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1. Introduction

1.1 Background

Energy systems are going through a disruptive transition. Changes in how en-
ergy is produced, transmitted, and consumed are driven by efforts to build a
more sustainable future. Principally, sustainability refers to avoiding long-term
environmental damages and originates from concerns over climate change.
Measures such as the Paris agreement (UNFCCC, 2016) engage countries world-
wide to take actions to limit the global temperature rise.

In the global energy system transition, the European Union (EU) has taken
the lead in incentivizing a greener future with its 2020 climate & energy pack-
age. This includes targets to reduce greenhouse gas emissions from 1990 levels
by 20%, and to increase the share of renewable energy in energy consumption
and energy efficiency by 20% (Directive 2009/28/EC; Directive 2012/27/EU).
In 2014, EU adopted a new 2030 climate & energy framework, which was re-
vised in 2018 to respective targets of 40%, 32%, and 32.5% (Directive (EU)
2018/2001; Directive (EU) 2018/2002).

The emergence of large-scale variable renewable energy sources (VRES) is the
most prominent result of these developments. Solar PV and wind power invest-
ments have dominated the global power capacity growth in 2011-2016 with 260
and 285 GW, respectively (IEA, 2017). Nonetheless, electricity is fundamentally
different from most other commodities, which complicates power system plan-
ning and operations. Specifically, electricity needs to be used immediately when
it is generated, because possibilities for storing electricity are limited. Yet, a bal-
ance between supply and demand is at all times required for the power system
to maintain voltage and frequency, while respecting the transmission con-
straints and physical laws of power flows (Stoft, 2002; Wilson, 2002; Pozo et
al., 2017). Furthermore, VRES are inherently intermittent, which increases the
need for balancing, market coupling, and congestion management (e.g., Kunz,
2013; EC, 2015).

Thus, the transition toward sustainable generation goes hand in hand with the
systemic viewpoint. For example, EU aims to implement a fully integrated en-
ergy system, the Energy Union (EC, 2015). This plan emphasizes free cross-bor-
der electricity flows and cooperation between countries to secure energy supply.
It is also necessary to view the energy sector beyond electricity generation. The
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requirements for increased energy efficiency and competition also call for flexi-
bility from the national (district) heating sectors, which are partly coupled to
electricity generation. In fact, heating accounts for globally about 50% of total
energy demand (IEA, 2014), which makes it essential for a successful energy
system transition. As a part of Directive 2012/27/EU, combined heat and power
production (CHP) is a plausible way to meet the higher energy efficiency targets
(see also Mitridati and Pinson, 2016). Additionally, combinations of technolo-
gies, such as heat pumps, waste heat use, and storing heat, are likely to further
these objectives (e.g., Lund et al., 2010).

Economically, the transition incurs a cost trade-off between supply security
and sustainable but intermittent production. Simultaneously, the goal is to have
competitive and economically efficient markets (cf. Koppelaar et al., 2016). His-
torically, the perspective of economics links to the motive to liberalize electricity
markets, as has been the case in many other industries. Until 1990s, most coun-
tries had a national centrally managed power system. This means that state-
owned monopolies managed vertically linked electricity generation, transmis-
sion and distribution, as well as retailing to consumers. In order to improve eco-
nomic efficiency and foster technological innovations via competition, the mar-
kets have been restructured, e.g., in the EU countries, in the UK, and in the
United States – with a varying success in different countries and on different
stakeholders (Joskow, 2009; Hyman, 2010).

Although many electricity system designs still exist, there are liberalized
wholesale markets in many companies. An (independent) system operator
(ISO) is responsible for balancing the system (Wilson, 2002). The power net-
works remain natural monopolies handled by transmission system operators
(TSOs) and distribution networks, which are regulated entities. However, the
incentives of profit-maximizing companies are not per se in line with socially
optimal outcomes, which the old regulated system sought to produce. Presently,
policy makers, such as EU or national authorities or energy regulators, cannot
alone ensure that the sustainability targets are reached. Therefore, they need to
resort to indirect support mechanisms like economic or technical incentives on
production and investments, or market design adjustments. Examples of such
are taxes, priority grid-access, and EU’s emissions trading system (ETS).

Flexibility is in the center of managing this transition. Along with market cou-
pling, such as transmission grid expansions (Maurovich-Horvat et al., 2015;
Huppmann and Egerer, 2015), and demand-side management, energy storage
is at the forefront of discussion from the perspective of supply. Although elec-
tricity cannot be stored itself economically on a large scale, it can be converted
into something else. Existing storage technologies include mature large-scale
systems such as pumped hydro storage (95% of global capacity), but also newer
emerging solutions like utility-scale batteries (DOE Global Energy Storage Da-
tabase).

Nevertheless, the economic profitability of storage systems remains debatable
(Schill and Kemfert, 2011; Zakeri and Syri, 2014 and 2015; Lueken and Apt,
2014). Specifically, storage can help integrate VRE as reserve capacity, support
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ramping, or be used for arbitrage or ancillary services such as frequency regula-
tion (Sioshansi et al., 2012). However, it is challenging to account for many ben-
efits simultaneously. Additionally, policies can act as barriers, because the opti-
mal ownership of storage is not straightforward (Sioshansi et al., 2012): large-
scale storage increases social welfare and benefits consumers by smoothing
prices, but at the cost of producers (Schill and Kemfert, 2011). Because TSOs as
monopolists and regulated entities are not generally allowed to own market as-
sets such as storage, a merchant – or a merchant-consumer combination – may
be the optimal solution (Sioshansi, 2010).

Despite the restructuring process, and the fact that VRE ownership is typically
more dispersed, a few big companies own most of the conventional and dis-
patchable power generation capacity within national electricity sectors (Pozo et
al., 2017). For example, in France and Estonia the largest generator has a market
share of over 80% in electricity generation, whereas in the Nordic countries the
shares are ca. 25-42% (Eurostat, 2018). Given that possibilities for storing elec-
tricity are limited, demand is rather inelastic, and supply is constrained by the
transmission network, high demand and network congestion may give these
companies market power (see e.g., Wilson, 2002; Bushnell, 2003; Fridolfsson
and Tangerås, 2009; Pozo et al., 2017). Recent evidence also suggests that Nor-
dic power market, Nord Pool Spot, may not be considered at all times and in all
areas perfectly competitive (Tangerås & Mauritzen, 2019). Companies that exert
market power influence markets to their benefit, e.g., by withholding supply to
increase electricity prices. Although the antirust legislation prohibits the use of
a dominant market position, such uses may be difficult to observe due to market
design and infrastructure. Eventually, companies’ decisions also affect whether
implemented policies are successful. For instance, a company exerting market
power uses storage differently from what is socially optimal in terms of sched-
uling and underusing storage (Bushnell, 2003; Schill and Kemfert, 2011; Si-
oshansi, 2010). Market power also affects storage investment sizes (Nasro-
lahpour et al., 2016; Siddiqui et al., 2018; Gonzalez-Romero et al., 2019). Fi-
nally, storage may even decrease social welfare (Sioshansi, 2014).

Energy systems are undergoing substantial and complex changes. In particu-
lar, the energy sector constitutes a significant industry with many impacts for
sustainability due to its long-term environmental impacts. At present, this man-
ifests mainly as the need to promote renewable energy and energy efficiency for
environmental sustainability. However, the system includes multiple stakehold-
ers with interlinked yet partially conflicting interests. The categorization in Ta-
ble 1 summarizes their targets from different perspectives. Consequently, it is
vital to assess how the energy system can remain secure while keeping sustain-
ability in the spotlight, without compromising much of the market efficiency. A
case in point is the flexibility that energy storage, efficient use of CHP plants,
and viewing energy system as a whole can provide. Many of these aspects would
be difficult, costly, or unfavorable to study empirically, including the impacts of
storage on emissions (Sioshansi, 2011; Lueken and Apt, 2014), or impact of al-
ternative policies, such as stronger market coupling (Ochoa and van Ackere,
2015).  Mathematical models can help address these topics.
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Table 1. Selected energy system targets categorized.

Environmental Technical Economic Producers’
viewpoint

Consumers’
viewpoint

- Sustainability
- Renewable

energy
- Energy

efficiency

- Flexibility
- Energy

security
- Market

integration

- Competition
- Low market

power
- Market

efficiency

- Profit
maximization

- Low prices
- Social

acceptance

1.2 Objectives and Scope

This dissertation aims to answer research questions associated with the sustain-
able transition of energy markets. The attainment of sustainability is considered
in the light of incentives toward higher VRE integration and higher energy effi-
ciency; in particular, the effects that they may have on the rest of the energy
system. The impacts of energy storage and efficient CHP plants to increase the
flexibility of transitioning energy systems are in a particular focus. In general,
we take the systems perspective and focus on interconnected power grids.

