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Abstract

Electricity is a substantial element in modern societies and no reduction of
power consumption is foreseen in the future. Hence, in order to achieve
the target of sustainable development, it is important to develop the power
systems so that future generations will be able to cover the need in electric
power in a reliable, economical and environmental friendly way. The first
two parts have been already included in the traditional power systems plan-
ning, however in order to consider environmental aspects and development in
an uncertain environment, new approaches are needed. This dissertation fo-
cuses in the long-term transmission system planning of interconnected power
systems under the consideration of energy policy implementations and their
impact on marginal production costs.

The proposed methodology is based on a semi-dynamic heuristic approach,
that solves the social welfare maximization problem for several discrete steps
considering different preferences for energy policy or transmission network
reinforcements. The methodology consists of two parts, one part includes
the multi-criteria analysis and provides short-term information to the deci-
sion maker and the second part includes a cost-benefit analysis that accom-
modates the decision maker with long-term information of economic prof-
itability. This integrated multi-criteria approach allows the identification of
the optimal configuration of the transmission system assuming variations of
marginal production costs, generation mix development and load profiles.
The transmission planning process includes the identification of candidate
transmission plans and the evaluation of identified reinforcements.

Two power system models have been developed based on publicly avail-
able data and a proposed reduction technique for large-scale power systems.
Three are the major indicators of the profitability of a reinforcement that
represent the environmental benefits, the benefits in the congestion and the
benefits to cost ratio. The final output is illustrated in trade-off curves
providing sufficient information to the decision maker.
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Kurzfassung

Elektrizität ist ein zentrales Gut der heutigen, modernen Gesellschaft. Mit-
tel bis langfristig ist keine Reduzierung des Stromverbrauchs absehbar, da
elektrische Energie ein wichtiger Treiber fr Wirtschaft und Innovation ist.
Das Ziel einer nachhaltigen und effizienten Energieversorgung ist die zu-
verlässige, wirtschaftliche und umweltfreundliche Deckung der Nachfrage
nach elektrischer Energie. Die traditionelle Netzplanung, wie sie derzeit in
vielen Unternehmen durchgefhrt wird, bercksichtigt vor allem Zuverlssigkeits
sowie Wirtschaftlichkeitsaspekte. Umweltaspekte, sowie die Einbindung von
Unsicherheiten, wie z.B. wechselnde, politischen Rahmenbedingungen er-
fordern neue, innovative Ansätze in der strategischen Netzplanung. Die vor-
liegende Dissertation konzentriert sich auf die langfristige Planung des eng
vermaschten, europischen Übertragungsnetzes. Die Arbeit berücksichtigt
dabei aktuelle Rahmenbedingungen, indem sie Richtlinien, gesetzmssige, en-
ergiepolitische Implementierungen sowie deren Auswirkungen auf die margi-
nale Erzeugungskostenstruktur in ein ganzheitliches Modell integriert.

Die entwickelte Methodik basiert auf einem semi-dynamischen, heuristischen
Ansatz, der die soziale Wohlfahrt für multiple, diskrete Schritte maximiert.
Die Methodik berücksichtigt verschiedene, europisch-energiepolitische Präfe-
renzen bzgl. des Elektrizittserzeugungsportfolios sowie die, in diesem Zusam-
menhang, antizipierten und geplanten Übertragungsnetzverstärkungen. Die
entwickelte Methodik besteht aus zwei Teilen. Sie umfasst einerseits eine
Multi-Kriterien-Analyse dessen Ergebnisse Entscheidungsträgern helfen kn-
nen, kurzfristige Entschlsse basierend auf einer optimalen Informations-
grundlage zu treffen. Anderseits beinhaltet der zweite Teil der Methodik eine
Kosten-Nutzen-Analyse, welche die wirtschaftliche Rentabilität von Net-
zausbauplnen bewertet und Entscheidungsträger mit einer Informationsba-
sis fr Langfristentscheide ausstattet. In diesem Zusammenhang ermöglicht
der integrierte Multi-Kriterien-Ansatz auch die Identifizierung einer opti-
malen Übertragungsnetzarchitektur. Diese Netzplanung umfasst die Iden-
tifizierung von kritischen Stellen im Übertragungsnetz sowie die Bewertung
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der identifizierten Netzverstärkungen bezglich Wirtschaftlichkeits sowie Nach-
haltigkeitsaspekten. Die wichtigsten Indikatoren für die Wirtschaftlichkeit
einer Netzverstärkung sind der Umweltnutzen, die Reduzierung von Eng-
passkosten sowie das generelle Kosten-Nutzen Verhältnis. Zentrale Annah-
men fr die Bewertung beinhalten Variationen von marginalen Produktion-
skosten, antizipierte und geplante Erzeugungsportfolio Entwicklungen und
zuknftige Lastprofile.

Das entwickelte Netzausbauplanungs und bewertungsmodel nutzt zwei phy-
sikalische Netzmodelle, welche auf der Grundlage öffentlich zugänglicher
Daten und eines vorgeschlagenen Reduzierungsprozesses für grosse, elek-
trische Netze entwickelt worden. Die Ergebnisse der integrierten Methodik
basieren also auf einer physikalisch realistischen Grundlage und werden in
Kurvenform visualisiert, um Entscheidung-strägern eine mglichst simple und
schnelle die Informationsauswertung zu ermglichen.
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Chapter 1

Introduction

In this chapter the motivation and the target of this dissertation is dis-
cussed, paragraph 1.1. In paragraph 1.1.2, as a short description of the
new challenges in power systems is given, before the need for new planning
methods is analyzed in paragraph 1.1.3. At the end of the chapter the con-
tributions of this work are listed, paragraph 1.2, the list of publications is
provided, paragraph 1.3, and finally the dissertation outline is to be found
in paragraph 1.4.

1.1 Motivation

The motivation of this dissertation arises from the power system reconstruc-
tion and the challenges that the new operational environment poses. The
system planning due to integration of new technologies, intermittent power
generation, increasing consumption, environmental consciousness and eco-
nomic demands, remains a very important and complicated exercise of sys-
tem planners, decision makers and stakeholders. The work presented in
this thesis comes to help along with the identification and evaluation of
new expansion plans in the transmission network combined with additional
generation capacity and energy policy decisions. The latter combination
provides a multi-dimensional approach of the problem.

Transmission system expansion planning has been performed with various
techniques and algorithms as summarized in section 2.3. In general, the
classical objective of transmission planning is to provide cost-effective, safe
and reliable transmission systems, so that the system loads are satisfied. In

3



4 Chapter 1. Introduction

this process a new task of socially and environmentally responsible expansion
planning is added in this thesis.

1.1.1 Planning before restructuring

Before liberalization, power systems planning was focused more on one area,
the regulated area of one vertical integrated company that was responsible
for a secure and reliable power supply. In other words, although power
systems of several countries where interconnected, the planning was per-
formed for one isolated area, just aiming to cover the consumers demand
of this area. Interconnections were used for overcoming emergency situa-
tions, i.e outages or black-outs, in order to increase reliability, which means
that the interconnections were not dimensioned for transmitting continuous
bulk power. Under regulated conditions the vertical integrated company
had a good overview of the planned generation capacity, the locations of
new power plants and based on demand forecasting the planning process
could be optimized aiming mainly at the minimization of overall costs, i.e.
minimization of reliability costs and operating costs [1].

