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Abstract

Transmission expansion planning is an important aspect of the electrical power system, as
it involves identifying and implementing the necessary infrastructure to meet the increasing
demand for electricity. In this project, a literature study was conducted to review the principles
of Transmission Expansion Planning. These principles were then tested using a five-node
example with mixed integer linear programming, specifically using the Available Transmission
Capacity method. The results and experience of this study serve as a prestudy for a master
thesis, which will explore the use of DC power flow as a tool for conducting Transmission
Expansion Planning. The aim of the master thesis is to evaluate the effectiveness of using DC
power flow as a method for Transmission Expansion Planning, and to identify any potential
advantages or limitations of this approach.
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1 Introduction

1.1 Motivation

The pace of the transition to a zero-emission society has increased in the last couple of years.
The total power consumption in Norway in 2021 was 139.5 TWh, the highest consumption level
registered in Norway [1]. This is a number that will increase significantly over the next 30 years.
The Norwegian Transmission System Operator (TSO), Statnett, expect the demand to increase to
220 TWh in 2050. Hence, they have established a new strategy to match the pace of the energy
transition [2]. Statnett’s main task is to keep the frequency at 50Hz in the grid to maintain a
stable transmission system that will benefit the socioeconomic.

Transmission expansion planning (TEP) is an essential tool to reach the energy sector’s decar-
bonization target. The European Commission (EC) has outlined a target to reduce greenhouse
gas (GHG) emissions by 80-95 % by 2050 compared to the 1990 emissions in order to keep climate
change below 2 ◦C [3]. The energy sector is responsible for more than 75 % of the EU’s GHG
emissions [4]. This implies a big transition for both the energy producers and the energy consumers
in the coming years. The Renewable Energy Directive 2018/2001/EU has established ambitious
targets for the EU to reach an energy mix consisting of at least 32 % renewable energy sources
(RES), with a clause for possible upwards revision by 2030 [4].

With the increasing penetration of RES in the energy mix, especially offshore wind production,
which is located far away from the load centers, it is essential to have a well-planned transmission
system in order to reach an efficient operation of the RES. Furthermore, it is vital to have inter-
connections between national borders that can guarantee efficient transportation and exchange of
power, such that the wind blowing in one spot can provide power to areas with deficits [5]. Stud-
ies conducted by European Network of Transmission System Operators for electricity (ENTSOE)
conclude that both international and national grid expansion is essential; due to the increasing
volatility in electricity prices and power system balance that comes with the implementation of
intermittent RES in the European power system [6][7].

However, several challenges and problems can arise with transmission expansion of the power
system. One major issue is the high cost and complexity of constructing new transmission lines
and expanding existing ones. This can be a significant financial and logistical challenge, especially
in densely populated or environmentally sensitive areas. In addition, there can be challenges
associated with obtaining the necessary permits and approvals for transmission expansion projects,
as well as opposition from local communities or other stakeholders [2]. Therefore, TEP is strongly
needed to develop and implement strategies to upgrade the power system efficiently, especially
when considering the presence of uncertainties and the long time scale involved.

The time scale for expansion projects depends on many factors mentioned above. However, an
expansion of a long transmission line is estimated to take 10-20 years from submission to imple-
mentation [8]. This time scale does not align with the time scale in RES constructions, where RES
required 1-3 years to be constructed [9]. This leads to the challenge of accurately predicting the
future electricity demand, which can be difficult due to unpredictable factors such as population
growth, economic conditions changes, and energy consumption patterns. Additionally, the long
timescale of TEP means that any decisions made today must be able to adapt to changing con-
ditions over the next several decades. This requires a high degree of flexibility and the ability to
anticipate and respond to future developments in the energy sector. Finally, TEP’s high cost and
technical complexity require careful planning and coordination with a wide range of stakeholders,
including utilities, regulators, and public members.

The social welfare, or the well-being of a society, can be influenced by bottlenecks in the transmis-
sion system. These bottlenecks can cause disruptions in the flow of electricity, leading to blackouts
and other reliability issues. This can negatively impact individuals and businesses, including loss
of income, damage to equipment, and inconvenience. In addition, bottlenecks in the transmission
system can also result in higher electricity prices, which can harm the economy as a whole. Trans-
mission expansion planning can help to increase social welfare by addressing these bottlenecks and
improving the reliability and efficiency of the transmission system. By expanding the capacity of
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the transmission grid, more electricity can be transmitted over longer distances, allowing for more
efficient use of energy resources and increased access to electricity. This can benefit individuals,
businesses, and the economy, leading to improved social welfare.

1.2 Project goal

This project will assess literature and methods related to performing TEP and will serve as a
pre-study for the master thesis. The thesis will evaluate the performance of expansion planning
tools employing direct current (DC) power flow in long transmission lines. Through this project,
we aim to learn about the concepts of TEP and understand the importance of conducting such
planning in order to maximize social welfare. This project will provide a foundation for the master
thesis by familiarizing the relevant literature and methods in the field of TEP. A thorough review
of existing literature and methods will provide a strong foundation for conducting a comprehensive
evaluation of expansion planning tools that employ DC power flow in long transmission lines in
the master thesis.

1.3 Research question

In this work, the aim is to see how expansion planning can reduce electricity prices and the opera-
tional cost in a power system. This will be conducted by executing an example using transmission
expansion planning (TEP) with mixed integer linear programming.

1.4 Project structure

Chapter 2 is a literature review of the literature that was used as an inspiration for the project.
Chapters 3, 4, and 5 briefly introduce the theory of a power system, the Nordic power market, and
transmission expansion planning. Chapter 6 explains the methodology used to solve an example
of transmission expansion planning. Chapter 7 presents and discusses the results obtained from
the node example introduced in the methodology. Chapter 8 is the conclusion of the project and
outlines suggestions for future work.

2 Literature review

The literature review for this project has been essential in gaining an understanding of transmission
expansion planning. It provides an overview of current research and practices in the field. It helps
identify successful methods and approaches used in previous studies and any limitations related to
the topic. In conducting the literature review, several research articles on transmission expansion
planning were examined. Two articles, in particular, stood out and served as inspiration and
motivation for this project. These articles will be discussed in this section.

2.1 Nordic hydropower flexibility and transmission expansion to sup-
port integration of North European Wind Power

In the specialization course, Electricity markets and energy system planning (TET4565), one of the
projects was to conduct a literature study on a relevant topic regarding the specification project.
Hence, the research article ”Nordic hydropower flexibility and transmission expansion to support
integration of North European Wind Power” written by H. Farahmand, S. Jaehnert, T. Aigner,
and D. Huertas-Hernando was assessed [10].