The twofold contributions consist of:  (i) formulating and implementing math-
ematical models; (ii) using these models to study incentives and policies with
case studies from the Western European and Nordic energy sectors. The aim is
to provide results that help inform energy policies. Specifically, the models in
this dissertation are formulated for the context of liberalized and interconnected
markets. Various market assumptions in terms of competition and participants’
underlying behavior are considered. In particular, the focal policy questions in-
clude the following:

1. How does the producers' market power affect the ongoing transition?
2. What are optimal energy storage investments, and how does large-

scale storage affect markets?
3. What is the role of interlinked electricity and heat systems via CHP?
4. How does VRE integration affect energy systems?
5. What are some real-life implications from the formulated models?

Table 2 categorizes some of the key topics that Papers I-IV discuss and Figure
1 presents them as overlapping sets. Papers I-III focus mostly on overall market
outcomes and producer’s market power for of policy analysis. Paper IV repre-
sents a more detailed description of technologies and national energy sectors,
with a specific focus on increasing market interconnections.

Table 2. Research questions in Papers I-IV.

1.
Market
power

2.
Energy
storage

3.
Energy
systems

4.
VRE
integration

5.
Case
study

Paper I X X X X
Paper II X X X X

Paper III X (X) X X
Paper IV X X X
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Figure 1. Themes of the papers.

1.3 Research Methods and Dissertation Structure

The mathematical models in this dissertation are based on the economic and
technical aspects of energy systems. Hence, they account for the supply, de-
mand, and the resulting market prices, as well as production and transmission.
The time scales focus mainly on day-ahead markets with linkages to long-term
investments and policy issues. Thus, the decisions range from the operational
level of energy production, storing, and transmission, toward storage capacity
acquisition.

The models in Papers I-IV are solved through optimization. Papers I and III
extend the viewpoint into modeling several interlinked optimization problems
through a reformulation as equilibrium or complementarity models, in which
production decisions and market prices are modeled endogenously (Gabriel et
al., 2013). Papers I and III consider single-level complementarity problems. Pa-
per II employs a primal-dual approach to solve a bi-level optimization model,
which are increasingly used to model energy market structures (Pozo et al.,
2017). Paper IV combines optimization with simulation, resulting in a mixed-
method model.

The rest of this introductory chapter is structured as follows. Section 2 pre-
sents the theoretical and methodological background of the dissertation. Sec-
tion 3 discusses the results of Papers I-IV. Section 4 concludes by summarizing
the contributions of the dissertation, and discusses possibilities for future re-
search.

Market
Power

Energy
Systems

VRE
Integration

Energy
Storage

IV

III

III
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2. Methodological Background

2.1 Economic and Game Theoretic Concepts

Decisions in the planning of investments and operations in the energy sector
can be supported with mathematical models. In particular, liberalized electricity
market structures can be represented by combining concepts from microeco-
nomics with tools of operations research, especially optimization and game the-
ory (Pozo et al., 2017), in order to study market outcomes resulting from the
market participants’ decisions.

Before the electricity market liberalization, power system operations could be
modeled from the viewpoint of a central planner. Mathematically, this leads to
a single decision-maker’s single optimization problem, such as cost minimiza-
tion (Gabriel et al. 2013; Koppelaar et al., 2016). Nevertheless, in liberalized
markets, the outcome results from several participants’ actions. The outcome
can be characterized as an equilibrium of supply and demand of multiple opti-
mization problems. Such problems can be addressed with game theoretic con-
cepts, which characterize them as equilibrium problems.

Perfect competition depicts a standard model for a market with a homogenous
product. When the producers cannot influence the market price of a product,
they act as price-takers and consider that the price is a constant (Stoft, 2002).
If this applies to all producers on the supply side, the market equilibrium, i.e.,
the price and total quantity supplied, is equal to a single optimization problem
of an independent system operator (ISO): social welfare maximization (e.g., Ga-
briel et al., 2013). Specifically, social welfare refers to the total surplus of the
market participants, comprising both producers and consumers, and is there-
fore a measure of market efficiency.

Although this idealistic case is often employed in economic models, and en-
ergy market regulators seek to ensure that markets are efficient, it is not always
a realistic assumption. Competition may be imperfect so that some participants
can and will affect prices (Stoft, 2002; Pozo et al., 2017). This behavior is re-
ferred to as market power. Market power may occur due to various reasons, such
as when only a few big companies own most of the generation capacity and they
decide to withhold some production, or when there is local market power during
transmission congestion (Ventosa et al., 2005). Joskow (2008) discusses im-
perfect competition from the viewpoint of electricity market liberalization, and
Fridolfsson and Tangerås (2009), and Tangerås and Mauritzen (2019) specifi-
cally in the Nordic context.
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An example of market power is the Cournot oligopoly, in which producers as-
sess how their decisions on production quantities (supply) affect the price. By
anticipating consumers’ reactions (e.g., via inverse demand function) and by as-
suming that the other companies do not alter their supply based on their deci-
sion, each Cournot producer optimizes its production decision. The result is the
Nash-Cournot equilibrium from which no producer has any incentive to deviate
(see e.g., Gabriel et al., 2013). In general, this decreases the market efficiency
compared to perfect competition, and worsens the position of consumers in wel-
fare distribution.

Assuming that some producer(s) can influence the decisions of others, the cor-
responding model is a multi-level game of leader(s) and followers, with sequen-
tial decisions (Pozo et al., 2017). One example is a Stackelberg model in which
the leader company anticipates the followers’ reactions to their production de-
cisions (Gabriel and Leuthold, 2010). Other applications in literature include
investments in transmission and wind capacity (Baringo and Conejo, 2012;
Maurovich-Horvat et al., 2015), power generation decisions affected by district
heating dispatch (Mitridati and Pinson, 2016), setting renewable portfolio
standard targets (Siddiqui et al., 2016), and investments in generation capacity
as a generalized game (Centeno et al., 2011).

2.2 Optimization and Complementarity Modeling

In optimization a predefined objective is to be minimized (or maximized) by
choosing decision variable(s) which yield the optimal solution. The solutions are
usually constrained by limits, e.g., a budget or a production capacity. A general
form of the classic optimization problem ismin 𝑓(𝑥) (1𝑎)

subject to (𝑥) = 0 (1𝑏) 𝑔(𝑥) ≤ 0. (1𝑐)
Here, 𝑥 is the decision variable (vector), which needs to be determined to min-

imize the objective 𝑓(𝑥). Depending on the forms of the equations, the optimi-
zation problem may belong to a class of, e.g., linear programming (LP), quad-
ratic programming (QP) or non-linear programming (NLP). Additionally, if the
variables are not continuous but binary or integer, the problem will be, e.g., a
mixed integer linear or quadratic program (MILP/MIQP). In electricity mar-
kets, perfect competition can be modeled as a social welfare maximization prob-
lem with a quadratic objective function and (often) linear constraints on gener-
ation capacities and other technical aspects. A linear problem is convex, and a
quadratic minimization problem is convex if the Hessian of the objective func-
tion is positive semi-definite, and the feasible region is convex. Therefore, such
problems are relatively straightforward to solve with commercially available
solvers.
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If the markets are not perfectly competitive, methods other than optimization
are generally needed to model energy companies’ operations1. While each pro-
ducer aims to maximize its own profits, the profits also depend on market out-
comes (e.g., prices) and the decisions of other market participants. Therefore,
when considering multiple producers’ simultaneous optimization problems, we
may talk about an equilibrium problem. If the problem is convex, we may use
its first order Karush-Kuhn-Tucker (KKT) conditions, which are sufficient for
global optimality. KKT conditions are written from the corresponding Lagran-
gian function. For optimization problem (1), this is defined asℒ = 𝑓(𝑥) + 𝜆 (𝑥) + 𝜇 𝑔(𝑥). (2) 
The Lagrangian function introduces dual variables (shadow prices) 𝜆 and 𝜇. The
corresponding KKT conditions are∇ 𝑓(𝑥) + 𝜆 ∇ (𝑥) + 𝜇 ∇ 𝑔(𝑥) = 0 (3𝑎) (𝑥) = 0 (3𝑏)𝑔(𝑥) ≤ 0 (3𝑐) 𝜇 𝑔(𝑥) = 0 (3𝑑)𝜇 ≥ 0. (3𝑒) 
For details, refer to Gabriel et al. (2013). Thus, by writing (3c)-(3e) together, we
have a complementarity condition0 ≤ 𝑥 ⊥ 𝑔(𝑥) ≥ 0, (4)
where ⊥ means that the inner product of 𝑥 and 𝑔(𝑥) is zero. In a general form,
we can write a complementarity problem as0 ≤ 𝑥 ⊥ 𝐹(𝑥) ≥ 0, (5)
where 𝐹(𝑥) is a vector valued function ℝ → ℝ  and x ∈ ℝ .