1.1.2 Current situation

The current situation of interconnected power systems is described in the
following:

1. Cross-border trading / consumption doubled last decades.

As shown in Fig. 1.1, the implementation of a liberalized market
in many European countries in the late nineties, was followed by an
increase of cross-border exchanges. Interconnections became more and
more loaded in order to transmit the big amount of energy that was
demanded from several market players in order to keep national prices
low or just to balance the national power system.

Besides the economic growth of the European countries the need for
energy in developing countries inside Europe lead to increased con-
sumption about 0.8-1% every year [2]. The problem is that often
certain transmission lines are operated at their capacity limits, and
specific congestion management schemes must be implemented to al-
locate the transfer capability between the different actors.

2. Frequent outages / blackouts
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Figure 1.1: Sum of exchanges of the UCTE 1975-2006

As the transmission lines are operated at their capability limits, the
transmission system has become more stressed and more prone to fail-
ures that could lead to wide spread power outages, blackouts. This is
reflected in the occurrence of blackouts and near-blackouts during the
last years, e.g. Europe November 2006 when the N-1 criterion was not
satisfied and a line outage split Europe in three frequency zones [3].

3. Inevitable renewal of centrally controlled power plants

The majority of the power plants in Europe are old and many of them
will be decommissioned before 2030 [4] for political, environmental
or economical reasons. The generation expansion plants refer either
to repowering of existing sites, so called brownfield expansion, or to
bigger new power plants in other locations. The first option doesn’t
seem so promising because the existing sites are near residential areas,
are small and even if they use green energy will not be able to cover
the demand. The second option includes new larger power plants,
nuclear, gas powered, etc, built to replace outdated plants, which will
not be built on the same geographical locations as the old ones, while
the consumers can to a large extent be assumed to remain at the same
geographical locations.

4. Non-dispatchable production (intermittent power)

More incentives for distributed generation are provided as renewable
energy sources are promoted from the latest EU directive [5] for en-
vironmental compatibility. Plans to install substantial amounts of
onshore and offshore wind power in many countries, in addition to the
existing significant wind power capacity, are ongoing together with
the development of solar power production. Consequently, in order
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to avoid operation and stability problems in the system, new tech-
nologies for flexible power transmission and in some cases additional
transmission capacity are needed.

5. Increased transmission distances in the interconnected system

Very often the transmission from production to consumption crosses
the borders of one or two countries. Hence, losses increase and the ca-
pacity of the transmission system becomes narrowed due to loop flows.
A typical example is the decreased capacity in the Swiss transmission
network because of the energy transits from France to Italy.

6. Negative effects of electricity production

The energy production in Europe is based primarily on fossil fuels
which are much cheaper and competitive but not sustainable due to
emission and environmental concerns. The fossil fuel power plants,
as well as other types of power plants, are the main sources of CO2,
NOx, SO2 and fine particles. Hence, a number of negative effects
occur, whose costs are not represented in the electricity prices, known
as external costs. These costs associated with the power production
refer to environmental damages, health impacts and climate change
respectively.

The external costs of several production technologies as estimated from
different studies are shown in Fig. 1.2. The fact that this estimation is
affected from many factors lead to low and high estimation depending
on caused damage weights.

1.1.3 Need for new planning methods

As aforestated, the conditions for transmission network planning have chang-
ed due to deregulation of the energy markets. In deregulated systems gen-
eration expansion and transmission planning are separated. Generation ex-
pansion is driven by market based initiatives, while the network expansion
guarantees the security of supply and the market requests. This implies
many risks due to diversified interest of stakeholders, exercise of market
power and lack of transparency. The investments in transmission and gen-
eration depend on market signals, that sometimes are inaccurate neglecting
many externalities, e.g. production external costs and loop flows of trans-
mitted power. Therefore, misleading price signals may force developments
towards suboptimal system expansion in favor of some generators over others
[6]. Accordingly, transmission expansion planning based either only on con-
gestion relief or only on minimization of consumer costs should be avoided
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Figure 1.2: External costs of energy production, low/high estimation

in a power market. Market based approaches in order to improve competi-
tion and maximize market efficiency are needed. As described in [7] classical
centralized planning may lead to wrong decisions that hinder competition.
Additionally, the problems of climate change have been fully recognized in
the EU directives with the CO2 emission reduction targets in EU member
countries. This complex and uncertain environment calls for new ways of
planning both generation mix development and power transmission network
considering also emissions reduction targets and market structures in order
to create sustainable future interconnected electricity networks as described
in Fig. 1.3. The expansion planning is a multidimensional problem and the
identification of optimal projects depends on the decision maker preferences.



8 Chapter 1. Introduction

Figure 1.3: Combination of environmental aspects, market structure, future
generation and network transmission capability on the way to sustainable
future electricity networks

1.2 Contributions of the thesis

In the following the contributions of this dissertation in the transmission
planning framework are summarized:

• Consideration of environmental policy in the decision of transmission
expansion plans, either by implementation of carbon tax or by inter-
nalization of the imposed external cost in the marginal cost curves.

• Combination of static and dynamic approach into a multi-criteria cost
benefit analysis that provide multi-criteria information to decision
makers regarding the energy policy strategy and the optimal addi-
tional transmission capacity enabling the best investment strategy to
be identified.

• Combination of generation mix development, emissions reduction tar-
gets, transmission network reinforcement and market price signals

• Development of a reduced European interconnected system for simu-
lation of power markets.

• Identification of transmission investment plans for the development of
the central European interconnected system.
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1.4 Dissertation Outline

The dissertation is organized in 7 chapters as follows:

• Chapter 1: Introduction and motivation of the thesis. In this chapter
a short overview of today’s power systems situation is given, that
initiates the motivation of this thesis. Additionally, the contributions
and a list of publications are provided.

• Chapter 2: In this chapter, the transmission planning problem and the
developed methodology are described. Existing transmission planning
methodologies are also mentioned, helping with the characterization
of the proposed process. The uncertainties and the barriers in this
process are discussed as well.

• Chapter 3: The third chapter is dedicated to the modelling approach of
the proposed analysis. The core of the calculations, the optimal power
flow tool, is described and then two market structures are compared.
In the end of this chapter, the modelling of unserved energy indicator
is explained.

• Chapter 4: In this chapter, several reduction methods are reviewed
in order to define the appropriate reduction process for power mar-
ket simulations in large scale power systems. The reduction criteria
applied in the thesis are mentioned.

• Chapter 5: The developed models are here analytically described be-
fore the results are presented.

• Chapter 6: The simulations results are presented in this chapter based
on simulations in the developed models. The proposed methodology
is applied and trade-off curves of results are produced.

• Chapter 7: The thesis is summarized in this chapter giving some final
remarks and comments.

Additional information about model parameters and planning practices around
Europe and investment costs are given in the Appendices.



Chapter 2

Planning process

In this chapter the addressed problem is described, paragraph 2.1, as well
as approaches for transmission expansion planning are reviewed in detail,
paragraph 2.2. Thereafter, the proposed methodology of this dissertation is
presented, in paragraph 2.3, together with the discussion about the role of
uncertainties in the planning process, paragraph 2.4.

2.1 Problem description

Nowadays, transmission system operators are responsible for the reliable and
economic development of the power system, so that non-discriminatory net-
work access is provided to all stakeholders. This development is an exercise
of long-term planning. However, in this analysis energy policy measure-
ments and the impact of transmission network on the power market are not
considered. In order to decrease externalities and environmental damages
imposed to the society from the power generation sector, new energy policies
are implemented that promote production from sustainable sources.

In this dissertation the problem of long-term transmission planning of inter-
connected power systems under uncertainty of marginal production costs due
to different energy policy implementations in a perfect market environment
is addressed. The major complication is how to maximize social welfare in
such a way that criteria for less CO2 emissions, economic profitability and
technical security are satisfied, which means that producers and consumers
are both satisfied as well as the transmission network investor.