This article assesses the challenges that follow with increased offshore wind production in the
north and Baltic seas. The integration of wind power will increase the variability of the generation
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portfolio in North Europe. Sufficient access to flexible power production, such as hydro power,
is necessary to maintain balance in the power system. The transmission system is pivotal in
harvesting the available wind power located far away from the loads and enabling optimal use of
flexible hydropower. Hence, it has been conducted techno-economical analysis in the form of a
simulation of three different offshore grid structures with three different onshore grid constraints
applied in the proposed structures.

The case study conducted is the projected state of the European power system in 2030. The
assumptions for the baseline scenario in the paper are divided into four main assumptions, which
deal with the generation mix in 2030, scenario-based wind power production, increase in installed
hydropower capacity, and expected grid expansion in 2030. The methodology used in the analysis
includes two interrelated models - a market model (EMPS) and a flow-based model (DCOPF).
The two models are coupled by first using the market model to obtain variables that will be used
as input in the flow-based model to simulate the power flows in the grid and compute the optimal
generation dispatch. The methodology is used to solve the case study, consisting of three different
cases with different grid topologies presented in Figure 1.

• Case A: Original offshore grid, without any connection between Æsgir offshore wind farm in
Norway and the other parts of the grid.
• Case B: Transmission expansion between Æsgir offshore wind farm and Eemshaven seaport in
Netherlands
• Case C: Transmission expansion between Æsgir offshore wind farm and Gaia offshore wind farm
in Germany.

Figure 1: Case A, Case B, Case C in respective order [10]

In order to study the three cases, different scenarios are added to each of the cases. The three sce-
narios are: No Constraint (NC), Internal Constraint (IC), and Internal Constraint with Expansion
(ICE). The purpose is to study the impact of adding the onshore grid constraints on the proposed
offshore grid alternatives. Each combination’s operation and investment cost is investigated to
find the most beneficial alternative. By conducting the analysis, the article concludes that the
operational cost in all scenarios decreased with the grid expansion, and the operational savings
was positive due to the grid investment.

2.2 A framework to determine optimal offshore grid structures for wind
power integration and power exchange

The second research article that stood out in the literature review was ”A framework to deter-
mine optimal offshore grid structures for wind power integration and power exchange”, written by
T.Tröchter and M.Korp̊as [11].

This article assesses a framework for finding optimal offshore grid expansions due to the large
amount of offshore wind power set to be implemented in the power system. The proposed method
involves using a transportation model of the power grid and extending the standard mixed-integer
linear programming approach for solving transmission expansion planning problems. This approach
considers wind power generation and load fluctuations, making it particularly useful for identifying
optimal transnational offshore high-voltage direct current (HVDC) grid structures for integrating
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large amounts of offshore wind power. The effectiveness of the proposed method is demonstrated
through a case study of the North Sea region.

The study in the article utilizes a transportation model that does not include physical constraints.
In contrast, the first article uses a linearized power flow equation, which considers physical con-
straints and better describes the alternating current network. However, the transportation model
is considered to be the more appropriate for analyzing a HVDC grid.

An example of the North Sea area in 2030 is presented as a test model to demonstrate the methodol-
ogy’s applicability. The model includes six price areas in the North Sea region: Norway, Denmark,
Germany, the Netherlands, Belgium, and the UK. Moreover, the model simulates the system with
400 randomly selected states for wind production to show how well the resulting grid performed.
The grid performance was measured by comparing the investment costs with the operational sav-
ings of the expanded system.

3 How the power system works

The power system can be divided into three main sections: production, transmission, and con-
sumption, which again can be divided into many subsections. However, the aim is to provide the
fundamentals of the electrical power system. The production section refers to electricity gener-
ation, which can be done through various means, such as coal-fired power plants, hydroelectric
dams, or renewable energy sources, such as solar and wind. The transmission section refers to the
transportation of electricity from the production plants to the areas where it is needed, typically
through a network of high-voltage power lines. Finally, the consumption section refers to the use
of electricity by end-users such as households, businesses, and industrial facilities. These three
sections are interconnected and rely on each other to ensure a reliable and stable power supply for
a given region.

3.1 Production

Power production refers to the generation of electricity to meet the energy demand of a particular
area. The energy mix, or the portfolio of energy sources used to produce electricity, is an essential
factor in power production. In 2021, the energy mix in Europe was heavily reliant on fossil fuels,
including coal, gas, and oil, which made up 76% of the energy mix [12]. While these sources are
known for their low cost and reliability, they also contribute significantly to GHG emissions. As
the cost of CO2 increases, there is a growing push to shift towards cleaner energy sources, such
as renewables, like wind and solar, to reduce emissions and address the global climate crisis [13].
However, one challenge with the transition to intermittent power units is that they are not always
available and cannot always meet the electricity demand. This means there must be a system to
store excess energy or quickly bring other power sources online when demand exceeds the output
of intermittent power units. This can be a complex and costly process, but it is necessary to reduce
the reliance on fossil fuels and address the urgent need to reduce GHG emissions.

3.2 Transmission

The transmission system is responsible for transmitting electrical energy from the power generation
sources to the distribution system, which delivers the electricity to end users. The transmission
system typically consists of high-voltage transmission lines, towers, transformers, and substations.
The high-voltage transmission lines are used to transmit the electricity over long distances, while
the transformers step down the voltage to a suitable level for distribution to end users. The
substations are facilities where the voltage is transformed from high to low or vice versa. The
electricity is either distributed to the distribution system or transmitted to other transmission
lines. Overall, the transmission system ensures that electricity is delivered reliably and efficiently
to end users.
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Lately, there has been much focus on the terms grid congestion, and bottlenecks in the transmission
system due to the high electricity prices in Norway [14][15]. Grid congestion and bottlenecks refer
to situations in which the transmission grid cannot effectively transmit electricity from one region
to another due to limitations in the infrastructure. In Norway, grid congestion and bottlenecks can
occur due to various factors, such as outdated transmission infrastructure, high electricity demand,
and the integration of renewable energy sources. These issues can lead to problems such as reduced
transmission capacity, increased transmission losses, and higher electricity prices. To address grid
congestion and bottlenecks, Statnett has implemented several measures, including expanding and
upgrading transmission infrastructure, using advanced control systems and market mechanisms,
and developing new transmission technologies. These efforts aim to ensure that the Norwegian
transmission grid can effectively and efficiently transmit electricity to meet the needs of consumers
and support the transition to a low-carbon energy system [2].