Allowing also for equality conditions, such as (1b) with the corresponding dual
variables being free, constitutes a mixed complementarity problem (MCP).
Hence, complementarity models generalize LP, QP and NLP problems via KKT
conditions. In addition, MCPs are suitable for representing problems, which
cannot be represented as a single optimization problem, such as a set of condi-
tions to hold in an equilibrium (Gabriel et al., 2013). Figure 2 illustrates how a
set of interrelated optimization problems can be reformulated as a complemen-
tarity problem.

Figure 2. Reformulating an equilibrium problem into a complementarity problem.

1 Nonetheless, for instance, Cournot Oligopoly can be formulated as a single optimization
problem (QP, social welfare maximization with extra quadratic cost terms), if the inverse de-
mand function and costs are linear (cf. Hashimoto, 1985; Hobbs, 2001). This leads to the same
KKT conditions as a corresponding complementarity problem of the same market. In general,
the principle of symmetry is required for the result to hold (Gabriel et al., 2013).
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If the optimization problems of the market participants are not simultaneous
in the sense that some decision precedes or affects others, the problems are
multi-, often bi-level.  For example, an energy company anticipating the impact
of its investment decision on the competitive market leads to a bi-level hierar-
chy, in which investments are on the upper level and market operations are on
the lower level (e.g., Pozo et al., 2017). Bi-level models are mathematically chal-
lenging, because the lower level decisions are restricted by the solution set of
the upper level, whereby the feasible region is generally non-convex. To solve
models in which optimization problems are constrained by optimization prob-
lems, we may reformulate them as mathematical programs with equilibrium
constraints (MPEC) for a single upper-level problem, or as equilibrium prob-
lems with equilibrium constraints (EPEC) for multiple upper-level problems.

MPECs as such are hard, because the lower level solution set (KKT conditions)
is non-convex (Pozo et al., 2017). However, they can be solved via reformula-
tions, for instance as a Mathematical Program with Primal and Dual constraints
(MPPDC) (cf. Baringo and Conejo (2012) for a bi-level problem; Huppmann and
Egerer (2015) for a three-stage EPEC). MPPDC presents the lower level market
equilibrium via its primal and dual constraints, and the LP or QP strong duality
condition, which serves to convert the problem into a convex one (cf. Dorn
(1960) on QP duality and Huppmann and Egerer (2015) for the use of QP duality
in an MPPDC).

Figure 3 illustrates the steps from a bi-level problem onto an MPEC or an
MPPDC. Another option is to use disjunctive constraints for the lower-level KKT
conditions of MPEC, which introduces new binary variables for each constraint,
and results in a mixed-integer linear or quadratic program (MILP/MIQP), (cf.
the Stackelberg model in Gabriel and Leuthold, 2010). A third option, also re-
quiring the use of binary variables, are so called SOS1 (i.e., special ordered sets
of type 1) variables (cf. Gabriel et al., 2013).

Figure 3. Reformulating a bi-level optimization problem equivalently either into a math-
ematical program with equilibrium constraints (MPEC) or a mathematical program
with primal and dual constraints (MPPDC).

Overall, complementarity models can be built to represent various energy
market structures due to their ability to incorporate several players’ actions as
well as market interactions over time and space (Gabriel et al., 2013). In partic-
ular, they permit the endogenous consideration of prices via dual variables.
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Usually, it is not possible to solve the KKT conditions directly, wherefore nu-
merical methods and software are typically used, especially when solving large-
scale models.

2.3 Other Relevant Methodologies

Simulation is a flexible and useful method to model the behavior of market par-
ticipants whose operations are not governed by single objectives at all times.
Through simulation, the reality may be represented better by a logic of rules or
reactions, which would be too complex to be represented by optimization or
complementarity models (Ventosa et al., 2005). Simulation models can employ
differential equations or agent-based behavioral algorithms. A combination of
simulation and optimization methods renders a mixed-method model, called,
e.g., an optimization-simulation model (e.g., Koppelaar et al., 2016).

Models also differ in terms of how they handle uncertainties (e.g., Ventosa et
al., 2005). A deterministic model assumes that all information within the model
is known with certainty. In the power system models of 2010’s, uncertainty is
typically related to VRES availability. Other possible uncertainties include the
demand, prices, other companies’ actions (e.g., Nasrolahpour et al., 2016) or
hydro inflows. Stochastic programming is often used to account for such uncer-
tainties (e.g., Mitridati and Pinson, 2016). This can be, for instance, in the form
of scenarios with corresponding probabilities. Other methods for modeling un-
certainty include sampling methods such as Monte Carlo simulation (e.g., the
classifications presented by Pozo et al., 2017) or robust optimization (e.g.,
Zugno et al., 2016).

An alternative approach to account for temporal variations is to use a reduced
time-scale technique, such as representative days (cf. Nahmmacher et al. 2016;
Reichenberg et al., 2018; Reichenberg and Hedenus, 2019). By doing so, com-
putationally intractable problems (e.g., modeling a full year of operations) can
be characterized with selected, representative time periods.
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3. Contributions of the Papers

Table 3 summarizes the research objectives, methodologies and main results of
Papers I-IV.  The objectives of Papers I and II are to model energy storage and
market power. Both models employ a Western European case study. Paper I fo-
cuses on hourly storage operations, whereas Paper II extends the hourly market
to consider storage investments as well. Paper III, too, focuses on market power,
but in the context of CHP, which can be seen as a source of flexibility for the
energy system. A numerical example is given for the Nordic energy system. Fi-
nally, Paper IV studies the impact of increased market coupling with higher VRE
production. It presents a case study for an increased transmission capacity be-
tween Germany and the Nordic power system.

Methodologically, Papers I-III are based on optimization models, while Paper
IV employs optimization-simulation. Furthermore, Papers I and III present sin-
gle-level complementarity models, whereas Paper II introduces a bi-level opti-
mization model. The temporal dimension in Papers I-IV is mostly short-term:
hourly operations over a chosen time-period (the morning ramp of Paper I), a
few days (Paper III), a few weeks (Paper II), or a full year (Paper IV).

Paper I accounts for uncertainty in VRE production by using a stochastic sce-
nario tree. Paper II employs representative weeks to reduce the needed time
resolution while accounting for variability in demand and VRE generation
throughout the year. Finally, Paper IV uses future scenarios by varying VRE as-
sumptions for years 2020 or 2030.

To model market coupling via cross-border electricity transmission, we have
primarily used DC (direct current) load flow linearization to account for elec-
tricity flows dictated by the Kirchhoff’s voltage laws in a power system. Paper I
presents a congestion cost based approach similarly to Hobbs (2001), Paper II
transmission as a part of ISO’s problem, whereas Paper III combines DC load
flow approach to DC links, as done by Bjørndal et al. (2014). Paper IV uses a
transshipment method for modeling electricity transmission, which disregards
more realistic loop flows and only balances differences between price areas.

The case studies presented in the Papers I-IV use mainly publicly available
electricity market data based on Nord Pool, European Power Exchange (EEX),
and European Network of Transmission System Operators (ENTSO-E). In ad-
dition, the case studies are based on data provided online by individual energy
companies, e.g., on estimating their installed production capacity mix.
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The model implementations for papers I, II and III are done by using the
GAMS Software. MATLAB is used in part as data and post-processing tool, and
the model presented in Paper IV is done in by MATLAB.

Table 3. Contributions of the papers.

Research
objectives

Methodologies Main results

Paper I:

Market impacts of
energy storage in a
transmission-
constrained power
system

Model the impacts of
large-scale energy
storage under perfect
competition and
Cournot Oligopoly.

Study the impacts in
a Western European
case study.

- Optimization (QP)
- Complementarity

modeling (MCP)
- Stochastic sce-

nario tree
- DC load flow line-

arization

1. Storage reduces
ramping and allevi-
ates transmission
congestion.
2. Market power has
an impact on storage
use and electricity
flows.
3. Storage may in-
crease CO2 emis-
sions over short
term.

Paper II:

Utility-scale energy
storage in an imper-
fectly competitive
power sector

Formulate a hierar-
chical model to study
energy storage in-
vestments with dif-
ferent investor ob-
jectives and different
assumptions for
market’s competi-
tiveness.

Study optimal in-
vestments in the
Western European
case study of Paper I.

- Optimization
(QP/MIQCQP, i.e.,
mixed integer
quadratically con-
strained quadratic
program)

- Primal-dual ap-
proach for bi-level
programming
(MPPDC)

- DC load flow line-
arization

- Representative
weeks via hierar-
chical clustering

1. Market competi-
tion affects storage
investments more
than investor type.
2. A welfare-maxi-
mizer under perfect
competition invests
more capacity than a
standalone mer-
chant does, or any
investor does under
Cournot oligopoly.
3. Consumers gain
most from the stor-
age instalments;
more than the inves-
tors themselves.