The methodology proposed later on tackles this problem providing informa-
tion to the decision maker based on variable market prices and changing

11



12 Chapter 2. Planning process

generation mix and system load conditions. Through this process the opti-
mal transmission capacity availability is also identified in order to obtain the
maximum environmental, social and economic benefits from a transmission
investment plan.

2.2 Optimization methods for transmission

planning

The transmission planning problem has been addressed many times in the
power systems literature. As it is neither a static problem nor a single
solution can always be identified, its nature has lead to many different ap-
proaches, with many different objectives. Some of them are summarized
in [8], [9], dividing the problem in static or dynamic and deterministic or
non-deterministic ones [10].

Static approach means that only one snapshot of the system (steady state)
is studied and usually a worst case scenario is examined. Dynamic approach
means that the problem is solved for a specified period of time, while con-
sidering topology changes, load changes and sometimes generation changes.
Static approaches are usually simpler to implement, not very detailed and
thus faster than dynamic approaches, which are more difficult to implement
since the model is represented in more detail. A combination of the previous
two methods leads to the hybrid approach, which is a powerful tool for large
scale systems because of its simplifications and reduced computational time,
however only recently used due to increased complexity of the models and
the consideration of several aspects.

No matter what the time frame is, for instance one snapshot, multi-period
or many snapshots in different periods, the optimization approach can be ei-
ther heuristic, mathematical or a mixture of both. For heuristic approaches a
sensitivity analysis is usually used, based on multi-criteria or multi-objective
optimization [11], [12]. The multi-objective optimization problem as defined
in Cohon [13] consisting of n decision variables, m constraints and p objec-
tives is formulated in eq. 2.1, where Z1,...Zp are the p objective functions:

max{Z(x1, x2, ..., xn)} = Z1(x1, x2, ..., xn),

Z2(x1, x2, ..., xn) ... Zp(x1, x2, ..., xn) (2.1)

s.t.:

gi(x1, x2, ..., xn) ≤ 0, i = 1, 2, ...,m (2.2)

xj ≥ 0, j = 1, 2, ..., n (2.3)
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In contrast to a single optimization problem, where a single optimal solution
is identified, in multi-objective problems a set of optimal solutions is signi-
fied. This optimal set is called ”Pareto optimal” and requires that there is
no other feasible solution in favor of one objective against any other.

Additionally, a big part in the literature for transmission planning is covered
by genetic algorithms that have recently been applied as well [14]. These are
automated procedures appropriate for non-convex problems, or for problems
where a global optimum is difficult to find by traditional techniques [15].

The mathematical models are usually solved by means of either linear pro-
gramming (LP) [16], [17], non-linear programming(NLP) [18], dynamic pro-
gramming(DP) [19]. The linearity or non-linearity refers to the objective
function of the optimization problem or to the constraints used.

A substantial element of difference among the applied methods in the lit-
erature is the objective of the optimization. It might be referred to simul-
taneously minimization of the investment costs, operational costs and/or
reliability costs. This kind of problem is solved usually with decomposition
techniques [20] , e.g. by Benders. In Benders’ decomposition the central
problem is divided into a master problem regarding the investments deci-
sion, variables x in eq. 2.4, and a subproblem that refers to the operational
conditions for the proposed investment from master, variables y in eq. 2.4,
[21] , [22] , [23]:

min {z = c(x) + d(y)} (2.4)

s.t.:

A(x) ≥ b (2.5)

E(x) + F (y) ≥ h (2.6)

After liberalization new objectives based on market performance and market
operation appeared. More active power exchanges and congestions between
control areas called for minimization of zonal price differences and thus
minimization of congestion costs or maximization of market efficiency and
social welfare. Moreover, under market conditions the optimization problem
arises like minmax problem of contradicting interests.The planning environ-
ment became more uncertain and thus many publications focused on risk
abatement [24] and non-determinist methods based on probabilistic power
flow[25], or probabilistic generation and reliability data [26], have been pub-
lished.
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2.3 Proposed methodology

The planning process that is proposed here is a semi-dynamic heuristic ap-
proach, that solves the social welfare maximization problem for several dis-
crete steps considering different preferences for environmental policy imple-
mentation or transmission network changes. With semi-dynamic is meant,
that although the problem is solved for a certain time period of several years,
the discrete steps refer to a static representation of the system. In case that
the time steps correspond to years, only one snapshot of a year is considered
in each step. The heuristic part refers to topology or transmission capacity
changes for many marginal production costs cases. The methodology con-
sists of two parts, one part includes the multi-criteria analysis and provides
short-term information to the decision maker and the second part includes a
cost-benefit analysis that accommodates the decision maker with long-term
information of economic profitability. The combination of both parts, the
so called integrated multi-criteria cost-benefit analysis, leads to the optimal
additional transmission capacity in case that marginal production costs are
provided.
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Integrated Multi-criteria
Cost-benefit Analysis

TSO

Transmission Regulation

Generation Consumption

TSO

Transmission Regulation

Generation Consumption

TSO

Transmission Regulation

Generation Consumption
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Figure 2.1: Independent planning coordinator

The idea behind the algorithm is that a single independent planning coor-
dinator is leading the investment planning process, gathers all information
needed from stakeholders and interested parties, e.g. TSOs or regional oper-
ators, and provides solutions for the transmission system development. As
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proposed in [27] , this is the way that bulk transmission investments should
be decided in the new deregulated environment, while investments in trans-
mission are very essential for market efficiency and may create advantages
to few market players upon the others.

2.3.1 Transmission plans identification process

Before this methodology is applied, the critical paths in the network have to
be identified. Critical paths are highly congested lines and important lines
that transmit large amounts of power. Lines that connect nodes with big
differences in locational or nodal marginal prices are very often identified
as critical. The concept of nodal prices is described in section 3.2.1. A
sensitivity analysis is used in order to identify the critical lines for several
randomly selected system conditions, e.g. different generation mix and de-
mand levels. The lines with high overloading probability are then promoted
for reinforcement. An application of this idea is presented in section 6.4.
Reinforcements may include either new transmission lines or installation of
new technologies, e.g. FACTS devices.

In case that the location of new power plants is decided, then it is probable
that good candidates are near to the new generation capacity. A method of
defining optimal locations for renewable investments comparing the invest-
ment costs of predefined locations is presented in [28]. A market for green
certificates and a power market are simultaneously optimized in terms of
minimum costs. In this case, the optimal locations for investments in wind
or solar power are identified according to their nodal marginal investment
curves, so that a predefined demand of green power is covered. Therefore,
the location of new generation investments is known and transmission lines
candidates are easier determined.

2.3.2 Cost-benefit analysis

The whole planning tool is based on a cost-benefit analysis that deals with
all different aspects and interests of the involved parties in the decision
of the investment strategy. In traditional least cost planning method, the
project with lowest cost is selected. In that case the overall cost consists
of operational, maintenance and investment cost. However, this is only an
economic criterion, and a transmission network project might still not be
able to provide satisfactory profit, as many parties are affected and during
the project period the system configuration may change.

Thus, a Cost Benefit Analysis method (CBA) is applied instead. The
method will help to select the project with a discounted benefit greater than
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its discounted cost. This is an indication of profitability of the project that
is going to be combined with the multi-criteria analysis described earlier,
in order to provide satisfactory information for a confident solution. The
best known example of benefits quantification is the development of Trans-
mission Economic Assessment Methodology (TEAM) by California ISO in
2004 [29]. Societal aspects, producers, consumers and network benefits were
added and compared with investment costs. However, no environmental
aspects or policy issues are addressed in this approach.

