost 1.0021 1.0023 1.0037
Commitment cost 0.2961 0.2975 0.2975
Reserve cost 0.2100 0.2165 0.2077
Reserves [MWh] 4661.2 4851.6 4599.1
SCED

Dispatch cost* 1.0000 0.9981 1.0000
Reserve deficit [MWh] 25.1 0.2 0.9
Infeasible reserves [MWh] 2.1 0.0 0.0
Notes:
1. Costs normalized to the ED dispatch cost for energy-based formulation: $340031.3
2. * excluding the cost penalizations for reserve deficit and infeasible reserves

Conclusion

Examples 1 and 2 show how the power-based UC formulation can be extended to
incorporate N-1 security constraints to achieve higher security compared to the
energy-based formulation. This is possible since the power-based formulation ex-
plicitly models the piecewise linear trajectories of units, allowing the formulation
of reserves that cover the outage of any unit at any point in time. By allow-
ing time-varying reserves in the power-based formulation the cost of providing
reserves could be further reduced. The examples presented here do not include
transmission constraints, as this allows for more illustrative examples. However,
in [J4] the power-based formulation with time-varying reserves was implemented
with transmission constraints, and compared to the conventional energy-based
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formulation using larger test systems, showing similar improvements in power
system security.

7.3 Intra-hour Wind Uncertainty and Variability in Unit
Commitment

There is a considerable literature on adapting the UC problem to deal with
the variability and uncertainty from high levels of VRE production [130, 131].
The main types of methods are stochastic scenario-based methods that repre-
sent wind uncertainty using a discrete set of scenarios [132–134], robust meth-
ods [46, 47, 136, 137, 139] that represent the uncertainty using a continuous un-
certainty range within which the stochastic variable will take on the worst out-
come, and stochastic chance-constrained methods which use stochastic variables
representing the uncertainty inside the constrains and ensure that the violation
probability is below some given threshold [52, 53, 140–142]. However, all of these
methods have some drawbacks. Scenario-based methods are highly sensitive to
the underlying scenarios and impose a high computational burden for large sys-
tems [134,155]. On the other hand, robust formulations give rise to two-stage min-
max optimization problems which require decomposition techniques [46, 47, 136]
and can be overly conservative. Finally, although chance-constrained formulations
avoid the large problem size of scenario-based methods and the conservativeness
of robust formulations, they either require stricter assumptions on the probability
distribution of uncertainty, such as assuming a normal distribution [53,140,141],
or they need specialized solution techniques such as sample-average approxima-
tion, which also increases the computational complexity [52,142].

For these reasons, simple methods that can deal with wind uncertainty without
imposing a high computational burden or requiring specialized solution techniques
are desirable. One such formulation was proposed in [156], which uses the power-
based UC formulation to specify separate capacity reserves and ramp reserves.
This ensures that online units have enough capacity headroom to accommodate
the lower and upper wind power trajectories, and also that online units have
enough ramp capability to follow the maximum hourly ramp excursions from wind
power. The formulation was shown to be very robust compared to a stochastic
version. Also, it allows curtailing wind power production to reduce the variability
of wind, if this is economically beneficial.

In [J5] the formulation in [156] is extended to include intra-hour ramp reserves,
in order to deal with wind power variability on a shorter time scale. It is shown
that this can improve the scheduling decisions. Also the original formulation
is simplified by removing constraints which are redundant when neglecting the
pricing of the capacity reserves.
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Simplifying the formulation
In this section all equations are referred to using the numbering in the paper by
Morales-España et al. [156] on which the formulation proposed in this thesis is
based. In the original formulation there are both variables r+

gt, r−gt corresponding
to the upward and downward capacity reserves, and variables rgt, rgt correspond-
ing to the upper and lower dispatch trajectory (rgt corresponds to the lower wind
dispatch wbt and thus the upper trajectory of unit g, and similarly rgt is the lower
dispatch trajectory corresponding to the upper wind dispatch wbt). The capac-
ity reserve variables are used to ensure that there are sufficient capacity reserves
((12)-(13) in [156]): ∑

g∈G
r+

gt ≥
∑

b∈BW

(wbt − wbt) ∀t

∑
g∈G

r−gt ≥
∑

b∈BW

(wbt − wbt) ∀t

However, these constraints are redundant. To see this, consider (27):