Paper III:

Market power with
combined heat and
power production in
the Nordic energy
system

Model market power
in the context of
CHP, which
connects power and
district heating sys-
tems.

Study a numerical
example with Nordic
energy system data.

- Optimization (QP)
- Complementarity

modeling (MCP)
- DC load flow line-

arization with DC
links

1. CHP may enable
more market power
to be exercised.
2. Market power af-
fects district heating
generation.

Paper IV:

Impact of Germany’s
energy transition on
the Nordic power
market – a market-
based multi-region
energy system model

Formulate the multi-
region energy system
model.

Study the impacts of
increasing VRE in
Germany on the
Nordic countries.

Study the impact of a
new transmission
link “NordLink”
(Norway-Germany),
i.e., market coupling.

- Power system op-
timization

- Simulation
- Scenarios for fu-

ture VRE share
and transmission
link capacity

1. National energy
policy choices im-
pact interconnected
countries.
2. Energy transition
slightly increases av-
erage electricity
price and CO2 emis-
sions in the Nordic
countries. Gains /
losses from this do
not affect partici-
pants equally.
3. The emissions
and price increases
subside toward
2030.
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3.1 Paper I

Paper I studies the market impacts of large-scale energy storage, such as
pumped hydro storage. The installed capacities in such technologies are so sig-
nificant that the producers’ storing decisions affect the total electricity supply
available at the market. This necessitates endogenous price models. Hence, we
use complementarity modeling (specifically, MCPs) to represent power markets
both under perfect competition and under Cournot oligopoly. This allows us to
compare socially optimal markets with the case in which producers exert market
power.

Unlike in the previous literature on energy storage complementarity models
(e.g., Awad et al, 2014), we incorporate the combination of market power, ca-
pacity-constrained electricity transmission and VRE uncertainty. The grid is
modeled as DC load flow linearization (similarly to, e.g., Hobbs, 2001). Further-
more, because energy storage is motivated by its ability to support VRE integra-
tion, the intermittency in wind and solar PV generation is modeled as a discrete
scenario tree in which VRE is non-dispatchable and has priority grid access.
Data for the scenario tree is based on actual VRE production in 2011 in Ger-
many. We study the case of critical morning ramp hours. The models are applied
to a Western European case study presented by Neuhoff et al. (2005), and Ga-
briel and Leuthold (2010), and by using updated market data from 2011 and
2014. The models and the test configurations are implemented in GAMS soft-
ware and the equilibria are solved by using the PATH solver.

Our results corroborate some earlier findings on the market impacts of energy
storage: for example, price smoothing over time (due to a shift in supply from
scarcity to peak demand), and an increase in total welfare at the producers’ ex-
pense (e.g., Schill and Kemfert, 2011). In addition, we observe a reduction in
power plant ramping, which partly compensates the surplus losses of producers.
From the system’s viewpoint, storage also alleviates network congestion. The
results for ramping and network congestion are similar under both perfect com-
petition and Cournot oligopoly.

In line with literature (e.g., Bushnell, 2003), market power exerting producers
generally underuse their storage capacity. Nonetheless, like strategic electricity
production withholding, storage can also be a means to withhold production
from a certain hour, e.g., in combination with more inflexible production tech-
nologies such as nuclear capacity. Consequently, the electricity flows in the stud-
ied network during the morning ramp reversed under Cournot oligopoly when
comparing to the competitive case. This highlights the need to model and con-
sider the differences between producers’ strategic behavior and the behavior in
line with the perfect competition assumption.

Finally, we observe that under perfect competition, energy storage may in-
crease CO2 emissions over short term. This contradicts the logic that having
storage to increase the flexibility of the system would always lead to more sus-
tainable operations. Indeed, the effect depends on the use of storage: in our case
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study, storage permits the use of cheaper but less flexible coal plants during the
off-peak hours, whereas without it, more expensive but less polluting gas-fired
units must be used to respond to the increasing demand toward the peak hours.
This is similar to Lueken and Apt (2014). Interestingly, the impact is not ob-
served for the Cournot model. In fact, the described change in the production
mix and the resulting increase in emissions is socially optimal in the studied
setting of 2011.

3.2 Paper II

Paper II extends the market-level model and Western European case study of
Paper I to consider storage investments. The focus is on utility-scale battery
storage investments, such as MW-scale lithium-ion storage. The main objective
is to study how different investor types and the competitiveness of the underly-
ing market affect optimal investment sizes and locations, as well as overall wel-
fare at the market.

Understanding how different entities would invest into energy storage in ad-
dition to using storage is essential to support the shaping of future energy poli-
cies. Furthermore, energy storage investment have not been widely addressed
with a bi-level models employing a realistic transmission grid, imperfect com-
petition, and different investor objectives. For instance, Dvorkin et al. (2018)
use a tri-level model with transmission to study the interactions between opti-
mal transmission and storage investments, but imperfect competition is not
considered. Gonzalez-Romero et al. (2019) study imperfect markets in their bi-
level model, but the storage decisions are done by a TSO, and for a four-node
test system. We build five models to consider storage decisions: a single-level
optimization problem of a central planner as a benchmark, and four combina-
tions of hierarchical structures. The lower level can be either perfectly competi-
tive or Cournot oligopoly, which makes it possible to assess the impacts of mar-
ket power. The upper-level investor can be either a welfare-maximizing entity
or a standalone merchant storage operator who does not own any other assets
in the markets prior to the investment decision.

The resulting four bi-level optimization models are reformulated as equivalent
single-level problems by using a primal-dual approach (MPPDC). After solving
for nonlinearities in the strong duality equality (cf., Baringo and Conejo, 2012)
the models are reformulated as mixed integer quadratically constrained quad-
ratic programs (MIQCQPs) with discrete storage investment options. Thus, the
integer variables correspond to the sizes of selected storage as binary variables.
The models are illustrated with a three-node example, whereby we note that the
central planning paradigm is equal to a welfare-maximizing storage investor un-
der perfect competition.

Nevertheless, due to numerical problems with the quadratic constraint (i.e.,
the strong-duality condition), the large problem instance of the Western Euro-
pean grid cannot be solved with our MIQCQP models. Thus, we use an iterative
approach in which we decompose the investment decision from the market by
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enumerating all upper-level decisions and solving the lower-level quadratic pro-
grams instead. While data in Paper I corresponds to 2011 and 2014, we now
update it to 2017 in Paper II. Because using the whole year for the model would
be too expensive computationally, we use hierarchical clustering to create rep-
resentative weeks (cf. Reichenberg et al., 2018) with a model developed by
Reichenberg and Hedenus (2019). The selected four weeks have typical patterns
in hourly demand and VRE generation and they are associated with correspond-
ing weights based on how many weeks they exemplify.

Our main finding is that the underlying market condition affects optimal lo-
cations and sizes of storage investments more than the types of investors.  In
particular, the investments are less likely to occur, or they are located differently
from what is socially optimal, if market power is exerted. A welfare-maximizer
typically installs the highest capacity: under perfect competition, optimally in
nuclear-dominated Belgium and France. Consumers typically gain most from
the investments; even more than the investor itself does. The welfare-maximizer
may even choose to take a loss from the investment under Cournot oligopoly.
Our results are partly contradictory with those in Siddiqui et al. (2019). The dis-
parity of results points to the significance of generation mix, as well as the tem-
poral and spatial complexities of optimal investment decisions.

3.3 Paper III

Paper III examines the impacts of producers’ market power when both electric-
ity and heat sectors are considered jointly. In countries with a high share of dis-
trict heating, CHP production creates an asymmetric interlinkage between com-
petitive electricity markets and contract-based district heating supply. The on-
going changes in energy markets make it necessary to consider energy systems
as a whole. This means that the system needs to be seen as a flexible combina-
tion of electricity and heat operations – in particular, CHP production, which
also contributes to energy efficiency targets. Besides using conventional elec-
tricity generation as a source of market power (i.e., supply withholding), CHP
as a dispatchable technology may provide additional leeway for big energy pro-
ducers.