3.3 Consumption

Consumers are the end-users of the power produced by the producers and transferred by the
transmission/distribution system operators. The end-users are everyone or everything that requires
power to function, e.g., households and industries. The electricity demand has been increasing in
recent years due to various factors, including population growth, economic development, and the
increasing electrification of various sectors [2]. Electrification refers to replacing traditional energy
sources, such as fossil fuels, with electricity to power vehicles, buildings, and industrial processes
[16]. This trend has been driven by the concern for climate change and the need for a more
sustainable energy system. As electrification becomes more widespread, the electricity demand is
expected to rise. Meeting this demand while maintaining the reliability and affordability of the
electricity supply will be a challenge for power utilities and policymakers.

4 Power market description

The power market in Europe is a dynamic and rapidly changing industry with a diverse mix of
generation sources and complex regulatory frameworks. Many European countries have adopted
policies to support the transition to renewable energy, resulting in a significant increase in wind
and solar power use. As a result, power prices in Europe have been volatile, with significant
fluctuations in response to changes in supply and demand [2]. Overall, the power market in
Europe is transforming, with the emergence of new technologies and business models, as well as
increased competition and regulatory uncertainty [17].

Understanding the concept of market equilibrium is essential to simulate the power market and
the impact of transmission expansion planning. Market equilibrium is a state in which the supply
of electricity and its demand is balanced, which leads to one market price [18]. In an electrical
power market, this occurs when the quantity of electricity generated by power plants is equal to
the quantity demanded by consumers, and the price of electricity reflects the marginal cost of
producing it. In order to simulate a power market and evaluate transmission expansion plans, it is
necessary to model the interactions between generators, consumers, and regulators and to consider
how these interactions affect the supply and demand for electricity. Making precise models can
help identify potential imbalances in the market and evaluate the potential impacts of different
transmission expansion scenarios.

4.1 Nord Pool

Nord pool is a pooling institution that conducts pool trading, also known as central trading. Central
trading is a place where all generation bids and consumption offers are placed at the same time. No
one knows about others’ bids or offers, which makes it anonymous [19]. Nord pool offers market
participants different markets to attend. However, day-ahead trading in the elspot market and
intraday trading in the elbas market is the most common [20]. Nord pool is owned by Euronext
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(66%) and TSO Holding (34%) [21]. The Nord Pool markets are divided into several bidding
areas due to varying available transmission capacities and congestion between the bidding areas.
Therefore, different area prices are established [22]. The participants in Nord Pool consist of the
Nordic countries, the Baltic countries, and some countries in central Europe. The participating
countries may be divided into more areas; for instance, Norway is divided into five areas; NO1,
NO2, NO3, NO4, and NO5, and Denmark is divided into two areas; DK1 and DK2.

4.2 Market clearing

The electricity market is a platform for buyers and sellers to negotiate and agree on electricity
transactions. A central market-clearing algorithm, which plays a crucial role in the day-ahead
market (a significant portion of the electricity market), is used to maximize social welfare by
determining which bids and offers will be accepted. The day-ahead market operates by allowing
sellers to bid on the amount of power they can produce at a given price for each hour of the day
and allowing buyers to offer a quantity of electricity they need at a given price for each hour of
the day. These contracts are then settled the day before, and the deadline for submitting orders
is 12:00 CET. The submitted orders will then be matched, so the balance between supply and
demand for each hour of the next day is balanced. This will be announced at 12:45 CET, the same
day as the clearing process [23].

The cleared market price is called the system price and reflects the market equilibrium in a market
with no grid constraints included. Thus, the system price is used as a reference for trading in
the electricity market [20]. However, in reality, one must consider the grid constraint, which will
affect the spot price in each area due to grid congestion. Hence, there will be a unique equilibrium
between supply and demand in each area, which depends on the transmission capacity between
surpluses and areas with deficits.

4.3 Optimal power flow

Optimal power flow (OPF) is an important optimization problem in the operation of an electrical
power system. It involves finding the optimal operating point of the system in terms of the power
flows through transmission lines and the generation and consumption of electricity. The goal of
OPF is to minimize the overall cost of operating the system, while maintaining the necessary level
of production in order to balance the demand. This can be achieved by adjusting the power flows
and generation/consumption levels to minimize the use of expensive resources, such as high-cost
generators, and maximize the use of cheaper resources, such as renewable energy sources. OPF
is typically solved using mathematical optimization algorithms, considering various constraints
and objectives, such as transmission capacity limits, voltage limits, fuel, and emission costs. The
solution to the OPF problem is critical for the efficient and reliable operation of the power system
and has significant impacts on the cost of electricity for consumers [18].

There are various approaches for modeling the power system to find the optimal operating con-
figuration. The complexity of these models can vary based on the assumptions made. Models
that consider more assumptions may be less accurate, however, sufficient for certain analysis goals.
Ultimately, the choice of modeling method will depend on the purpose of the analysis and the
trade-off between precision and simplicity.

4.3.1 Available transfer capacity

The Available Transfer Capacity (ATC) is a transportation model (non-electric model) used by
Nord Pool and TSOs to calculate power flows between two interconnected areas. It represents the
remaining transfer capacity after taking into account the already occupied portion (NTF) of the
Net Transfer Capacity (NTC). The NTC is calculated by subtracting the Transmission Reliability
Margin (TRM) from the Total Transfer Capacity (TTC). The TTC is the maximum transmission
capacity of an interconnector, which is limited by factors such as thermal limits, voltage limits,
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and stability limits. The TRM accounts for uncertainties in the power flow forecast. All these
factors are calculated by the TSOs [24][25].
Thus, ATC can be expressed as shown below:

NTC = TTC − TRM (1)

ATC = NTC −NTF (2)

The ATC approach in an optimization model has fewer constraints than an electrical model,
resulting in more equal prices in a system [26]. An ATC approach may be formulated as shown
below, which will be discussed later in the project.

min f(P )

subject to: P −D = I × FL
FLmin ≤ FL ≤ FLmax

Pmin ≤ P ≤ Pmax

(3)

4.3.2 DC optimal power flow

An AC model accurately represents the grid as an AC grid, but it requires extensive calculations
and multiple iterations to solve. Additionally, an AC optimal power flow model is a non-convex
linear problem, meaning linear programming cannot solve it. However, DC power flow (DCPF)
is a simplified way to solve a load flow problem where no iterations are required. This is because
DCPF describes an AC grid with DC-like approximation [18]. The approximations that are made,
make DCPF into a linear model, which is well suited to be solved with linear programming [26].