−r−gt ≤ rgt, rgt ≤ r+
gt

together with (32)-(33) enforcing demand balance:∑
g∈G

rgt =
∑

b∈BW

(wbt − wbt) ∀t

∑
g∈G

rgt =
∑

b∈BW

(wbt − wbt) ∀t

Together, these give for the upward capacity reserves that∑
g∈G

r+
gt ≥

∑
g∈G

rgt =
∑

b∈BW

(wbt − wbt),

i.e., constraint (12), and for the downward capacity reserves∑
g∈G

r−gt ≥
∑
g∈G
−rgt =

∑
b∈BW

(wbt − wbt),

i.e., constraint (13).
By removing constraints (12)-(13) in the original formulation, and also re-

moving the variables r+
gt, r−gt, and enforcing constraints involving these variables

using the dispatch trajectories rgt, rgt, the formulation can be simplified without
loosing any of its properties. This simplified formulation is used in [J5]. However,
note that if it is desired to use the dual variables of the constraints (12)-(13) for
obtaining the prices for capacity reserves this simplification cannot be made.
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Figure 7.8: Wind uncertainty range and dispatch range. In this case the dispatch
range at t is reduced compared to the uncertainty range, meaning that there might
be wind curtailment in real time. This decreases the ramp rate of the nominal
dispatch wt − wt−1 and the wind excursions ŵIHR+

t∆ , ŵIHR−
t∆ , thus decreasing the

flexibility needed from conventional generators.

Using intra-hour reserves
Wind power is completely dispatchable in the formulation, with an upper dispatch
limit of wt and a lower dispatch limit of wt, as illustrated in Fig. 7.8. To ensure
that the system has enough flexibility, ramp reserve constraint are enforced, re-
quiring that the combined intra-hour ramp reserves of conventional units exceed
the sum of the wind excursions that can happen within an intra-hour interval of
60/∆ minutes, e.g., for the upward ramp reserves rIHR+

gt :∑
g∈G

rIHR+
gt ≥

∑
b∈BW

min
(
W̃ IHR−

bt , wIHR−
bt1

)
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Here the variables wIHR−
bt1 , wIHR−

bt∆ are the maximum downward intra-hour ramp
excursions (in excess of the nominal downward ramp rate wb,t−1−wbt) for the wind
farm which fit within the dispatch trajectory, as shown in Fig. 7.8, and W̃ IHR−

bt is
the ex-ante maximum wind ramp which can occur. Thus, by making the dispatch
trajectory more narrow the right side of the expression can be decreased, thus
decreasing the need for ramp reserves. In this way, the flexibility needed from
conventional generators can be decreased by curtailing wind power, if this is
economically beneficial.

Apart from better coping with short wind ramp excursions, using intra-hour
reserves can also improve the scheduling of fast units in the system, as illustrated
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in Fig. 7.9. The unit in the figure has an hourly ramp rate which is twice the
capacity operating range (P − P ). If the ramp reserves are specified hourly, the
maximum hourly ramp reserve, rR+

t , that can be held by the unit is P −P , since
the ramp reserve must fit within the capacity operating range. However, this uses
only half the maximum ramp rate of the unit. If instead, as in the right side of
Fig. 7.9, intra-hour ramp reserves are specified with a deployment time of half of
an hour, the maximum amount of intra-hour ramp reserves, rIHR+

t , is still P −P .
However, this intra-hour ramp reserve corresponds to a higher ramp rate, thus
being of higher value to the system and utilizing the full ramping capability of
the unit.

For more details regarding the of the intra-hour reserves and the full mathe-
matical formulation, see [J5].
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Figure 7.9: Hourly and intra-hourly ramp reserves.

Case Study
In this case study the formulations with only hourly reserves, and both hourly
and 30-min intra-hourly reserves are tested using the IEEE 24-bus test system,
with generator data as shown in Table 7.6. The test system includes three wind
farms, with scenarios generated using the model from [C2], as shown in Fig. 7.10.
For further details regarding the test system, see [J5].