As in Paper I, we use complementarity modeling to represent perfectly com-
petitive markets as well as a Cournot oligopoly. To our knowledge, the combi-
nation of electricity and heat has been rarely addressed in the complementarity
modeling literature; the model by Wu and Rosen (1999) does not account for
electricity transmission, market power, or VRE in any form. Furthermore, to
address the research questions, we model CHP in two ways: as a status quo and
as a case, where the electricity and heat production quantities are decoupled
(considered as power-only or heat-only). For electricity transmission, we use
both DC load flow (e.g., Hobbs, 2001), and DC links as Bjørndal et al. (2014).
Our numerical example is a stylized network representing the Nordic power ex-
change (Nord Pool) and national district heating sectors. Specifically, we use
four representative days, each for one season. We implement the models in
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GAMS Software and solve them by using the quadratic programming (QP) re-
formulations of the MCPs to reduce computational time.2

The two main results of Paper III are that (i) CHP makes it possible to exercise
more market power, and (ii) indirect market power from the electricity sector
can shift district heating production between heat-only boilers and CHP pro-
duction (specifically, increases CHP heat production for the winter season). The
first finding (i) shows as a higher decrease in social welfare, a higher gain for
producers, and a higher price increase than what market power enables if there
is no CHP. To our understanding, this may occur if Cournot producers’ with-
holding (reduction in production) is seen as a combination of marginal revenue
from withholding (increase in price and less production costs) and marginal cost
of withholding (lower sales). Then, CHP can reduce the marginal cost of with-
holding, because the producers can offset their lost revenue by using district
heating (either heat-only facilities, or moving within the feasible operating re-
gion to an area with higher district heating production possibilities). Addition-
ally, the increase in CHP heat (ii) may happen, because it provides more lever-
age for exercising market power (i.e., more available electricity generation ca-
pacity as well), especially during peak hours. Finally, we observe that even if the
district heating sales are fixed, market power on the electricity sector can change
the production mix of district heating and therefore, induce changes in CO2

emissions.

3.4 Paper IV

Paper IV proposes a simulation-optimization energy system model (“Enerallt”).
The model helps study the impact of market couplings in the current energy
market transitions of the EU, where the markets are increasingly intercon-
nected. At the same time, VRE increases supply uncertainty. As a case study, we
address the impact of increased VRE share in Germany on the Nordic countries
along with a new transmission link installment. Similar to Paper III, this model
also accounts for the coupling of electricity and heat sectors in the Nordic energy
system. However, Paper IV simulates the energy production operations in each
country, with special focus on detailed hydropower and CHP modeling. Funda-
mentally, simulation is related to the lack of perfect knowledge on future cir-
cumstances, e.g., hydro inflows further ahead (in a one-year model). The elec-
tricity market operations are modeled by using optimization (hourly day-ahead
operations). Power transmission is taken into account as a transshipment
model. We use future scenarios to study the impact of a higher share of VRE in
Germany in various combinations, for a full year in each case. These include (i)
VRE capacity increase in Germany (for 2020 and 2030), (ii) NordLink trans-
mission capacity expansion (1.4 GW between Norway and Germany), and (iii)

2 Although the global optimum of the corresponding QP reformulation is an equilibrium solu-
tion for the MCP (Gabriel et al., 2013; Theorem 4.4), there may be several flow solutions, e.g.,
due to identical marginal costs or the structure of the used test network. We have also
checked ex-post that the QP solution satisfies the KKT conditions of the corresponding MCP
and therefore, is an equilibrium solution.
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VRE capacity increase in the Nordic countries (for 2020 or 2030). The models
are implemented in MATLAB.

The paper suggests that national energy policy choices affect interconnected
countries in many ways. Not only is this a consequence of building more trans-
mission capacity, but also a result of the fit between the generation mix and pro-
duction pattern characteristics of the countries. For instance, the fluctuations in
VRE production and, consequently, electricity prices in Germany affect the flex-
ibility (wind curtailment) in Denmark negatively.

We also observe that the energy transition of Germany tends to increase the
average electricity price in the Nordic countries. This is because the Nordic
countries are not able to fully benefit from hours with low prices in Germany,
both due to limited transmission capacity, but also due to geographical correla-
tion in wind production (especially in Denmark). As a result, the Nordic coun-
tries act as net exporters. Nonetheless, the economic gains and losses affect mar-
ket participants and countries unequally. Specifically, the price increase benefits
Nordic producers (especially in Norway) at the cost of consumers (especially in
Sweden), who pay for the new circumstances. Additionally, the joint gain from
the increased transmission and sales exceeds the loss of consumers. Mainly in
Norway and Denmark, this contributes to a higher social welfare than before the
energy transition and market couplings.  Finally, we note that the emissions may
increase temporarily, if Nordic thermal and CHP production increase to balance
the price differences toward Germany.

Nevertheless, the impacts on prices, economic gains as well as emissions
clearly subside and revert toward the 2014 levels in the 2030 scenario where
there is more VRE in the system(s) and more transmission capacity (NordLink).
Finland being the furthest away experiences weakened impacts compared with
the countries that have direct transmission links to Germany.
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4. Discussion

4.1 Addressing Research Gaps

Papers I-IV of this dissertation contribute primarily to the literature on energy
system models. Specifically, the formulations based on optimization and com-
plementarity modeling help assess the ongoing energy system transition. Our
research questions focus on maintaining the flexibility and competitiveness of
the system with more VRES and market integration. Furthermore, the models
and papers serve as a basis for more elaborate models and new research ques-
tions. To some extent, the implementations of the models shed light on compu-
tational issues. Finally, they help understand complex phenomena in energy
systems. Therefore, in addition to presenting mathematical formulations, each
paper also presents a case study on Western European or Nordic energy sys-
tems. Thus, this dissertation aims to address effects which could be unforeseen
without the use of such models.

Papers I and II provide insights into energy storage questions: hourly opera-
tions and their impacts on the rest of the markets (Paper I), and on optimal
storage investment sizes and locations (Paper II). The results on economic and
technical impacts and are largely in line with literature (e.g., Bushnell, 2003;
Sioshansi, 2010; Schill and Kemfert, 2011), but are novel in providing more de-
tail on ramping benefits and network alleviation, for instance. Paper II illus-
trates that although battery storage may not yet profitable at current installment
cost levels, it would first and foremost benefit consumers, and be installed first
in countries with high temporal price-variations and inflexible generation ca-
pacity.

The importance of modeling market power is evident from the results from
Papers I, II, and III. In Paper I, producers that exert market power tend to use
less conventional capacity and storage than price-taking companies to avoid too
much price-smoothing (cf. Bushnell, 2003). However, this may not occur eve-
rywhere within the system. Instead, storage can be a way to withhold supply. In
Paper I, this reverses the directions of electricity flows (i.e., the role of exporting
and importing areas). Paper II shows how market power affects the sizes and
locations of storage investments more than the investor’s objectives. Finally, Pa-
per III illustrates how CHP capacity can be a valuable flexibility asset for pro-
ducers that exert market power.

Papers I and IV suggest how CO2 emissions may increase temporarily in spite
of seemingly sustainable features such as energy storage (Paper I, similarly to
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Lueken and Apt, 2014) or VRE integration (Paper IV). This may happen if it is
economically optimal (Paper I) or because of market coupling, if conventional
generation is used to balance VRE intermittency (Paper IV). However, contro-
versially, the undesired emissions effect of Paper I may not occur, when produc-
ers act strategically, not to maximize social welfare. Also, the CO2 emissions im-
pact of Paper IV can be expected to subside toward 2030 when the prices bal-
ance back to 2014 levels with a higher VRE share, which indicates the temporary
nature of the price and emissions increases.

Papers III and IV consider the energy system more broadly by accounting for
district heating production as well. Their results indicate how the systems per-
spective is important when assessing, for instance, the role of market power (Pa-
per III), or economic and environmental impacts of market coupling (Paper IV).
Paper IV exemplifies how differently the changes may show for countries or
stakeholders.

4.2 Implications for Decision and Policy Making

The models and results of this dissertation provide useful viewpoints for many
stakeholders in energy market planning and operations. Such practical implica-
tions are suggested, for instance, by (i) assessing and analyzing impacts of new
instruments or policies, (ii) understanding the competition and interactions be-
tween market participants, or the possible impacts of market power, and (iii)
determining optimal operating and investment decisions. Without mathemati-
cal modeling, many of these results would be challenging or extremely costly to
identify. In major long-term projects in the energy industry, it is essential to
know how the related decisions can influence the markets. In society, models
can be valuable in helping decision-makers make better-informed decisions.
Specifically, they can help in the evolution of welfare-maximizing, yet sustaina-
ble, secure, and fair markets in the face of ongoing global challenges such as
climate change.

From the perspective of EU or national policy-makers and energy authorities,
the results can support policies, such as financial or technical support instru-
ments for new technologies. For instance, in the light of Paper I, policy-makers
must consider the underlying objectives and structure of the system to avoid
systemic unforeseen and unintended consequences for emissions. Policy-mak-
ers also need to consider the impact of market design: for instance, who can and
should own energy storage (Papers I and II)? The impacts of market coupling
also need to be assessed (Paper IV).