In DCPF, one only considers the active power flow, presented in Equation 4. Yij is the admittance
matrix in the system, which describes the admittance in the line between two nodes. At the same
time, δ and θ is the angle associated with the voltage and the admittance, respectively. Note that
the admittance matrix can be formulated differently depending on the distance of the transmission
line. This theory will not be discussed in this work but is essential when employing DCOPF as a
transmission expansion tool in the master’s thesis.

Pi = |Vi|
∑

|Vj ||Yij | cos(θij − δi + δj) (4)

Three assumptions make it possible to describe an AC grid with DC-like approximations. The
proof is described below and is obtained from the syllabus in TET4115 - Power System Analysis
[27]:

1. All voltage magnitudes are close to 1 pu.

2. Transmission line resistances are much smaller than reactances.

3. Voltage phase angle differences across the lines are small (less than 10◦).

Assumption 1 gives us:

Pi =
∑

|Yij | cos(θij − δi + δj), since |Vi| = |Vj | = 1 (5)

Assumption 2 gives us:
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|Yij | = bij ; θij = 90◦ (6)

Combining (5) and (6) we obtain:

Pi =
∑

bij sin(δi − δj), with help from trigonometric identities (7)

Finally we obtain a simplified expression for active power with assumption 3. As δij < 10◦, we can
assume sin(δij) = δij .

Pi =
∑

bij(δi − δj), where i ̸= j (8)

The non-linear power flow equation (4) is now transformed into the linear power flow equation (8)
only by applying the three assumptions. Thus, it is possible to conduct linear programming with
the DCPF method. This is called DC optimal power flow (DCOPF) and may be formulated as
shown below:

min f(P )

subject to: g(U,P ) = 0
h(U) ≤ 0

P − Pmax ≤ 0

(9)

Where f(P ) is the cost function for the generation, g(U,P ) is the energy balance in the system,
h(U) is the line capacity constraint, and the last constraint is the generation capacity constraint.
The advantage of DCOPF is that the constraint represents the physical limits in the system, which
makes the calculations more precise [26].

5 Transmission expansion planning

Transmission expansion planning in electrical power systems involves identifying the optimal con-
figuration of transmission lines and other infrastructure to meet the current and future demand for
electricity in a given region. This process typically involves analyzing data on existing transmis-
sion lines, projected electricity demand, and potential generation sources and using mathematical
optimization techniques to determine the most cost-effective and efficient expansions [10][11]. This
work uses mixed integer programming to conduct transmission expansion planning and cost-benefit
analysis to evaluate if the investment is favorable.

5.1 MILP

Mixed Integer Programming (MILP) is a mathematical optimization technique that involves finding
the optimal solution to a problem with a combination of continuous and discrete variables. The
goal of MILP is to maximize or minimize an objective function subject to a set of constraints. These
constraints may include limits on the values of the variables, as well as relationships between the
variables. MILP solvers use algorithms such as branch and bound or cutting planes to search for
the optimal solution to a problem. In addition to continuous and discrete variables, MILP can also
handle logical constraints, which can be used to represent complex real-world situations. Overall,
MILP is a powerful tool for optimization and decision-making in a wide range of applications [11]
[28].
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5.2 Cost benefit analysis

Cost-benefit analysis (CBA) is a method used to evaluate the economic feasibility of a project
or decision by comparing the costs incurred to the benefits gained. It involves identifying all the
costs and benefits associated with a project and estimating their monetary values. The costs can
include the initial investment, operational expenses, and ongoing maintenance costs. The benefits
can include direct financial benefits, such as revenues or savings, and indirect benefits, such as
environmental or social impacts. CBA allows decision-makers to compare the costs and benefits of
different options and choose the one that provides the most significant net benefit (benefits minus
costs). CBA is a helpful tool for making informed decisions, as it allows for a systematic and
quantitative comparison of different options. It is important to note that CBA can be subjective,
as it relies on estimates and assumptions about the costs and benefits of a project [29].

6 Methodology

6.1 Nodal example

In this section, we will delve into the process of conducting a TEP study using Mixed Integer
Programming (MILP). To illustrate the concepts and principles of TEP, we will use a nodal example
based on the internal transmission grid in Norway, which is divided into five price areas: NO4,
NO3, NO2, NO1, and NO5. This is also illustrated in Figure 2. It is important to note that
the problem presented in this example is purely hypothetical and contains many assumptions that
are not based on the actual transmission grid. The assumptions will be discussed in section 6.4.
Despite this, the example is still helpful for demonstrating the principles of TEP and MILP.

In this example, Python and the optimization language Pyomo are utilized to conduct the TEP
study rather than relying on commercial software. This decision was made to illustrate the prin-
ciples of TEP and MILP without using proprietary tools. Using open-source tools such as Python
and Pyomo allows us to control the optimization process and gain a deeper understanding of the
solution’s development. Later in this section, a detailed explanation of the process of using Python
and Pyomo to solve TEP problems will be provided.

Figure 2: Illustration of NTC between the five price areas in the Nordic and Baltic grid,
entsoe(2014)[30]

9



6.2 Market clearing with ATC approach

The theoretical principles of market clearing are described in section 4.2, and a mathematical model
for the nodal example is described below, based on the theory. When constructing the mathematical
formulation for the optimization problem, a declaration of sets and indices, parameters, variables,
objective function, and constraints must be made based on the given information. There are,
in total, three sets N, G, and L, with three corresponding indices n, g, and l. This makes it
easier to differentiate the nodes, generators, and lines in the problem, in addition to making the
mathematical description shorter.

The parameters are fixed in the model and are used to describe information that is decided outside
the model, while the decision variables are decided based on the constraints and objective function.
Pmax
n,g describes the max generation capacity for generator g at node n and is used to constrain

the decision variable pn,g. The parameter for demand is defined as the total demand at node n,
Dn. cn,g is the parameter for the cost related to the corresponding generators in each node, while
cshed is the cost associated with the decision variable for the load shedding in node n, pshedn . Load
shedding is the practice of interrupting the supply of electricity to specific areas to reduce the
demand on the power grid and prevent it from overloading and collapsing. In other words, it is
used to balance the supply and demand of electricity on the grid when the power capacity is low
or if there are bottlenecks in the transmission system.

The parameters for max and min flow in a transmission line are FLmax
l and FLmin

l , where the
max flow is the flow in the line that goes from node i to j while the min flow is interpreted as
the reverse flow which is defined as the flow from node j to node i. These parameters are used to
constrain the decision variable for the flow between the nodes, fll. Lastly, the connection matrix,
In,l, is a matrix that describes the connection between the nodes with 1, -1, and 0. The matrix is
defined as [Nnodes × Llines]. Equation 23 is the connectivity matrix in the node example, where 1
represents the connection from node i to j, -1 represents the reverse connection from node j to i
and 0 when there is no connection between nodes.