In the proposed cost benefit analysis besides environmental and energy pol-
icy considerations, the optimal transmission capacity is calculated through a
heuristic analysis. The benefits from a proposed transmission plan k consist
of a societal and a market based element as in eq. (2.7). The first element
corresponds to environmental benefits, if any, and the other to the reduction
of congestion surplus in the network.

benefitsk = (AECk +ACCk) (2.7)

The two parts AEC and ACC are explained below:

Avoided Environmental Costs (AEC): When new capacity in generation
and transmission is available, the dispatch of the power plants changes,
which means that the output power of some conventional power plants will
change consequently. In order to calculate the environmental benefits from
a proposed project, the difference of the generation output with and without
the new transmission capacity is calculated as shown in eq. (2.8):

AECk =
nodes
∑

i=1

∆Qppi
∗ECppi

(2.8)

where

ECppi is the external cost per MWh associated with each type of produc-
tion fuel for node i. It can be only CO2 costs, taxes or aggregated
environmental damage.

Avoided Congestion Costs (ACC): This quantity represents the congestion
costs that are avoided by the use of the additional transmission capacity.
The congestion costs are calculated as the product of the nodal price Π differ-
ence between two nodes i,j and the amount of power transfer between these
two nodes Pfij . This method is widely used for congestion management in
pool markets, e.g. PJM [30]. The avoided congestion cost is calculated with
and without the additional transmission capacity for each candidate line for
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all the years considered, eq. (2.9), as identified from the transmission plan
candidates identification process.

ACCk =

nodes
∑

i,j=1

(Πi − Πj) ∗ Pfij (2.9)

The benefits are discounted to the present year using an appropriate discount
rate. Economically, an investment is made when the overall benefits of
the investment are greater than all the costs, i.e. initial investment and
operation and maintenance costs. In the studied cases usually a discount
rate of 8% per year has been applied and only investment costs are taken
into account, but not operational and maintenance costs.

The cost benefit analysis is a pseudo-dynamic process over a specified plan-
ning horizon, based on static representation of the system for each time step,
e.g. each year. The ”business as usual” case considers changes in available
generation mix, however without any transmission network reinforcements.
For large scale systems the proposed scenarios consist of more than one can-
didate line and thus total investment costs are considered. For each one of
the scenarios the results are compared with the ”business as usual” case in
order to calculate the benefits in every year. The process ends when all the
scenarios have been assessed and ranked.

For the assessment of the investment plans a Benefit-to-Cost-Index (BCI )
is used, described in eq. (2.11). The average BCI for the whole planning
horizon provides a ranking representation of the results. In case that the
average benefit-to-cost-index BCI is greater than one the investment plan
is considered as profitable, otherwise is rejected.

BCI =
1

N
·

N
∑

t=1

BCI(t), N = years (2.10)

for

BCI(t) =
benefitsk(t)

(1 + r)t · ICk(h)
(2.11)

where ,

ICk(h) is the hourly cost in year t of the transmission lines investment
k (ICk) calculated using appropriate capital recovery factor (CRF )
taking into account a fixed discount rate and the number of years in
the transmission project. It is assumed that the transmission lines are
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in operation the whole year round, however different benefit levels are
calculated for different charging conditions.

ICk(h) =
1

8760
(ICk ∗ CRF ) (2.12)

CRF ,the capital recovery factor, distributes a present value to annuities,
for a fixed discount rate r and period N [31]:

CRF (r, years) =
r(1 + r)N

(1 + r)N − 1
, N = years ≥ 1 (2.13)

2.3.3 Weighting optimization

As aforementioned in section 2.3, the multi-criteria optimization is a method
that is applied when a solution for more than one attribute has to be found,
usually of attributes of different interests. A solution method applied to
this problem is the weighting method. The objectives are weighted and this
gives the opportunity to the affected parties of a decision, to agree on a
compromise according to a sensitivity analysis.

The objectives used refer to the maximization of social welfare with and
without environmental considerations that are imposed from decisions in
energy policy. For instance, without any political decisions on reduction of
environmental impact from energy production a single optimal solution can
be found. On the other hand, when measurements like CO2 penalties are
applied, marginal production costs increase, and again an optimal solution is
identified, however lower than before. Therefore, although the two functions
included in the optimization have the same target, the implementation of
policy measurements in favor of the environment work against the final
solution.

In order to analyze the impact of policy measurements in the system and to
identify their optimal level, the two objectives SW and SWenvare weighted
so that the weights w1, w2 sum to one, according to Geoffrion’s theorem
19681, eq. (2.14):

max{w1 · SW + w2 · SWenv.} (2.14)

1Let wk > 0, k = 1, ..., p with

p
∑

k=1

wk = 1, be positive weights. If x̂ is an optimal

solution of min
x∈X

p
∑

k=1

wk · fk(x) then x̂ is a Pareto efficient solution of min
x∈X

(f1(x), ..., fp(x)).
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s.t.

w1 + w2 = 1 (2.15)

In case of inelastic (constant) demand the optimization problem of maxi-
mizing social welfare is equal to minimization of total production costs, eq.
(2.16):

min{
Nodes
∑

i=1

MPCi} (2.16)

where

MPCi =
Nodes
∑

i=1

Πi · Pi (2.17)

If Ci are the costs added to marginal production costs on each node i be-
cause of energy policy implications, a similar problem like in [32] and [33]
, is formulated. According to eq. (2.15), (2.16) and (2.17), the objective
function in eq. (2.14) turns to:

(1 − w2) ·

Nodes
∑

i=1

(Πi · Pi) + w2 ·

Nodes
∑

i=1

(Πi + Ci) · Pi = (2.18)

=

Nodes
∑

i=1

(Πi + w2 · Ci) · Pi (2.19)

From eq. (2.19) is obvious that the two objective functions are merged to one
with variable marginal production costs. When w2=0 environmental policy
aspects are totally neglected in the optimization, however for w2=1 they
are fully considered. This could represent the level of additional taxes on
thermal power plants, e.g. CO2 costs, the level of internalization of external
costs from energy production or even subsidies for environmental friendly
technologies if Ci < 0.

Accordingly, the optimization problem proposed here for transmission ex-
pansion planning maximizes the social welfare, or rather minimizes total
operational costs if demand is assumed constant. In the whole calculation
environmental policy strategies that lead to marginal price uncertainty are
considered, as well as changes in transmission capacity. The core of the
algorithm is based on a modified direct-current optimal power flow (DC-
OPF) for nodal pricing calculation assuming perfect market conditions (see
section 3.2.1), taking into account step-wise supply curve and linear demand
function, subject to the following equality and inequality constraints:

s.t.
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equalities inequalities
Qppi

, Li > 0
n

∑

pp=1

Qpp,i
− Li −

∑

i6=j

Pfij = 0 Qpp,imin
< Qpp,i

< Qpp,imax

Nodes
∑

i=1

n
∑

pp=1

Qpp,i
=

Nodes
∑

i=1

Pi |Pfij,k
| ≤ TCkmax

· (1 + |α − 1|), α = 1, ...2.4

Li = ai + biDi |Pfij,m | ≤ TCmmax , m 6= k

(or fixed load) |θi| ≤ θmax

0 ≤ w ≤ 1

where

n: Number of power plants

i,j: Node indicators

ppi : Power plant on node i

k: Candidate groups of transmission lines

a: Additional transmission lines capacity factor

w: Additional marginal production costs factor

MPCi : marginal production cost for a node i (e/MWh)

Pi: injected power at node i, including unserved energy (MW)

Πi: marginal price (e/MWh) for a specific level of injected power

Pfij : Power flow from node i to node j

TCk : Transmission capacity of candidate lines k

TCm : Transmission capacity of all other lines m

θi: voltage angle of node i

Qpp,i
: Quantity produced from a power plant pp on node i

Li : Load level on node i

This formulation of the problem allows the comparison between different
configurations of the system and provides information of several market-
based criteria and security criteria. The multi-criteria methodology that is
used is presented in the following diagram, Fig. 2.2.
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Figure 2.2: Applied multi-criteria methodology (AEC stands for Avoided
Environmental Costs, ACC stands for Avoided Congestion Costs)

Proposed scenarios of new generation mix, demand change and marginal
production costs can be evaluated according to the preferences of the deci-
sion maker for every moment (T,C). A moment (T,C) refers to a specific
case of T transmission capacity and C marginal production costs. The re-
sult of every moment (T,C) is then compared with a base case (T0,C0), Fig.
2.3.