Energy authorities and regulators who monitor and supervise market fairness
and long-term evolution can also benefit from the insights into the impacts of
market power (Papers I, II, and III). If some market design incentivizes behav-
ior which disturbs competition, regulators should be aware of this.

Although the models mainly take a system-wide viewpoint on energy markets,
also individual market participants can benefit from the broader perspective. In
particular, TSOs as natural monopolists can benefit from the models and their
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results. For instance, the impacts of storage on transmission (Paper I), the op-
timal sizes and locations of energy storage (Paper II), and the impact of market
coupling and gains on the TSOs (Paper IV) provide valuable information for
transmission operations. Specifically, such questions can affect investigations
on transmission capacity investments.

Additionally, energy companies can improve their operations and invest-
ments. In general, deregulated markets and the intermittency of VRES expose
companies to more uncertainty than before, which necessitates the use of deci-
sion support tools. Based on Paper II, a company could assess the impact of its
storage investment on the sector as a whole. Furthermore, understanding how
its competitors may behave can be strategically useful (Papers I, II, and III).

4.3 Model Limitations and Ethical Considerations

The models in this dissertation are stylized and aggregated in nature. Overall,
their contribution is not to forecast exact market outcomes but, rather, to exam-
ine possible future scenarios and provide insights into the research questions.
Toward this end, different assumptions concerning the operational strategies,
available technologies, or objectives of the market participants have been em-
ployed. To ensure their representativeness and quality, the models have been
calibrated based on thorough sensitivity analyses and market data. For example,
Paper I discusses the effect of nuclear plant marginal costs, whereas for Paper
II several representative weeks and different investment cost assumptions were
tried.

The optimization problems of individual companies approximate reality. The
level of market topology, as well as the generation and transmission capacities
are simplified. Using a Cournot oligopoly in Papers I, II, and III instead of the
more complex strategic hierarchies can to some extent overestimate the lever-
age of companies exerting market power. This, however, is partly taken into ac-
count by always comparing the results to the price-taking case. The temporal
aspects also play a role: In Paper I, we study a short time period of ramping
hours and in Paper III four seasonally representative days. The short period
overlooks effects that would only occur over a longer time horizon and is not
representative enough to generalize results over long periods in time. The sea-
sonal days (Paper III) disregard extremes, because the representative days were
constructed based on averages. By comparison, the representative weeks se-
lected by hierarchical clustering in Paper II is a more justifiable approach from
the temporal perspective. Similarly, simulating a full year of hourly operations
(Paper IV) provides much more temporal detail.

Overall, the chosen models involve trade-offs between simplicity and repre-
sentativeness. For instance, whereas Papers I-III emphasize a more strategic
viewpoint over shorter time periods, Paper IV has a more detailed representa-
tion of technological features spanning several years ahead into the future. Fur-
thermore, it is faster and easier to solve optimization problems than MCPs or
MIQCQPs, and solving single-level MCPs is computationally easier than solving
MPECs, not to mention EPECs. Although other more complex representations
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could describe reality more accurately, they are typically much harder to solve
(Pozo et al., 2017). Examples include supply function equilibrium (producers
bidding in price and quantity) and conjectural variation models (generalized
Nash equilibrium problems with competitors’ responses, cf. Centeno et al.,
2011). Hence, higher complexity can make it hard to yield generalizable insights
and result interpretation due to smaller size of solvable models, such as the
studied time scope.

In general, data-intensive and complex operational environments require
more modeling. This should put the quality and ethical issues of models into the
spotlight (Wallace, 1994), because they will be increasingly important in deci-
sion-making. By definition, operations research aims to improve reality by ena-
bling better decisions based on models which represent reality. From this per-
spective operations research is therefore normative and prescriptive (Carrier
and Wallace, 1994). The interpretation of a model needs to be based on its pur-
pose (Mulvey, 1994; Koppelaar et al., 2016): be it acquiring insights on a hypo-
thetical scenario, or analyzing exact, realistic market outcomes. Nevertheless,
according to Mulvey (1994), decision-makers and society prefer simplicity to
more representative yet complex solutions. The same applies to policy-makers,
described as model-to-policy gaps by Koppelaar et al. (2016). For transparency,
it is crucial to communicate the assumptions, simplifications, worldview, limi-
tations, strengths and purpose of the models (Wallace, 1994). Finally, the deci-
sion makers should compare the results with those suggested by other methods
and models (Mulvey, 1994).

This dissertation employs different yet complementary ways of modeling en-
ergy systems and it aims to communicate the underlying assumptions clearly.
For instance, choosing modeling paradigms which yield comparable results,
such as in the cases of perfect competition and companies exerting market
power, helps characterize a spectrum where the reality is likely to reside. This
takes into account some of the uncertainty in model structure selection, i.e., that
it is uncertain which kind of a model would describe reality the best. This logic
applies also to the study of various scenarios (Paper IV), which provides a more
informative approach than reporting just one modeled instance and the result-
ing outcome.

4.4 Avenues for Future Research

The use of models for energy system decision-making support is motivated by
ongoing disruptive transition in which models can be an essential tool for build-
ing foresight. At the same time, this endeavor is affected by computational and
theoretical advancements. Specifically, VRES in energy production induce more
short-term fluctuations which can be accounted for through approaches such as
stochastic programming, robust optimization, simulation, or decreased time
resolution methods. In addition, the role of electricity in the energy palette will
increase with VRE and electrification of the transport sector, as opposed to fossil
fuels, boiler-based district heating and alike. This is also likely to be enhanced
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by policies which link markets internationally to ensure adequate energy secu-
rity and transmission infrastructure. Accounting for these will lead to more
complex models, but the resulting computational challenges can most likely be
addressed with technical advancements.

Nevertheless, models involve always tradeoffs between detailed representa-
tions of reality and their computational burden. Therefore, there are numerous
topics for future research. For instance, and in the anticipation of increasing
computational possibilities, adding (VRE) uncertainty of some form in Papers
III, and IV or extending the scenario tree of Paper I, appear a fruitful topic for
future research. Additionally, using a more sophisticated way to construct the
representative days (and using more of them) in Paper III would improve the
representativeness of results. This selection of these days is more challenging
than selecting geographical or technical limits, but could be done for instance
by following the representative days -methods of Reichenberg et al. (2018) and
Nahmmacher et al. (2016) – similar to what we use for weeks in Paper II.

Paper III could be extended by building more sophisticated models of hydro-
logical scenarios and water values. Papers III and IV present the district heating
system somewhat simplistically and ignore real electricity price areas of Norway
and Sweden. Paper IV handles the energy system in more detail than Papers I-
III due to its more technical emphasis; still, modeling external exports to the
system in more detail (i.e., more sophisticated method for price volatility), or
studying the feasibility of transmission with DC load flow or another more real-
istic method could be seen as improvements.

Possible extensions for Paper IV include sensitivity analyses: for example, the
use of multiple starting points or various assumptions on decision rules in sim-
ulations would increase the robustness of the results. In addition, we have con-
sidered agent-based behavior for hydro and CHP producers. Therefore, a com-
parison to a simpler model, in which no producer would have such adaptive be-
havior, would provide insights on the effects of these assumptions.

Computationally and methodologically, the most promising areas for future
research are related to Paper II. Due to the numerical challenges with the quad-
ratic constraint of the MIQCQP, we were able to solve this model only for small
problem instances. Therefore, decomposition methods to solve the original
model would make it possible to study a wider range of investment decisions.

In addition to computational enhancements, advances in the mathematical
techniques on solving EPECs would make it possible to study a wider variety of
market structures in the future. For example, Paper II now considers the case of
a storage-investing welfare-maximizer or merchant – a single agent. Having
multiple investors (such as producers) at the upper level would render an EPEC,
which would currently be computationally practically impossible to solve. As a
smaller contribution, investigating an investor with market power could be a
straightforward step forward. This would theoretically and computationally
more burdensome than the current model, but an important viewpoint, as in-
vestment costs decrease and battery storages installments increase over time.

Finally, it is important to consider in detail how systemic and seemingly con-
tradictory impacts, such as the increased CO2 emissions in Papers I and IV, can
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be best understood. In Paper I, this result from the relatively short time scope,
but it still highlights the importance of the emissions trading system (ETS), and
the question about who should own storage in the first place (Paper II). As the
price of European CO2 emissions allowances has recently significantly in-
creased from the ca. 5 €/tonne in 2014 up to 20-25 €/t in 2019 (EEX), the emis-
sions increase due to storage use may not be a pressing concern in Europe for
the time being. From the viewpoint of Paper IV, this is a matter of the timings
of the investments in the big picture, because the CO2 increase in the Nordics
due to German VRE is likely to balance out when more transmission capacity is
built and VRE capacity increases in the Nordic countries toward 2030.