The hourly UC formulations with only hourly reserves (HR) and with com-
bined hourly and intra-hourly reserves (CR) were solved and then evaluated using
out of sample evaluation for 500 realizations of the wind power production, using
a 5-min economic dispatch. For further details, see [J5]. Table 7.7 compares
the results for both formulations. Notably, the formulation with intra-hourly re-
serves has less loadshedding, since it has scheduled units with more flexibility, to
accommodate the intra-hour wind power variations.

The reason why formulation CR can achieve higher security is that it gives a
better scheduling of flexible units with high ramp rates. Notice in Table 7.6 that
unit 1 and unit 2 are identical except that unit 1 has higher variable costs (CLV )
but also higher ramp capability (RU). Although unit 1 is more expensive than
unit 2, it may be beneficial to schedule this unit instead of unit 2 if the additional
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Table 7.6: Generator data for the IEEE 24 bus system

Gen Bus Type P P RU TU TD SUD SDD CNL CLV CSU CSD

1 1 CCGT 80.0 152.0 144.0 3 2 1 1 526.8 19.0 1271.1 1271.1
2 1 CCGT 80.0 152.0 72.0 3 2 1 1 526.8 18.6 1271.1 1271.1
3 2 CCGT 80.0 152.0 144.0 3 2 1 1 526.8 18.6 1255.6 1255.6
4 2 CCGT 80.0 152.0 72.0 3 2 1 1 526.8 18.2 1255.6 1255.6
5* 7 CCGT 120.0 300.0 126.0 4 4 2 2 919.8 17.6 3949.3 3949.3
6* 13 CCGT 312.0 591.0 93.0 4 4 2 2 1448.6 17.2 8261.3 8261.3
7 15 IGCC 54.2 155.0 201.5 8 5 3 2 415.5 24.0 3164.4 2109.6
8 15 IGCC 54.2 155.0 100.8 8 5 3 2 415.5 23.6 3164.4 2109.6
9* 16 IGCC 54.2 155.0 7.0 8 5 3 2 415.6 24.1 3204.0 2136.0
10* 18 Nuclear 100.0 400.0 28.0 8 8 5 3 188.3 6.8 26449.9 1577.7
11* 21 Nuclear 100.0 400.0 28.0 8 8 5 3 188.3 7.2 26556.9 1641.9
12* 22 CCGT 156.0 300.0 72.0 2 4 2 2 3756.6 28.3 11927.0 11927.0
13 23 Coal 140.0 350.0 420.0 8 5 3 2 303.8 26.7 10379.5 4277.4
14 23 Coal 140.0 350.0 210.0 8 5 3 2 303.8 26.2 10379.5 4277.4
Notes:
1. Nomenclature provided in Table 7.2.
2. Ramp capability of all units is symmetrical: RU = RD.
3. * unit not providing reserves in the UC, i.e., with fixed production in the ED.
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Figure 7.10: Wind power scenarios for one of three wind farms in Example 1.

ramp capability (144 MW vs 72 MW) is needed. However, if only hourly ramp
reserves are used, the ramp reserves that can be provided by unit 1 are limited
by its capacity operating range of 72 MW, so the additional ramping capability
of unit 1 is not seen in the formulation HR. The principle is the same for the unit
pairs 3 and 4, 7 and 8, as well as 13 and 14, where the units differ only regarding
the ramp capability and the variable costs.

Fig. 7.11 compares the commitment of these units (1-4,7,8,13,14) for the for-
mulation HR and CR. As expected, in the choice between unit 1 and unit 2,
the formulation HR prefers to schedule unit 2 which is cheaper, while the for-
mulation CR schedules unit 1 during the whole planning period. During hour
11-19, formulation HR schedules only unit 2 while formulation CR schedules only
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Table 7.7: Evaluation of ramp reserve formulations

Hourly (HR) Hourly + Intra-hourly (CR) (30 min)
Unit commitment (UC)

Objective* 1.0000 1.0117
Commitment cost* 0.1913 0.2036
Dispatch cost* 0.8087 0.8081
Nr. of startups 5 4
Solution time (s) 15.8 250.0
Economic dispatch (ED) - average from 500 evaluations