Furthermore, the output values are updated in every moment for each one
of the candidates k for the whole planning period Z. The information pro-
vided from the outputs is related to percentage change in social welfare, in
avoided environmental costs (AEC), in avoided congestion costs (ACC) and
in nodal prices. Thus, trade-off curves for all (T,C,Z,k) combinations are
produced for each one of the outputs and the decision maker selects the best
scenario according to his/her preferences. For instance, in case of targeting
the maximization of AEC the best (T,C,Z,k) combination can be deter-
mined, that has least impact on nodal prices based on the wide indicators
spectrum provided. The transmission plan identification will be discussed
in section 2.4.3.
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Figure 2.3: 3-D matrix for all combinations of marginal production costs
and transmission limits (T,C) for every instant Z and candidate k.

2.3.3.1 Example conceptional model

The effect of weighting analysis is explained by means of a very simple
conceptional model of 5 nodes mostly based on thermal power as detailed in
table 2.1. The additional costs in the last column represent Ci in eq. (2.21).
W2 in the same equation varies from zero to 1.

Table 2.1: Conceptional Model
Node Production Capacity Consumption MPC Add. costs

type Max (MW) (MW) e/MWh e/MWh
1 Gas 250 120 10 5
2 Nuclear 300 120 5 2
3 Solar 20 120 15 0
4 Wind 30 120 3 0
5 Coal 300 120 8 6

The dependency of social welfare from transmission capacity availability
and internalized costs is presented in Fig. 2.4. The additional costs refer
to the level of environmental tax that is implied mostly on ”conventional”
generated power. As previously stated, for constant demand and unchanged
generation mix, taxes lead to lower social welfare as the generated power
becomes more expensive. In contrast, through the higher availability of the
transmission network more power is exchanged, which leads to lower nodal
prices and thus to higher social welfare, provided that congestions are not
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limiting the exchanges and cheaper power can be dispatched. Every point
in the rectangle A-B-C-D corresponds to a projected point on line A-C,
assigned to social welfare (SW ) as defined in section 2.4.

Figure 2.4: Dependency of social welfare from transmission capacity avail-
ability and internalized costs, in case of additional costs on conventional
power plants.

The same effect is presented also in the 3-D diagram below, Fig. 2.5. The
red color corresponds to high social welfare and the blue one to low.
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2.3.4 Reliability performance

Reliability indicators provide information of the ability of the system to
serve the load in short and long term even in case of failure on the system
components, i.e. outage of a line, generator, circuit breaker or transformer.
In case of long term transmission planning long term reliability indicators
are of interest. The reliability indicator used here is the unserved energy.
Unserved energy is defined as the part of nodal demand which cannot be
satisfied because of an outage occurrence on an interconnector or group of
interconnectors. Therefore, a comparison of unserved energy calculated by
means of contingency analysis with and without the reinforcement is per-
formed. Using this method the benefits from the network reinforcement can
be quantitatively estimated and provide additional information regarding
security of supply.

The three steps of the reliability evaluation of transmission network rein-
forcement are the following:

1. Identification of important interconnections or group of interconnec-
tions based on probability of congestion in different load and genera-
tion scenarios.

2. Calculation of probability that the load cannot be supplied for each
node when some important lines or groups of lines are tripped.

3. Calculation of probability of load not to be served again, this time
considering transmission capacity reinforcement.

The contingency analysis is an additional method that examines the benefits
from transmission reinforcement regarding reliability issues. In the contin-
gency analysis the unserved energy probability of a node and the probability
of congestion of a line are calculated based on randomly selected demand
profiles and generation set-up for each network node.

2.4 The role of uncertainties

As aforementioned, many uncertainties are related to power systems plan-
ning. In the following the influence of short and long-term uncertainties is
described.
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Short-term uncertainties

Short-term marginal prices are affected by congestions, congestions influence
the decision for new generation and transmission capacity, which changes
the position of market participants in the power market and therefore it is
important to assess the effect of new investments in short-term, [34].

The system operation target has been changed recently, from minimizing
only the production cost to the maximization of social welfare (SW) as
defined from traditional energy economics eq. (2.24), e.g. the difference of
integrals of consumer benefit (CB), eq. (2.22) and production costs (PC),
eq. (2.23). Fig. 1 describes the social welfare for a linear and a step-wise
supply curve, when the demand responds to price changes with specific price
elasticity.

CB =

∫ Q

0

f(demand) d(demand) (2.20)

PC =

∫ Q

0

f(supply) d(supply) (2.21)

SW = CB − PC (2.22)
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Figure 2.6: Market equilibrium point and social welfare (SW) for linear and
stepwise supply curve, assuming elastic willingness to pay
CB = consumer benefit , PC = production cost

Any change in demand or supply affects the equilibrium point and thus the
social welfare. In case of no congestion in the transmission network the
equilibrium price is equal on every bus. However, changes in supply and
demand curve can very often occur, mostly when insufficient transmission
capacity is available. In case that power exchanges between nodes are limited
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by inadequate transmission capacity at the cross borders or in one control
area of the system, more expensive power plants have to be dispatched
and thus, the solution is not economically optimal but suboptimal in order
to satisfy the physical constraints of the system. This effect is shown in
Fig. 2.7, where the price in area B is higher than in area A due to scarce
transmission capacity.

Π
Optimal economic
solution

Price

Transmission capacity (TC)

A

D

F

Supply area A

Supply area B

Unconstrained TC

Constrained TC

ΠA

ΠB

Figure 2.7: Price difference between two areas A and B due to constrained
transmission capacity

As electricity market auctions correspond to physical transactions, the trans-
mission grid availability plays a very important role in the decision of power
plants dispatch, in market price formation and consequently in the decision
of new investments.

Long-term uncertainties

Except for inadequate transmission capacity the equilibrium point is affected
also by new investments or phase-out of generation, arrows 1 and 2 in Fig.
2.8(1,2). Installation of base or peak load power plants moves the supply
curve to the right imposing lower or higher costs, respectively. Investments
in generation in the long-term planning include either low, middle or high
costs power plants according to their generation technology. For instance,
controllable renewable power plants like pump-storage hydro are in the mid-
dle price range, whereas stochastic power in-feed from wind or solar parks
in the low price range neglecting the investment and O&M costs. Phase-out
or lower availability of any kind of generation type leads to supply curve
movement to the left and thus most probably higher production costs.