27

References

Awad, A. S. A., Fuller, J. D., EL-Fouly, T. H. M., & Salama, M. M. A. (2014). Impact of
energy storage systems on electricity market equilibrium. IEEE Transactions on
Sustainable Energy, 5(3), 875–885.

Baringo, L. and Conejo, A. J. (2012). Transmission and wind power investment. IEEE
Transactions on Power Systems, 27(2), 885–893.

Bjørndal, E., Bjørndal, M., and Cai, H. (2014). Nodal pricing in a coupled electricity
market. 11th International Conference on the European Energy Market (EEM),
Krakow, Poland.

Bushnell, J. (2003). A mixed complementarity model of hydrothermal electricity com-
petition in the Western United States. Operations Research, 51(1), 80–93.

Carrier, H. D. and Wallace, W.A. (1994). An epistemological view of decisions aid tech-
nology with emphasis on expert systems. In: Wallace, W. A.  (ed.). Ethics in
modeling. Oxford, U.K.: Elsevier Science Ltd. 37-57.

Centeno, E., Wogrin, S., López-Peña, Á., and Vázquez, M. (2011). Analysis of invest-
ments in generation capacity: a bilevel approach. IET Generation, Transmission
& Distribution, 5(8), 842–849.

DOE Global Energy Storage Database. Sandia National Laboratories. Available at:
http://energystorageexchange.org/ [Accessed 4.7.2018]

Dorn, W. S. (1960). Duality in quadratic programming. Quarterly of Applied Mathe-
matics. 18, 155-162.

Dvorkin, Y., Fernández-Blanco, R., Wang, Y., Xu, B., Kirschen, D. S., Pandžić, H., Wat-
son, J.-P., Silva-Monroy, C. A. (2018). Co-Planning of investments in transmis-
sion and merchant energy storage. IEEE Transactions on Power Systems, 33(1),
245–256.

The European Network of Transmission System Operators (ENTSO-E). Available at:
https://www.entsoe.eu/ [Accessed 3.7.2018]

The European Parliament and the Council of the European Union. (2009). Directive
2009/28/EC of the European Parliament and of the Council of 23 April 2009 on
the promotion of the use of energy from renewable sources and amending and
subsequently repealing Directives 2001/77/EC and 2003/30/EC. Official Jour-
nal of the European Union, L 140, 16-62.

The European Parliament and the Council of the European Union. (2012). Directive
2012/27/EU of the European Parliament and of the Council of 25 October 2012



References

28

on energy efficiency, amending Directives 2009/125/EC and 2010/30/EU and
repealing Directives 2004/8/EC and 2006/32/EC. Official Journal of the Euro-
pean Union, L 315, 1-56.

The European Parliament and the Council of the European Union. (2018). Directive
(EU) 2018/2001 of the European Parliament and of the Council of 11 December
2018 on the promotion of the use of energy from renewable sources. Official
Journal of the European Union, L 328, 82-209.

The European Parliament and the Council of the European Union. (2018). Directive
(EU) 2018/2002 of the European Parliament and of the Council of 11 December
2018 amending Directive 2012/27/EU on energy efficiency. Official Journal of
the European Union, L 328, 210-230.

The European Commission (2015). A framework strategy for a resilient energy union
with a forward-looking climate change policy. Communication from the Com-
mission to the European Parliament, the Council, the European Economic and
Social Committee, the Committee of the Regions, and the European Investment
Bank. COM(2015), 080.

European Power Exchange (EEX). Available at: https://www.eex.com/en/ [Accessed
3.7.2018]

Eurostat. (2018). Electricity production, consumption and market overview. Available
at: https://ec.europa.eu/eurostat/statistics-explained/index.php/Electric-
ity_production,_consumption_and_market_overview#Market_shares [Ac-
cessed 5.6.2019]

Fridolfsson, S. O. and Tangerås, T. P. (2009). Market power in the Nordic electricity
wholesale market: A survey of the empirical evidence. Energy Policy, 37(9),
3681–3692.

Gabriel, S. A. and Leuthold, F. U. (2010). Solving discretely-constrained MPEC prob-
lems with applications in electric power markets. Energy Economics, 32(1), 3–
14.

Gabriel, S. A., Conejo, A. J., Fuller, J. D., Hobbs, B. F., and Ruiz, C. (2013). Comple-
mentarity modeling in energy markets. New York, NY, USA: Springer.

Gonzalez-Romero, I.-C., Wogrin, S., Gomez, T. (2019). Proactive transmission expan-
sion planning with storage considerations. Energy Strategy Reviews 24, 154-165.

Hashimoto, H. (1985). A spatial Nash equilibrium model. In: Harker, P. (ed.). Spatial
price equilibrium: advances in theory, computation and application. Berlin Hei-
delberg, Germany: Springer-Verlag. 20-40.

Hobbs, B. F. (2001). Linear complementarity models of Nash-Cournot competition in
bilateral and POOLCO power markets. IEEE Transactions on Power Systems,
16(2), 194-202.



References

29

Huppmann, D. and Egerer, J. (2015). National-strategic investment in European
power transmission capacity. European Journal of Operational Research,
247(1), 191–203.

Hyman, L. S. (2010). Restructuring electricity policy and financial models. Energy
Economics, 32(4), 751–757.

International Energy Agency (IEA)/OECD. (2014). Heating without global warming.
Market developments and policy considerations of renewable heat. Available at:
https://www.iea.org/publications/freepublications/publication/FeaturedIn-
sight_HeatingWithoutGlobalWarming_FINAL.pdf [Accessed 27.4.2018]

International Energy Agency (IEA). (2017) Renewables 2017. Available at:
https://www.iea.org/renewables/ [Accessed 4.7.2018]

Joskow, P. L. (2008). Lessons learned from electricity market liberalization. The En-
ergy Journal, Special Issue, 29(2), 9-42.

Koppelaar, R. H. E. M., Keirstead, J., Shah, N., and Woods, J. (2016). A review of pol-
icy analysis purpose and capabilities of electricity system models. Renewable
and Sustainable Energy Reviews, 59, 1531–1544.

Kunz, F. (2013). Improving congestion management: How to facilitate the integration
of renewable generation in Germany. The Energy Journal, 34(4), 55–78.

Lueken, R. and Apt, J. (2014). The effects of bulk electricity storage on the PJM mar-
ket. Energy Systems, 5, 677–704.

Lund, H., Möller, B., Mathiesen, B. V., and Dyrelund, A. (2010). The role of district
heating in future renewable energy systems. Energy, 35(3), 1381–1390.

Maurovich-Horvat, L., Boomsma, T. K., and Siddiqui, A. S. (2015). Transmission and
wind investment in a deregulated electricity industry. IEEE Transactions on
Power Systems, 30(3), 1633–1643.

Mitridati, L. and Pinson, P. (2016). Optimal coupling of heat and electricity systems: A
stochastic hierarchical approach. In: Proceedings of International Conference
on Probabilistic Methods Applied to Power Systems IEEE, Beijing, China.

Mulvey, J. M. (1994). Models in the public sector: Success, failure and ethical behav-
ior. In: Wallace, W. A.  (ed.). Ethics in modeling. Oxford, U.K.: Elsevier Science
Ltd. 58-73.

Nahmmacher, P., Schmid, E., Hirth, L., and Knopf, B. (2016). Carpe diem: A novel ap-
proach to select representative days for long-term power system modeling. En-
ergy, 112, 430–442.

Nasrolahpour, E., Kazempour, S. J., Zareipour, H., and Rosehart, W. D. (2016). Strate-
gic sizing of energy storage facilities in electricity markets. IEEE Transactions
on Sustainable Energy, 7(4), 1462–1472.



References

30

Neuhoff, K., Barquin, J., Boots, M. G., Ehrenmann, A., Hobbs, B. F., Rijkers, F. A. M.,
and Vázquez, M. (2005). Network-constrained Cournot models of liberalized
electricity markets: The devil is in the details. Energy Economics, 27(3), 495–
525.

Nord Pool. Available at: https://www.nordpoolgroup.com/ [Accessed 3.7.2018]

Ochoa, C. and van Ackere, A. (2015). Winners and losers of market coupling. Energy,
80, 522–534.

Oggioni, G. and Smeers, Y. (2012). Degrees of coordination in market coupling and
counter-trading. The Energy Journal, 33(3), 39–90.

Pozo, D., Sauma, E., and Contreras, J. (2017). Basic theoretical foundations and in-
sights on bilevel models and their applications to power systems. Annals of Op-
erations Research, 254(1), 303–334.

Reichenberg, L. and Hedenus, F. (2019). What can capacity expansion models with re-
duced temporal representation tell us about optimal power systems? Submitted
for publication.