Objective* 0.0844 0.0620
Total cost*† 1.0593 1.0463
Loadshed (MWh) 2.92 0.82
Wind curtail (MWh) 2203.58 2018.57
Wind curtail (%) 12.8 11.7
Nr. of violations 548 181
Nr. of eval. w. viol. 65 30
*All costs are scaled to the UC objective value for HR: 762075 $.
†Computed as sum of commitment cost and the average
ED dispatch cost, including cost for load shedding.
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Figure 7.11: Comparison of commitment schedule with only hourly (HR) and com-
bined intra-hourly and hourly (CR) reserves for selected units. For each unit, the
first row shows the commitment for HR and the second row the commitment for
CR. Bright yellow indicates an online unit (ugt = 1) and dark purple indicates an
offline unit (ugt = 0).
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unit 1. A similar pattern can also be observed for unit 7 and 8, where formulation
CR better appreciates the need for ramping capability from unit 7 compared to
formulation HR.

Apart from achieving higher security, CR also reduces the wind power curtail-
ment in the ED from 12.8% to 11.7%. The reason is the same as for the increased
security, namely that it schedules units with more flexibility, which are thus bet-
ter at compensating the variations in wind production in real time, leading to
reduced curtailment.

Conclusion
In summary, using intra-hour reserves in an hourly formulation can make the
it more robust against intra-hour wind variability by ensuring sufficient intra-
hour ramp capability is available. In [J5] several different reserve formulations
were tested, using larger test systems, and also compared to different stochastic
UC formulations. This showed that the reserve formulations were significantly
more robust and less sensitive to the scenarios which were used as inputs to the
formulations.

A drawback of the formulations proposed in [156] and [J5] is that the min
functions in the ramp reserve constraints, e.g., in (7.7)-(7.8), require additional
binary variables to be implemented using big-M constraints. This increased the
solution time for the problems, especially for larger test systems. Hence a major
improvement of the formulations would result if the use of this min function could
be avoided.



Chapter 8

Conclusions and Future Work

8.1 Conclusions

The increasing penetration of variable renewable energy (VRE) in power systems
create increasing needs for flexibility to balance the power system and can result
in situations when the grid is not able to accommodate all VRE production, which
means that VRE production must be curtailed. Curtailment can occur due to
many different reasons, e.g., network constraints, the need to keep conventional
units online to provide reserves, low inertia and frequency stability issues, and
reasons related to voltage stability. In the Nordic power system, there has so
far been limited need for curtailment. However, increasing levels of VRE, mostly
wind power, means that regular curtailment may become necessary in the future.

This thesis has studied curtailment in the future Nordic power system and
developed methods for efficient short-term and long-term planning of power sys-
tems. Firstly, grid codes for VRE production were studied in [C1] and simple
examples showing the need to allow VRE curtailment were analysed in [J3]. The
conclusion was that the grid code requirements for curtailing VRE production and
using VRE to provide ancillary services, such as frequency reserves, are already
in place. However, [J3] shows that full market integration of VRE production is
needed to operate a power system efficiently, meaning that VRE should provide
their full flexibility to the market and not be subject to rules for priority dispatch
or be given incentive-distorting subsidies.

For long-term power system planning, an Open Dispatch Model for the Nordic
Power System, ODIN, was developed [J7]. Unlike other existing models cover-
ing the Nordic region, ODIN is completely open-source and also includes the
necessary data needed to run yearly simulations for the Nordic power system. It
models aggregate generation in the Nordic price areas and neighbouring countries,
including reservoir hydro, run-of-river, and pumped hydro, and uses ENTSO-E
data for simulating hydro, wind, and solar production. It has also been verified
to reproduce historical production and transfer patterns in the Nordic system.
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The first version of ODIN was used for a case study in [J2] simulating the future
Nordic power system with 26 GW and 33 GW of wind power production, to look
at how curtailment was affected by different modelling aspects. The wind cur-
tailment was found to be below 0.3% of the annual yearly production for the 26
GW case and below 2.3% for the 33 GW case, which assumed a large expansion
of wind power in the north of Sweden. The study also included consideration
of frequency stability, by including a minimum requirement for the kinetic en-
ergy in the Nordic synchronous region. It was shown that this requirement did
not create the need for significant curtailment, since new fast frequency reserves
introduced in 2020 would allow operation with considerably lower inertia levels
than previously. On the other hand, the transmission capacities between Sweden
and, respectively, Denmark and Norway, had a large impact on the curtailment.