Another parameter that influences the market equilibrium price is the ap-
plied governmental energy policy. The most common economic tools are
either the environmental taxes, which lead to higher production prices for
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Figure 2.8: Representation of production costs ranking and implications of
generation change or energy policy
1. Additional generation capacity
2. Phase-out, generation unavailability
3. Taxation/Ext. costs internalization
4. Subsidies

”conventional” power plants, arrow 3 in Fig. 2.8, or the technology subsidies,
arrow 4 in Fig. 2.8, which lead to lower production prices for renewables.
The first moves the supply curve up and the second moves the supply curve
down, which corresponds to a certain decrease or increase of social welfare
respectively.

In case of taxation in a system based on thermal power plants capacity,
i.e. European production mix, the social welfare is going to decrease. This
reduction in SW is competing the environmental or social benefits induced
by the reduction of emissions due to lower ”conventional” power production.
In case of subsidies additional costs are imposed on the society. These
costs are contra the social welfare gain from lower production costs. The
European emission trading system (EU ETS) for green certificates is an
example of additional costs to the production of ”conventional” power plants
other than direct taxation. However, generation companies may manage to
reduce their CO2 emissions costs by expanding their generator portfolio in
several countries in order to balance their green certificates quota.

In order to identify the optimal taxation level many European studies (Ex-
ternE, CAFE, NEEDS, CASES) have tried to evaluate the external costs
imposed by the power production to the society. As long as these are not in-
cluded in the electricity prices, market failures most often arise. In order to
define expansion projects, right price signals are needed. In case that these
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external costs are internalized in the production costs, much higher market
prices for ”conventional” technologies will appear, giving more initiatives
for investing in new environmental friendly technologies. The internaliza-
tion causes a deficit in social welfare due to price increment, which deficit is
usually smaller than the total environmental benefits from the decrease of
fossil fuel power plants production.

Summarizing, market prices depend on available production capacities, thus
on strategic behavior of generators, on the generation mix, the load, the
weather conditions, the applied environmental policy as well as on unex-
pected network occurrences and congestions. Therefore, targeting to maxi-
mize social welfare in power systems how can one be sure that the obtained
solution is the real optimum? And if not, how is it possible to talk about
optimal transmission expansion or reinforcement when so many uncertain-
ties influence the market prices and thus the price signals that facilitate the
decisions on transmission investments? Not a single answer can be given
here since many parameters influence the final decision. For instance, an
investment might be profitable for the current configuration of the system,
but not anymore when costs for CO2 emissions are considered in the mar-
ket price. This is the reason that the whole analysis in this dissertation
is based on sensitivities and variations of marginal prices and transmission
capacities.

2.5 Barriers in the transmission planning pro-

cess

Transmission projects may be new transmission lines or installation of new
capacity enhancing technologies e.g. FACTS devices. In order to propose
new transmission projects around Europe one should consider policy and ter-
minology differences in the involved countries shown in Appendix A, [35].
This also means that the time to build a transmission line varies signifi-
cantly between countries, and the completion is often hard to forecast, [36].
Summarizing the obstacles for new transmission line investments, one could
mention:

• Transmission investments practices and public acceptance differs from
country to country.

• Lack of investment incentives.

• Lack of a centralized authority to monitor the investors and invest-
ments in order to avoid discriminatory modifications of the system.
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• High negotiation costs in order to overcome the obstacles.

2.6 Planning process summary

To summarize, the final evaluation process of transmission plan candidates
and calculation of optimal transmission investments capacity is based on
the integration of the described cost-benefit analysis into the multi-criteria
approach. Therefore, the whole methodology is an integrated multi-criteria
cost-benefit analysis considering demand change, generation mix change,
marginal production costs change and transmission capacity change. The
methodology evaluates the costs and benefits of each moment (T,C) for ev-
ery year of the investment horizon. The final output is illustrated in trade-off
curves of average benefit-to-cost index, average avoided environmental costs
and average avoided congestion costs, as well as in social welfare and nodal
prices evolution curves. Long-term and short-term economic and environ-
mental signals are combined and thus provide a wider scope of the problem
to the decision maker.

At the final stage of the planning process a contingency analysis is per-
formed in order to estimate the impact on unserved energy due to network
improvement of the selected investment plan.





Chapter 3

Modelling approach

In this chapter the modelling approach which consists of three parts, is
analyzed. The first part is to the optimal power flow tool, the second part
refers to modelling of market structures and the third part describes how
the unserved energy is modelled.

3.1 Use of optimal power flow

The planning method proposed in this dissertation is based on the well
known optimal power flow tool (OPF) for reasons that are elaborated in
this section. The power flow calculation is a method to find out which
direction the power flows and how this power is distributed on the trans-
mission lines, with given generation and load data. It gives also information
about the system conditions e.g. bus voltages, transferred reactive power,
overloaded lines etc. In a similar manner an optimal power flow (OPF) is a
static nonlinear optimization method that solves the problem of power flow
when different criteria are to be satisfied subject to equality and inequality
constraints. In the simplest case, an OPF can be viewed as a method that
solves the problem of minimizing the total cost, or mathematically minimiz-
ing an objective function [37], fulfilling the power flow equations:

The OPF problem can be formulated as [38]:

minimizef(u, x)

s.t. g(u, x) = 0

h(u, x) ≤ 0

31
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where f(u, x) is the objective function, g(u, x) and h(u, x) represent the
equality and inequality constraints, respectively. The variables x, u are the
requested values of the state vector of voltage angles and voltage magnitude
and the decision vector of injected power or other controls that minimize
the objective function, respectively.

A detailed survey of the OPF literature from 1960 to 1991 can be found
in [40]. There it is clear that the OPF is the oldest (for the first time
presented in 1962) operational planning method in power systems. The
mostly applied objective functions for operational planning as described in
[41] are presented here:

• Minimization of production costs (unit commitment, optimal dispatch)1

minC =

n
∑

i=1

(CGi
)

Before the liberalization of energy markets the power dispatch was a
result of an OPF whose only optimization objective was to minimize
the total production cost of the power plants with given loads. After
the liberalization, the objective function has been modified, at least
in some markets, to be used to determine the clearing price and the
dispatched generators based on the bids of the generators but still the
problem was to minimize the operational cost. In both cases the actual
output of generators is the controlled variable.

• Minimization of active power losses

The active power losses are the losses on the transmission lines and
are measured as the difference of the total generated power to the
total power consumed. The injected power changes until the optimal
solution is found.

minPLoss =

n
∑

i=1

(PGi
− PLi

)

1In unit commitment problem the generators are selected according to some physi-
cal constraints, e.g. rump-up / shut down time., and in optimal dispatch the optimal
production level of each generator is calculated
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• Fast transition from a violated to a non-violated network state

When a contingency occurs the system has to recover as fast as possible
in order to avoid instability problems and further development of the
contingency cascading events. So the optimization problem is time
dependent but as the OPF does not consider the time variable, the
idea is to find a steady state where no constraints are violated, with
the minimum remedial actions.

Over the years, due to the flexibility and the easy modification of the equality
and inequality constraints, the OPF became a very useful tool able to handle
also other problems under market conditions like:

• Generation expansion planning

In this case the OPF has been used in order to allocate new generation
capacity [42]. In the objective function the new capacity is presented
as quadratic cost function with negative coefficients and the existing
capacity as generators with constant output. The obtained capaci-
ties from the minimization of the production costs satisfy the system
constraints.