The aim of the objective function (10) is to minimize production costs by finding the optimal
dispatch for production, shedding, and flow between the nodes while satisfying the constraints
(11)-(14). Constraint (11) is an equality constraint, also known as the energy balance in the
system, which means the power production and demand must be perfectly balanced at any time
for all nodes. The node example has five energy balance constraints, one for each node. The
dual value of each energy balance constraint is interpreted as the nodal price in the corresponding
node. Constraint (12) is the flow constraint, which constraints the flow in line l, fll to be bigger
or equal to FLmin

l and less or equal to FLmax
l , this yields for all lines in the set of L. Constraint

(13), ensures that all the generators in each node do not exceed the maximum capacity. The last
constraint (14) defines the variables for production and shedding as positive real numbers, while
the variable for flow is defined for all real numbers.

Sets & indices

• N - Set of Nodes, index n

• G - Set of generators, index g

• L - Set of transmission lines, index l
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Parameters

Pmax
n,g Max generation capacity for generator g at node n

cn,g Generation cost at generator g at node n
Dn Total load demand at node n
cshed Cost for load shedded
FLmax

l Max capacity in line l
FLmin

l Min capacity in line l, may be interpreted as reverse flow in line l
In,l Connectivity matrix between the nodes in n with the lines in l

Variables

pn,g Generation for generator g at node n
pshedn Total load shedding at node n
fll Power transmitted in line l

Optimization problem

Minimize
∑
n∈N

∑
g∈G

pn,g · cn,g + pshedn · cshed (10)

Subject to

∑
g∈G

pn,g + pshedn −Dn =
∑
l∈L

In,l × fll ∀n ∈ N (11)

FLmin
l ≤ fll ≤ FLmax

l ∀l ∈ L (12)

pn,g ≤ Pmax
n,g ∀n ∈ N, ∀g ∈ G (13)

pn,g, p
shed
n ∈ R+, f ll ∈ R (14)

6.3 Conducting Transmission expansion planning with MILP

The current model for the nodal example determines the optimal dispatch of power production
and flow in the existing transmission system. However, in order to allow for the expansion of the
grid, the model must be updated to include the ability to add or upgrade interconnectors. This can
be done by adding a variable, ecapl , to represent the expansion of interconnector capacities. This
variable will be added to the existing capacities, FLmax

l and FLmin
l , to allow for expansion in the

grid. The model for TEP-problem is defined as a MILP due to the existing continuous variables
described in section 6.2 and the new integer variable, ylinel , which represents the number of new
lines.

There are enormous costs associated with the expansion of the grid. These costs can be divided
into fixed costs, FCl, and variable costs, V Cl. The fixed costs are expenses that are independent
of the capacity of the transmission line. These costs are typically related to planning costs, trench
and laying costs, switch gears and circuit breakers, and transportation of materials [11]. The fixed
costs only depend on the number of lines implemented in the system. Variable costs, on the other
hand, are expenses that vary with factors such as expansion capacities, ecapl , and the length of
the line, which is denoted as ll in the model. The upper limit for capacity expansion is denoted
as Emax

l . If the variable for expansion exceeds this limit, a new line will be added. In general,
fixed costs are typically higher in the initial stages of transmission expansion, while variable costs
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tend to increase as the expansion progresses. It is important for transmission system operators to
carefully manage both fixed and variable costs in order to ensure that the expansion is financially
favorable.

The objective function (16) consists of two parts. The first part describes the production costs in
the system, while the second part describes the investment cost related to the expanded capacities
and lines. Unlike the objective function described in section 6.2, the TEP problem’s objective
function is multiplied by the factors t and a. Since the system’s operational costs are given for
each hour through the system’s lifetime, and the investment cost is a one-time expense, they
cannot be compared directly. In order to compare the costs, it is solved by multiplying the hourly
operational cost with t to obtain the annual operational cost of the system. The purpose of a is to
compare the operational savings accumulated throughout the lifetime of the grid project [10]. The
factor a depends on the discount rate, r, and the lifetime of the project, n, and is mathematically
formulated in Equation 15. In this model, the discount rate is assumed to be 5%, and the lifetime
of the project is assumed to be 30 years. With this formulation, it is assumed that the operational
costs for all 30 years are the same.

a =

30∑
n=1

1

(1 + 0.05)n
=

1− 1
(1+0.05)30

0.05
= 15.3725 (15)

The second part of the objective function is related to the investment cost depending on how much
the expansion and how many lines are needed in order to minimize the total investment cost. As
mentioned above, there is an upper limit, Emax

l , for the expansion. Constraint (19) is formulated
such that if the variable for expansion, ecapl , exceeds the upper limit, the integer variable ylinel will
increase until the bigger or equal constraint is satisfied. The investment cost function behaves like
a stair-step function due to constraint (19). This means the investment cost will gradually increase
until it makes a step, due to a new fixed cost being added to the function. Note that there is no
shedding in this model since the aim is to optimize the grid so that no bottlenecks create shedding.
Lastly, the constraint for flow (5) is adjusted by adding the expansion variable to the limits.

Sets & indices

• N - Set of Nodes, index n

• G - Set of generators, index g

• L - Set of transmission lines, index l

Parameters

Pmax
n,g Max generation capacity for generator g at node n

cn,g Generation cost at generator g at node n
Dn Total load demand at node n
FLmax

l Max capacity in line l
FLmin

l Min capacity in line l, may be interpreted as reverse flow in line l
In,l Connectivity matrix between the nodes in n with the lines in l
FCl Fixed cost associated with expansion of line l
V Cl Variable cost associated with expansion of line l
ll Length of line l
Emax

l Max transmission expansion in line l
a The present value of a series of payments made at the end of each period in the planning horizon
t Number of hours during a year, t =8760
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Variables

pn,g Generation for generator g at node n
pshedn Total load shedding at node n
fll power transmitted in line l
ecapl New interconnector capacity after expansion in line l
ylinel Number of new cables/lines built next to the existing line l

Optimization problem

Minimize
∑
n∈N

∑
g∈G

pn,g · cn,g · a · t+
∑
l∈L

ecapl · ll · V Cl + ylinel · FCl (16)

Subject to

∑
g∈G

pn,g −Dn =
∑
l∈L

In,l × fll ∀n ∈ N (17)