Regarding short-term power system planning, this thesis has extended the
power-based unit commitment (UC) formulations to consider both N-1 security
in [J4] and [C3] and intra-hour wind power variability and uncertainty in [J5].
The UC formulation from [J5] with intra-hour ramp reserves can achieve an ef-
ficient scheduling for power systems with high wind penetration, since it uses
both capacity and ramp capability reserves for ensuring that the system is secure
against intra-hour wind power variations. Compared to the formulation with
just hourly reserves, the intra-hourly reserves contribute to higher power system
security, more efficient scheduling of fast-ramping units, and lower wind power
curtailment.

Finally, in [J6] the first version of ODIN was converted to a power-based
model, showing that this can give improved results when decreasing the time
resolution of the model in order to reduce the computational complexity. Thus,
the power-based formulation can be useful not only for UC problems, but also
for production cost models aimed at long-term power system planning.

8.2 Future Work

Although this thesis has presented several case studies looking at VRE curtail-
ment in the Nordic power system, there is scope for making more extensive stud-
ies, both in terms of increasing the technical detail and extending the studied
time horizon.

It was concluded that voltage and frequency stability should not present major
issues and result in curtailment in the short term, but more detailed analysis of
these aspects would be useful. For example, although the total amount of inertia
in the system may be sufficient not to create problems for frequency stability, a
redistribution of production where large parts of the grid in the south of Sweden
and Denmark has very low inertia and short circuit power can still result in
stability problems. Since ODIN is an open source model, it can play a part
in further research relating to these issues. For example, ODIN can be run for
future power system scenarios to give snapshots of the distribution of the power
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production in the Nordic system. These snapshots can then be used in more
detailed models for analysing power system stability, including frequency and
voltage stability.

Also, since ODIN only includes transfer capacities between the different price
areas, it cannot be used to study curtailment arising from more local grid con-
straints within the bidding zones. However, this would be possible to study
by incorporating a more detailed grid model in ODIN. By making reasonable
assumptions for the distribution of production and demand within each price
area, endogenous internal transmission constraints could be included, simulating
a nodal market. Similarly, it would be possible to investigate the effects of the
flow-based market coupling which will be introduced in the Nordic spot market
in the coming years.

Regarding the studied time horizon, it would be useful to make studies which
try to look further into the future. While ODIN includes storage from reservoir
and pumped hydro production, for future studies it should be expanded to include
new types of storage technologies, such as batteries and hydrogen storage, as well
as demand flexibility, to investigate how this can help reduce curtailment. Also,
since ODIN is a high level model which can simulate the Nordic power system
over long time periods, it is well suited to be extended into a generation expansion
model, to find the optimal expansion of generation and storage technologies for
the future Nordic power system while dealing with VRE variability. The open-
source nature of ODIN would be an extra benefit in this case, since it would
allow other researchers to reproduce the results obtained, thus contributing to
a more informed and transparent debate about the best path to a sustainable
power system in Sweden and the other Nordic countries.

There are also several possibilities for future work relating to the UC formu-
lations which have been proposed in this thesis. The main drawback of the intra-
hourly reserve UC formulation was the computational complexity introduced by
the large number of binary variables resulting from the big-M implementation of
the min function. Thus, there is room for considerable improvement in computa-
tional performance if the reserve constraints can be implemented while avoiding
the use of the min function. This could allow the proposed N-1 security reserves
and the intra-hour wind reserves to be combined into the same formulation, thus
giving a deterministic UC formulation which considers both N-1 security and
wind uncertainty. Such a formulation should also be compared to other methods,
e.g. robust UC formulations, to determine its benefits in terms of effectiveness
and computational complexity.
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