• Transmission expansion planning

The OPF based on probabilistic power flow has been used for the cal-
culation of the locational marginal prices (LMP) in order to character-
ize the candidate buses for new line installations [43]. This approach
uses AC-OPF even though the comparison between AC and DC for
the calculation of LMP’s favours the DC-OPF [44] because it is faster.
Also together with sensitivity analysis, OPF has been used for decision
making [45] or educational purposes [46] in transmission planning.

• Maximization of social welfare

Under the open market environment a commonly used indicator for
the assessment of the market operation and the several future scenarios
is the social welfare implemented in the power flow optimization [47],
[48].

As described in [49] the OPF is capable of representing the characteristics
of the liberalized electricity market and to support the market-based system
analysis [50], [51], as well as to solve the problem of multiple energy carriers
[52]. Furthermore, the OPF is able to combine conflicting and independent
variables. Hence, it is eligible for solving the problem of aggregation of
contradicting interests in power systems, the so called multi-objective opti-
mization problem as described in [53] and [54]. Indeed the multi-objective
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optimization tools get more and more the attention of policy and decision
makers in order to study bigger, more complex and more realistic systems.

3.1.1 DC vs. AC optimal power flow

DC optimal power flow is a linearized formulation of a full AC optimal
power flow, where the reactive power Q and voltage magnitudes U are not
considered. This method became more interesting with the liberalization
of electricity markets due to that it considers only active power. It can
be used for studies of the active power trading and its influence on the
power transmission network. On the other hand, reactive power is usually
not tradable and it has to be provided by some users of the system [55], if
needed.

Although, the accuracy of simplifications introduced by the DC power flow
should not be overestimated for all power systems. The x/r ratio and active
power losses have to be low enough, as well as the deviation from a flat
voltage profile in order to represent a π-line diagram as in Fig. 3.1. Results
can be a good approximation of active power flows with some small loss of
accuracy.

Uk UmPkm

Xkm

θk θm

Figure 3.1: Representation of a transmission line according to the DC ap-
proximation

Additional approximations should also apply in order to express the active
power flow in relation only to voltage angles θ and line reactance x:

• Uk ≈ Um ≈ 1p.u.

• sin θ km ≈ θ km

Thus the DC active power flow Pkm is equal to:

Pkm =
θkm

xkm

=
θk − θm

xkm

(3.1)

If power injections for the AC power flow model (including losses) should
be used for a DC power flow calculation where the power losses are ne-
glected, data have to be changed according to the differences of these two
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methods. Since the power injection and consumption in the network have
to be equal, power losses have to be compensated by increasing the power
consumption of load busses by transmission network losses as presented in
following equation, assuming that all loads participate the same:

PDC
load = PAC

load(1 +

∑

Plosses
∑

Pload

) (3.2)

Another way to consider the transmission losses is by using loss factors on
the transmission lines [56].

3.2 Market structures - Why nodal pricing

Transmission System Operators have the following main missions:

1. To satisfy the loads and provide indiscriminate access to all market
participants.

2. To manage electricity flow externalities in the short run. Such ex-
ternalities are congestion on the grid lines or power losses across the
transmission system.

3. To contribute in the grid development in the long run and to guarantee
national security of supply in the short and long term.

4. To coordinate with neighboring TSOs in order to adverse border ef-
fects.

According to the missions they aim to fulfill, different management schemes
are chosen by different TSOs. This scheme is expressed by the pricing system
used in the grid and by how externalities are internalized in this pricing
system.

As mentioned above, the goal of the TSO in the short term is to manage
the externalities, security and power losses. In order to internalize network
externalities, several pricing options exist. In this dissertation, two differ-
ent market structures are studied and the results of each one on generator
profits and carbon emissions are examined while the transmission network
capacity is taken into account. The first, nodal pricing, is a price deter-
ministic method where an equilibrium point and clearing price is calculated
for each node of the system. A node represents a specific location in the
transmission grid where power is provided by the generators or withdrawn
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by loads. The objective is the maximization of social welfare [57]. In case of
no congestion in the transmission grid and losses negligence, the same nodal
price appears at all nodes.

The second market structure studied is the power exchange. In this case, one
common price for electricity is calculated, not for each node, but for each
area. Power trading between areas is allowed and production companies
may own a production capacity in any area, e.g. coal, wind, hydro, gas and
nuclear.

3.2.1 Nodal pricing

In nodal pricing an electricity price is assigned to each node of the grid.
Grid capacity, demand coverage and other possible externalities, e.g. losses,
are considered during price determination. The externalities of the grid are
considered as constraints in the market clearing. When no congestion in the
transmission network occurs and losses are neglected, one single nodal price
all over the system appears. In case of congestion almost each node is given
a different nodal price according to the marginal production costs of the last
dispatched generator on that node.

It is a problem of maximizing social welfare, however it very often refers
to a linear or a quadratic constrained minimization problem, referring to
the minimization of total production cost. In our case production costs for
each generator have been used, either as quadratic or stepwise functions.
The linear constrained problem is solved using a DC approximation of an
AC optimal power flow. The final solution provides the dispatch of each
power plant and the equilibrium nodal prices of the power market for specific
demand, see Appendix A.

The Lagrangian function can be now formulated for all equality and inequal-
ity constraints:

ℓ =

n
∑

k=1

Πk(Pk) +

n
∑

k=1

λk[Pk −

n
∑

m=1

Bkmθkm] (3.3)

+

n
∑

k=1

n
∑

m=1

µkm[TCmax
km −Bkmθkm] (3.4)
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with the following optimality conditions:

∂ℓ

∂Pk

=
dΠk

dPk

− λk = 0, k = 1, ..., n (3.5)

∂ℓ

∂θk

= −

n
∑

m=1

Bkm(λk − λm + µkm − µmk) = 0, k = 1, ..., n− 1 (3.6)

∂ℓ

∂λk

=

n
∑

m=1

Bkmθkm − Pk = 0, k = 1, ..., n (3.7)

∂ℓ

∂µkm

= TCmax
km −Bkmθkm ≥ 0, k,m = 1, ..., n (3.8)

µkm[TCmax
km −Bkmθkm] = 0;µkm ≥ 0, k,m = 1, ..., n (3.9)

where

k, m: Node indices

n: Number of nodes

Πk: marginal production costs for a node k (e/MWh)

TCmax: Transmission lines capacity upper limit (MW)

Pk: injected power at node k (MW)

Bkm: line susceptance

θk: voltage angle of node k

By solving the partial derivatives eq. (3.5 -3.9) , the Lagrangian multipliers
λi are equal to the nodal prices. The langrangian multipliers µkm refer to
transmission network capacity constraints and are equal to the price of an
additional MWh that could flow through the transmission line k-m.

3.2.2 Power Exchange

A power exchange is a centrally organized platform where generators offer
their bids and expecting to be selected for the day-ahead dispatch. A central
entity clears the market trying to satisfy consumers willingness to pay and
producers willingness to sell. Through a power exchange market structure,
trading becomes easier and market information and competition is promoted
[58]. Other advantages of power exchange are a neutral marketplace, a
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neutral price reference, easy access, low transaction costs, a safe counterpart,
and clearing and settlement service. Moreover, spot market prices are an
important reference both for over-the-counter (bilateral) trading, and for
the trading of forward, future and option contracts.

Several trading systems, market types and pricing rules can be applied dif-
ferentiating the various power exchanges across Europe. Considering the
trading system, in our case the market clearing price is defined through con-
tinuous trading. Furthermore, a real-time market is assumed for simplicity.