FLmin
l − ecapl ≤ fll ≤ FLmax

l + ecapl ∀l ∈ L (18)

ecapl ≤ Emax
l · ylinel ∀l ∈ L (19)

pn,g ≤ Pmax
n,g ∀n ∈ N, ∀g ∈ G (20)

pn,g, p
shed
n ∈ R+, f ll ∈ R (21)

yl ∈ Z+ (22)

6.4 Input data and assumptions

This section will discuss the input data and assumptions for the node example. The market
clearing and transmission expansion planning models are not scenario- or time-based. This means
the model only evaluates a snapshot of the system at one time and only evaluates the given
scenario of input data. To conduct TEP, in reality, requires a complex analysis over time with
many different scenarios to obtain a precise forecast of the system’s behavior such that one can
map the bottlenecks in the system. However, in this example, one may assume that the input
data are the forecasted data based on an analysis of the system. Further, it is assumed that the
demand is completely inelastic, which means consumers’ willingness to pay is high. On the other
hand, the supply offers its maximum capacity in megawatts, and each generator has a constant
marginal production cost. Moreover, the generators’ efficiency is not considered at part loads.

The data in Table 2 for the generators are based on arbitrary numbers that are inspired by numbers
from the literature review [11][10]. The transmission capacities and connectivity between nodes
are based on Figure 2, which illustrates the Nordic transmission system. Since the node example
only includes only the Norwegian transmission system, Figure 3 is provided with the directional
capacities added to the lines between the nodes to illustrate the applicable system. This is also
shown in Table 1, along with the connectivity matrix I given in Equation 23. As previously
mentioned, I is made up of -1, 0, and 1, which indicate the direction of the lines and the connections
between nodes. Table 3 lists the prices and lengths for expanding the lines, and these numbers are
also inspired by those used in the literature review.
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Figure 3: Illustration of NTC between the five price areas in Norway based on values from Figure 2

Table 1: Existing transmission capacities between the areas

Transmission line From i To j Line Capcityij [MW ] Line Capacityji[MW ] Length [km]
L43 NO4 NO3 1000 200 1000
L35 NO3 NO5 0 0 300
L31 NO3 NO1 500 500 300
L51 NO5 NO1 3900 300 400
L52 NO5 NO2 600 500 300
L21 NO2 NO1 3500 2200 350

I = N Nodes

L lines
L43 L35 L31 L51 L52 L21

NO4 1 0 0 0 0
NO3 −1 1 1 0 0 0
NO5 0 −1 0 1 1 0
NO1 0 0 −1 −1 0 −1
NO2 0 0 0 0 −1 1

 (23)
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Table 2: Max generation capacity and costs associated with generator units in each area, in addition
to the total demand in each area. For all generators, it is assumed that the minimum generation
is zero.

Area Generator ID Max production capacity [MW] Marginal cost [ EUR
MWh ] Demand [MW]

NO4 G41 1100 12 -
NO4 G42 700 30 -
NO4 G43 800 35 2800
NO4 G44 900 40 -
NO4 G45 1000 45 -
NO3 G31 200 12 -
NO3 G32 400 35 -
NO3 G33 300 45 3400
NO3 G34 1000 50 -
NO3 G35 1100 55 -
NO5 G51 300 25 -
NO5 G52 350 45 -
NO5 G53 450 55 3000
NO5 G54 900 60 -
NO5 G55 1000 1000 -
NO1 G11 1000 25 -
NO1 G12 900 50 -
NO1 G13 2100 60 8000
NO1 G14 1000 85 -
NO1 G15 1000 120 -
NO2 G21 2500 25 -
NO2 G22 2000 50 -
NO2 G23 1500 70 6800
NO2 G24 1000 90 -
NO2 G25 1000 150 -

Shedding Gshedding - 2000 -
Total - 24 500 - 24 000

Table 3: Costs associated with the expansion of each line. These are arbitrary values, however,
inspired from numbers used in the articles from the literature review [10][11] .

Transmission line Max expansion capacity per line [MW] Variable cost [ EUR
MW ·km ] Fixed cost [EUR

line ]
L43 300 1.27 · 103 6.82 · 107
L35 300 1.27 · 103 6.82 · 107
L31 300 1.27 · 103 6.82 · 107
L51 300 1.27 · 103 6.82 · 107
L52 300 1.27 · 103 6.82 · 107
L21 300 1.27 · 103 6.82 · 107

6.5 Python and pyomo

The presented models are made in Python with Pyomo, a powerful open-source optimization
modeling language with a diverse set of optimization capabilities [31]. Since Pyomo is a python-
based programming language, it has several advantages. Firstly, Python is easy to learn and has a
large and active community of developers, which makes it easier to find help and resources when
working with it. Pyomo, on the other hand, allows users to build complex optimization models
concisely and intuitively, making it a valuable tool for various applications such as supply chain
optimization, energy system modeling, and financial analysis. Additionally, Python and Pyomo
have a range of libraries and tools that can be used to extend their functionality and make it easier
to work with large-scale optimization problems. Overall, the combination of Python and Pyomo
offers a powerful and flexible platform for solving optimization problems. Gurobi is the solver that
has been used to solve optimization problems; however, it requires an academic license since it is
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a commercial solver [32]. One of the main drawbacks of Pyomo as an optimization tool is that
it can be challenging to retrieve the dual values, especially in mixed-integer linear programming
problems. This can make it challenging to use Pyomo to solve large MILP problems. Using
optimization techniques such as decomposition techniques or heuristics may be necessary. These
techniques can help to decompose the MILP problem into smaller subproblems that are easier to
solve and to identify suitable solutions quickly, even if they are not necessarily optimal.

An example of a two-node system was created and tested to verify the accuracy of the mathematical
optimization models formulated in Pyomo. Through trial and error, the Pyomo code produced the
expected results for each test conducted on the two-node system. Once it was determined that the
code was functioning correctly for the two-node example, it was ready to solve for the values in a
five-node system.

7 Results and discussion

The results of the node example, including a comparison of the operational costs before and after
the transmission expansion planning, are presented in this section. These results were obtained
using the input data, models, and assumptions described in section 6.

7.1 Market clearing with ATC approach

The ATC approach is a widely used method for representing the results of a market clearing in
a power system. The ATC approach allows power system operators to determine the maximum
amount of power that can be transmitted through the transmission system at a given time, con-
sidering technical and operational constraints. This information is used to allocate transmission
capacity to different users and ensure the power system’s safe and reliable operation. In this sub-
section, the results of the market clearing in the baseline system will be presented and discussed.