Reichenberg, L., Siddiqui, A. S., and Wogrin, S. (2018). Policy implications of
downscaling the time dimension in power system planning models to represent
variability in renewable output. Energy, 159, 870–877.

Schill, W. P. and Kemfert, C. (2011). Modeling strategic electricity storage: The case of
pumped hydro storage in Germany. The Energy Journal, 32(3), 59–87.

Siddiqui, A.S., Sioshansi, R., and Conejo, A. J. (2019) Merchant storage investment in
a restructured electricity industry. The Energy Journal. Forthcoming.

Siddiqui, A. S., Tanaka, M., and Chen, Y. (2016). Are targets for renewable portfolio
standards too low? The impact of market structure on energy policy. European
Journal of Operational Research, 250(1), 328–341.

Sioshansi, R. (2010). Welfare impacts of electricity storage and the implications of
ownership structure. The Energy Journal, 31(2), 173–198.

Sioshansi, R. (2011). Emissions impacts of wind and energy storage in a market envi-
ronment. Environmental Science & Technology, 45(24), 10728–10735.

Sioshansi, R., Denholm, P., and Jenkin, T. (2012). Market and policy barriers to de-
ployment of energy storage. Economics of Energy & Environmental Policy, 1(2),
47–64.

Sioshansi, R. (2014). When energy storage reduces social welfare. Energy Economics,
41, 106–116.

Stoft, S. (2002). Power system economics, designing markets for electricity. USA:
Wiley-IEEE Press.



References

31

Tangerås, T., and Mauritzen, J. (2019). Real-time versus day-ahead market power in a
hydro-based electricity market. The Journal of Industrial Economics. Forthcom-
ing.

United Nations Framework Convention on Climate Change (UNFCCC). (2016). Paris
Agreement. Available at: https://unfccc.int/process-and-meetings/the-paris-
agreement/the-paris-agreement [Accessed 27.4.2018]

Ventosa, M., Baíllo, Á., Ramos, A., and Rivier, M. (2005). Electricity market modeling
trends. Energy Policy 33, 897–913.

Wallace, W.A. (1994). Introduction. In: Wallace, W. A.  (ed.). Ethics in modeling. Ox-
ford, U.K.: Elsevier Science Ltd. 1-9.

Wilson, R. (2002). Architecture of power markets. Econometrica, 70(4), 1299–1340.

Wu, Y. J. and Rosen, M. A. (1999). Assessing and optimizing the economic and envi-
ronmental impacts of cogeneration/district energy systems using an energy
equilibrium model. Applied Energy, 62(3), 141–154.

Zakeri, B. and Syri, S. (2014). Economy of electricity storage in the Nordic electricity
market: The case for Finland. In: Proceedings of the 11th International Confer-
ence on the European Energy Market (EEM), Krakow, Poland, 28-30 May,
2014.

Zakeri, B. and Syri, S. (2015). Electrical energy storage systems: A comparative life cy-
cle cost analysis. Renewable and Sustainable Energy Reviews, 42, 569–596.

Zugno, M., Morales, J. M., and Madsen, H. (2016). Commitment and dispatch of heat
and power units via affinely adjustable robust optimization. Computers and Op-
eration Research, 75, 191–201.





33

Publications



34

Errata and Clarifications

Further to the preliminary examination process, this Section itemizes correc-
tions and clarifications to Papers I, III and IV, whereby Erratum appears at the
beginning of each correction.

Paper I
i. Page 4110: Binary variables for ramping decisions are not used because

as an approach this would make the KKT conditions invalid. Further-
more, unit commitment decisions are not typically considered in mod-
els of the Nordic and Western Europe power markets.

ii. Page 4111: The assumption that VRE producers cannot exert market
power is based on the recognition that (i) VRE owners are mostly small
companies who are not in a position to influence market prices, (ii)
VRE production depends on weather conditions, which would make it
hard to conceal any associated market power and (iii) it is profitable to
use all available VRE energy, because its marginal costs are practically
zero due to the combination of feed-in-tariffs and priority grid-access.

iii. Page 4111: As in Hobbs (2001), the grid owner is assumed to be a
profit-maximizer who takes transmission decisions in a system which
is based on congestion fees. The question of if, and to what extent, the
maximization of social welfare by the grid owner would lead to more
preferred outcomes for some market stakeholders is not in the scope
of this paper. This question could be answered only through significant
modelling and computational efforts which are left for future research,
as they would provide the foundation for a sequel paper.

iv. Erratum, Page 4111: “brackets” should read “round brackets”.
v. Page 4112: As shown in Fig. 4, the average wind generation in Germany

is relatively stable during the four-hour period, and thus it is adequate
to build a stylized scenario tree for VRE generation by using equiprob-
able scenarios. However, the proposed approach could be readily ex-
tended to more general settings in which these probabilities vary from
one scenario to the next. The computational burden in solving these
kinds of complementary models depends primarily on the number of
scenarios rather than on the numerical values of their probabilities.

Paper III
i. Throughout this paper, the term variable renewable energy is used

as a synonym for intermittent renewable energy.
ii. Page 5265: The references to data in the introductory Section I.A

serve to motivate the general research questions in this paper. In con-
trast, the consolidated data in Tables III-V are employed as an input
for actual modelling and computation of numerical results.
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iii. Page 5266: The approach of introducing a parameter for the mini-
mum share of district heating to be covered by heat-only is conven-
ient for modeling purposes. In this approach, the difficulties of mod-
eling the details of the district heating network can be avoided while
still ensuring that not all district heating demand can be covered with
CHP (which would be impossible due to the geographical distribution
of CHP plants).

iv. Page 5266: The focus of this paper was primarily on the analysis of
the impact of CHP on power markets, whereby the relatively low
costs of heat storage would play a minor role. The assumption of  zero
operating costs for heat storage is also similar to the assumption for
power storage in Paper I. At the time of writing, reliable data on the
costs of heat storage were not available for this paper. Yet further
analyses could be produced by employing realistic costs estimates.

v. Page 5267: The quantity of VRE production is technically a decision
variable whose value is governed by weather-dependent parameters
which represent conditions for generating of solar and wind power.
This flexible approach is similar to that in Paper I and makes it possi-
ble to explore alternative assumptions concerning, for instance, the
impacts of curtailing of VRE generation.

vi. Erratum, Page 5271, Figure 6: “Case 3 vs. 1” should read “DE-PC vs.
SQ-PC” and “Case 4 vs. 2” should read “DE-CO vs. SQ-CO”.

vii. Erratum, Page 5271, Figure 7: “Case 2 vs. 1” should read “SQ-CO vs.
SQ-PC” and “Case 4 vs. 3” should read “DE-CO vs. DE-PC”.

viii. Erratum, Page 5274, Reference [14]: Authors should be “X. Chen, C.
Kang, M. O’Malley, Q. Xia, J. Bai, C. Liu, R. Sun, W. Wang, and H.
Li”.

Paper IV
i. The motivation for the paper has been to combine optimization models

with the added realism which can be gained by simulating how some
market stakeholders are likely to behave; but this also implies that con-
clusive statements concerning the attainment of market equilibria can
be only produced for the optimization models alone. This multi-meth-
odology approach has nevertheless strengths in capturing behaviors
which can not be readily captured through optimization models.

ii. Further topics related market coupling, most notably of the co-ordina-
tion of power exchanges and transmission system operators, have been
addressed by Oggioni and Smeers (2012) who assess inefficiencies
arising from the lack of integration whilst assuming price taking
agents.

iii. Page 1642 and 1644: The simulation-based decision models for hydro
power and CHP producers are relatively simple: for example, these
models do not account for risk preferences and they also involve unre-
alistic assumptions about future hydro-inflows. In order to account for
realistic hedging decisions, these simulation models would have to be
extended by describing risk preferences while relevant future uncer-
tainties would also have to be estimated. These extensions would lead
to much more complex models and require data that is not readily
available.
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iv. Page 1644: For extraction plants, the area for power and heat output
in Equation (10) is assumed to be convex. For backpressure plants
(which are simpler than other CHP plants), there is a linear relation-
ship between power and heat output.

v. Page 1645: The linear objective function Equation (11) leads to a cost-
minimization problem which be solved with ease. It would possible to
consider even non-linear convex objective functions, for instance, in
order to examine questions of social welfare maximization or elastic
demand.

vi. Page 1648: For each region, the marginal costs of power and heat gen-
eration are in this paper assumed to be the same. In reality, the costs
may vary somewhat; but because the costs are primarily based on fuel
costs and the markets for these are global, the differences are unlikely
to vary significantly between neighboring countries in Europe. More-
over, the development of realistic models containing different mar-
ginal costs would be complicated by the difficulties of obtaining re-
gional data.
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