Table 4: Area price and generation for each node after conducting ATC clearing on the grid before
expansion.

Area Area price [ EUR
MWh ] Total production [MW] Max capacity [MW] Total Demand [MW]

NO4 45 3800 4500 2800
NO3 55 2900 3000 3400
NO5 2000 3000 3000 3000
NO1 2000 6000 6000 8000
NO2 2000 8000 8000 6800
Total - 23 700 24 500 24 000

Table 4 presents the area price and generation compared with the demand for each area after
conducting the market clearing. As one can observe in the table, the area price for NO5, NO1, and
NO2 are 2000 EUR

MWh , which is almost 40 times higher than the price of NO4 and NO3. This high

area price reflects the shedding cost for the system that has been set to be 2000 EUR
MWh . The total

power production in the system is 23 700 MW , 300 MW less than the total demand. Hence, load
shedding occurs in order to balance supply and demand. One can ask why load shedding occurs
when the system has sufficient production capacity. In Table 6, the production rate for each
generator in each area is presented. When comparing the production rate with the production
capacity shown in Table 2, one can observe the generator, G45 and G35 are not producing at their
maximum in order to supply the demand. The mentioned generators have cheaper production
costs than many other generators; nevertheless, they are not producing when there are deficits
in the system. This is due to the internal bottlenecks in the grid system, which is illustrated in
Figure 4. There is congestion between NO4 and NO3 and between NO3 and NO1. This congestion
creates a bottleneck effect which means the surplus power in the north cannot reach the deficit
area in the south.

16



NO1, NO2, and NO3 have no congestion in the lines that connect them, which means they will
share the surplus energy with the deficit areas. However, in this case, there is a total deficit of 800
MW for the three nodes; hence they depend on power transmission from NO3. Since L31 maximum
can transfer 500 MW , there will be a deficit of 300 MW for the three nodes. The numbers for
the power flow are also listed in Table 5, where the Dual is included. The dual value may be
interpreted as the shadow price of expanding the capacity, which means if the capacity of one line
increases by 1 MW , the objective function will decrease with the dual value. By observing the dual
values, it is fair to claim that the bottleneck in the system occurs between NO3 and all the areas
below. The dual value for L31 and L35 are 1945 EUR

MW , which means for each MW capacity that is
added in the bottleneck will decrease the objective with 1945 EUR. Note that L35 is defined as a
line with zero capacity, hence the dual value associated with the line. The dual value associated
with L43 has the value of 10 EUR

MWh since the marginal generator in NO4 has the production cost

of 45 EUR
MWh and the marginal generator in NO3 has the production cost of 55 EUR

MWh . Increasing
the capacity of L43 with 1 MW will reduce the production of the marginal generator in NO3 by 1
MW and increase the marginal generator in NO4 with 1 MW, which means the total operational
cost of the system decreases by 10 EUR.

Figure 4: Illustration of flow results (blue font) after ATC clearing.

Table 5: Flow results for each interconnector after conducting ATC clearing

Transmission line From i To j Flow [MW] Max flow [MW] Dual [ EUR
MWh ]

L43 NO4 NO3 1000 1000 10
L35 NO3 NO5 0 0 1945
L31 NO3 NO1 500 500 1945
L51 NO5 NO1 500 3900 0
L25 NO2 NO5 500 500 0
L21 NO2 NO1 700 3500 0
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Table 6 shows the production rate, the operational cost for each generator, and the shed cost for
one hour. The total operational cost of the system for each hour is 1 957 100 EUR

h . In order to
get the accumulated operational cost of the system, one must multiply the cost with the factors t
and a, described in section 6.3. Thus, the accumulated cost of the system for the next 30 years is
2.64 · 1011EUR, given that the system’s parameters are constant.

Table 6: Generated quantity and operational costs for each generator after conducting ATC clear-
ing.

Area Generator ID Production rate [MW] Marginal cost [ EUR
MWh ] Operational costs [EUR

h ]
NO4 G41 1100 12 13 200
NO4 G42 700 30 21 000
NO4 G43 800 35 28 000
NO4 G44 900 40 36 000
NO4 G45 300 45 13 500
NO3 G31 200 12 2400
NO3 G32 400 35 14 000
NO3 G33 300 45 13 500
NO3 G34 1000 50 50 000
NO3 G35 1000 55 55 000
NO5 G51 300 25 7500
NO5 G52 350 45 15 750
NO5 G53 450 55 24 750
NO5 G54 900 60 54 000
NO5 G55 1000 100 100 000
NO1 G11 1000 25 25 000
NO1 G12 900 50 45 000
NO1 G13 2100 60 126 000
NO1 G14 1000 85 85 000
NO1 G15 1000 120 120 000
NO2 G21 2500 25 62 500
NO2 G22 2000 50 100 000
NO2 G23 1500 70 105 000
NO2 G24 1000 90 90 000
NO2 G25 1000 150 150 000
NO1 Gshed 300 2000 600 000
Total - 24 000 - 1 957 100

7.2 Transmission expansion planning

The tables and figures presented in this section are the results of conducting TEP on the node
example. After that, a similar ATC approach was conducted on the expanded system to compare
the results from the old system in section 7.1. Table 7 presents the results from the investment
part of the objective function (16). Only two interconnectors are getting expanded, which are L43

and L35. However, the solution suggests building three lines in each connection in order to ensure
adequate capacity between the nodes. The Figure 5 illustrates the new interconnectors and capac-
ities, shown in red. The blue lines illustrate the new power flow with the new interconnectors and
capacities implemented in the system. These numbers are also listed in Table 8. The investment
cost related to each line considers the variable cost that depends on the expansion capacity needed,
the length of the line, and the fixed cost related to the investment of each line. The total cost of
the investment of six new lines with a total expansion of 1300 MW is 1.603 · 109 EUR. If the
system’s expansion pays off, the accumulated savings from the operational costs must be larger
than the total investment cost.

In section section 7.1, Table 5 presented the dual values of the lines. The dual values for L35 and
L31 were 1945 EUR

MWh , and it was anticipated that these lines would be expanded. However, after
solving the TEP problem as a MILP problem, the expanded lines turned out to be L41 and L35.
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By expanding Line L43, the system can use the inexpensive energy produced in NO4. Additionally,
by installing an interconnector between NO3 and NO5, any excess production from NO4 and NO3
can be directed to the areas in the south that are experiencing a deficit. This helps to balance the
supply and demand of electricity in the system. It should be noted that the dual values for L35

and L31 have now changed to 95 EUR
MWh , while the dual value for L43 remains at 10 EUR

MWh . However,
no more production capacity is available to reduce operational costs by increasing transmission
capacity by one MW . Thus, given the constraints, the system is optimized as far as possible.

Table 7: New lines implemented and expanded capacity in the grid after conducting TEP.

Transmission line From i To j Expansion [MW] # New lines Investment Cost [EUR]
L43 NO4 NO3 700 3 1093.6 · 106
L35 NO3 NO5 800 3 509.4 · 106
Total - - 1300 6 1603 · 106

Figure 5: Illustration of the new transmission lines that are implemented in the system and the
flow after conducting TEP

Table 8: Flow results for each connector after conducting TEP.

Transmission line From i To j Flow [MW] Max flow [MW] Dual [ EUR
MWh ]

L43 NO4 NO3 1700 1700 10
L35 NO3 NO5 800 800 95
L31 NO3 NO1 500 500 95
L51 NO5 NO1 200 3900 0
L52 NO5 NO2 600 600 0
L21 NO2 NO1 1300 3500 0

So far, the system has been optimized and expanded to minimize the operational cost for the next
30 years while considering the discount rate of 5%. Thus, to compare the operational cost, one
must conduct a market clearing of the new system. The results for each area are presented in
Table 9, while the results for the generator dispatch are presented in Table 10. One can observe
that there is no longer a mismatch between total production and total demand for the areas, which
means there is no shedding in the system. Moreover, the area price for NO5, NO1, and NO2 is set
to be 150 EUR

MWh . In Table 10, one can observe that G45 and G35 have increased the production
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to their maximum, while G25 has decreased its production. However, G25 is still the marginal
generator in NO5, NO1 and NO2, thus the area price of 150 EUR

MWh . The total operational cost for

the system has now decreased to 1,310,100 EUR
h due to the elimination of load shedding and the

optimization of production dispatch. This means that the accumulated cost for the system over
30 years is 1.78 · 1011 EUR, resulting in a total savings of 0.86 · 1011 EUR from the expansion
of the transmission system over the same period. This result strongly suggests that investing in
expanding the grid is financially beneficial, as the accumulated savings are greater than the cost
of expansion.

Table 9: Area price and generation for each node after conducting TEP

Area Area price [ EUR
MWh ] Total production [MW] Max production [MW] Total Demand [MW]

NO4 45 4500 4500 2800
NO3 55 3000 3000 3400
NO5 150 3000 3000 3000
NO1 150 6000 6000 8000
NO2 150 7500 8000 6800
Total - 24 000 24 500 24 000

Table 10: Generated quantity and operational costs for each generator after conducting TEP

Area Generator ID Production rate [MW] Marginal cost [ EUR
MWh ] Operational costs [EUR

h ]
NO4 G41 1100 12 13 200
NO4 G42 700 30 21 000
NO4 G43 800 35 28 000
NO4 G44 900 40 36 000
NO4 G45 1000 45 45 000
NO3 G31 200 12 2400
NO3 G32 400 35 14 000
NO3 G33 300 45 13 500
NO3 G34 1000 50 50 000
NO3 G35 1100 55 60 500
NO5 G51 300 25 7500
NO5 G52 350 45 15 750
NO5 G53 450 55 24 750
NO5 G54 900 60 54 000
NO5 G55 1000 100 100 000
NO1 G11 1000 25 25 000
NO1 G12 900 50 45 000
NO1 G13 2100 60 126 000
NO1 G14 1000 85 85 000
NO1 G15 1000 120 120 000
NO2 G21 2500 25 62 500
NO2 G22 2000 50 100 000
NO2 G23 1500 70 105 000
NO2 G24 1000 90 90 000
NO2 G25 500 150 75 000
NO1 Gshed 0 2000 0
Total - 24 000 - 1 319 100
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8 Conclusion and Further work

This work is a prestudy to the master thesis, consisting of a literature review and methods related
to performing the principles of transmission expansion planning. This study aims to provide a
solid foundation of knowledge and understanding of the key concepts and methods that will be
used in the master thesis. It has described some of the main features of the power system and the
market clearing, which decides the area prices. This is a crucial aspect of the study, as the market-
clearing process plays a central role in determining the optimal expansion of the grid structure.
Furthermore, this work has presented optimization problems that can be established with mixed
integer linear programming in order to determine an optimal expansion of the grid structure. By
coding and solving the problem in Python and Pyomo, a deeper understanding of the topic will
be valuable in further work in the master thesis.

The study examined the five-node example with a transportation model (ATC) with many assump-
tions that do not accurately reflect the behavior of a dynamic power system. As a result, some may
argue that the example is misleading due to the use of arbitrary values. It is important to note
that cost-benefit analysis cannot simply conclude that an investment is always beneficial. Instead,
a detailed forecast of the system’s behavior is required, taking into account various scenarios and
states in order to determine if an expansion in the grid is necessary. Even if an expansion is deemed
necessary, it does not necessarily mean that it will be financially beneficial. A thorough cost anal-
ysis must be conducted and compared to determine the proposed solution’s financial feasibility.
Despite these limitations, the principles of transmission expansion planning were presented, and it
can be concluded that the grid expansion increased the capacity between the nodes and reduced
operational costs in the system.

Understanding the fundamentals of transmission expansion planning will be used to conduct further
research in a master’s thesis. This research aims to delve deeper into the topic and assess the
effectiveness of using DC power flow in transmission lines for expansion planning. To carry out
a more comprehensive study, it will be necessary to review additional literature and gather data
from power producers and transmission system operators on the energy market, power production,
demand, transmission, and costs. By accumulating data over a certain period, it will be possible
to create a large, accurate simulation of the power system that considers uncertainties related to
fluctuations in power production and demand.

To improve the accuracy of the transmission system model, an extension to the current method-
ology can be implemented. One approach is to use a combination of the ATC and DC power flow
methods, depending on whether the transmission line is an AC or DC line. For AC lines, DC power
flow can be used, while the ATC method can be applied to DC lines. This means that AC/DC and
DC/AC converters must be included in the system. Additionally, when utilizing DC power flow,
it is important to consider three major line-loading limits: thermal limits, voltage-drop limits, and
steady-state stability. These limits typically depend on the length of the transmission line.

The goal is to create a more extensive system simulation with more data to understand better the
effects of various expansion scenarios on a larger scale. However, solving a multi-stage optimization
problem on this scale can be computationally intensive. Therefore, it may be helpful to use
decomposition techniques to solve these optimization problems. Lastly, it would also be interesting
to investigate the impact on emissions and how different expansion scenarios affect the overall
carbon footprint of the system.
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