The modeling of power exchange has been based on Lagrangian decompo-
sition (LR) as proposed in [59], [60], [61]. The LR is a common method
of analysing multi-area power systems as described in [62], where a system
of multi-energy carries with 3 areas is described. The co-ordination of gas,
heat and power using aggregated characteristics of each area is here in focus.
In the case considered here for demonstration purposes, only electricity is
considered. The network has been divided in three areas, see section 3.2.3,
with aggregated supply and demand curves. The producers are price takers
and the most expensive accepted bid defines the area price. At the same
time, power trading between areas is allowed through interconnection lines.
The transmission grid capacity within each area is considered unlimited.

More specifically, the Optimality Condition Decomposition (OCD) tech-
nique, being used here, can be interpreted as a particular implementation
of the Lagrange Relaxation (LR) procedure [63]. A simplified problem with
two variables illustrating the OCD technique is presented here:

minx1,x2
f(x1, x2) (3.10)

s.t.

h1(x1, x2) = 0 (3.11)

h2(x1, x2) = 0 (3.12)

cj(xj) = 0, j = 1, 2 (3.13)

Where the constraints h1(x1, x2) and h2(x1, x2) are coupling constraints,
i.e. constraints that if relaxed, the problem becomes normally significantly
simplified. The basic LR procedure applied to this problem considers the
new problem:

minx1
f(x1, x̄2) + λ̄T

1 h1(x1, x̄2) (3.14)

s.t.

c1(x1) = 0 (3.15)
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and

minx2
f(x̄1, x2) + λ̄T

2 h2(x̄1, x2) (3.16)

s.t.

c2(x2) = 0 (3.17)

In order to obtain the final solution an iterative process updates the values
for λ̄2, λ̄1 and x̄. The process stops when the optimality criterion is satisfied.

In our case, the goal is to maximize the social welfare. This can be done
by minimizing the cost, since the demand is assumed to remain constant.
The complicating equalities and inequalities are included in the optimization
function:

fareai = f(x)i −

k
∑

areaj

[λj · (Pj − Lj − Ej)] (3.18)

−

k
∑

areaj

[mj · (TCjj′ − abs(Pfjj′))], j 6= i, k = #areas (3.19)

s.t.

• Transmission limits inequalities for all connected lines to area i

• Maximum / minimum production limits for area i

• Power balance equation for area i

3.2.3 Comparison of nodal pricing with power exchange

For the comparison of the two market structures a conceptional multi-area
model has been used, Fig. 3.2. The model consists of three hypothetical
interconnected areas. Each area includes three nodes linked to each other
and on each node three power plants of different types are connected. In
total six types of production are considered, i.e. gas, coal, nuclear, wind,
solar and hydro. Production companies are allowed to own power plants in
any area in order to build a portfolio mix and maximize their profits. Apart
from the companies production mix, some general assumptions apply: solar
power is the cheapest in area 1, wind power is the cheapest in area 2 and in
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area 3 both are equally expensive. For hydro power however the same costs
in all areas are assumed. The cost curves of solar and wind power are such
that they always participate in the price determination mechanism. The
initial percentage of demand covered by solar and wind power is equal to
40%. The areas are interconnected and transmission capability limits have
been taken into account.

Figure 3.2: The model used for the comparison of nodal pricing scheme with
power exchange. Three areas interconnected system with loads, generators
and transmission lines.

In Fig. 3.3 the differences in nodal prices are shown. Without any congestion
one price appears in the whole system, which is identical for both market
structures. The power exchange (PX) does not react on congestions inside
areas, thus although there is a quite large price difference inside area 1, the
PX does not change its price. In the other case of congestion between the
two areas 1-3 the PX gives different prices for the 3 areas which are different
from the prices of nodal approach. It is obvious that the nodal structure
reacts smoother than the PX, and the price differences between areas are
smaller. This result shows that nodal pricing is more efficient regarding the
coordination of the participants, as the available production can easily be
better dispatched. Smaller price differences between two nodes means also
smaller congestion costs.

Regarding the simulation time, the decomposition technique applied here is
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Figure 3.3: Comparison of nodal pricing and power exchange (PX) schemes
for different congestion types

by far slower than the DC OPF for nodal pricing. This happens because of
the iterations needed in order to find the equilibrium price between areas.
The price information of one area is given to another one in a sequential
way that makes the whole iterative process very slow. Thus, coordination
in nodal approach is faster and more efficient.
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Summarizing the advantages of nodal pricing against the power exchange
using the LR decomposition technique:

• Efficient pricing, better use of available generation and transmission ca-
pacity.

• Faster coordination.

• Lower congestion costs.

On the other hand the advantages of zonal pricing are easier implementation
and less information between areas need to be exchanged.

3.3 Load not served

The modelling approach of unserved energy is described below. The opti-
mization applied is the same as in section 2.14, however without the weight-
ing factors. In order to avoid convergence problems, the amount of load not
served has been modelled as additional in-feed source on each node with a
very high price assigned to it. Thus, it is a kind of emergency capacity that
is used when the node is not able to cover its own demand in case of outage.

The DC-OPF formulation including load not served is then formulated as
in 3.20:

min{

Nodes
∑

i=1

MPCi} = min{

Nodes
∑

i=1

(Πi) ∗ P
′

i} (3.20)

s.t.

equalities inequalities
Qppi

, Li > 0
n

∑

pp=1

Qppi
− Li −

∑

i6=j

Pfij = 0 Qpp,imin
< Qpp,i

< Qpp,imax

Nodes
∑

i=1

n
∑

pp=1

Qpp,i
=

Nodes
∑

i=1

P ′
i |Pfij,k

| ≤ TCkmax
· (1 + |α − 1|), α = 1, ...2.4

Li = ai + biDi |Pfij,m | ≤ TCmmax , m 6= k

(or fixed load) |θi| ≤ θmax

where

P’i injected power at node i, covering also the amount of power that cannot
be served from the installed generation capacity (MW)



Chapter 4

Reduction methods for
power market simulations

In this chapter, reduction methods for power market simulations are ana-
lyzed, while trying to identify the reduction criteria suitable for our pur-
poses. The four methods that are reviewed here are the WARD, REI,
locational marginal prices based reduction and reduction based on power
transfer distribution factors.

4.1 Need for power system economic models

The liberalization, the installation of new production capacity, e.g. from
wind or solar energy, and the availability of new technologies in transmission
networks expand the boundaries of power systems outside of national bor-
ders and usually outside of observation areas of single transmission system
operators (TSOs). New studies regarding examination of market efficiency,
maximization of generators’ profits, calculation of nodal prices and max-
imization of consumers’ benefits need accurate data based on production
costs, transmission allocation capacity and consumers behaviour of large-
scale systems. This large amount of data is difficult to handle and to find.
The problem becomes even larger when the target is the transmission or
generation planning, where iterative processes and complex optimization
methods are applied, as mentioned in section 2.2. Very often in the modern
decision framework the decision maker has to take into consideration many
aspects of the power system, the society, the economy and the environment.

43
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As all interested parties, regional TSOs, producers, consumers and other
stakeholders are active in power markets in different ways, market indicators
are needed that provide relevant sufficient information for correct decisions.
For that reason reduced models are needed, that are able to study areas
of interest, that are affected from the final decisions and need reasonable
computational effort. With economic model in this paper is meant an opti-
mal power flow model that includes power plant types, marginal production
costs, consumers behavior, generation and transmission limits that can be
used e.g. for nodal pricing calculations.

As long as production cost curves, power plants scheduling and dispatch and
line capacity limits are not publicly available, economic models are basically
based on assumptions. Some models for investment planning are available
[64], [65] and some others are only for power flow analysis, e.g. [66]. There is
not a single European benchmark model for power market and market-based
planning publicly available studies.

4.2 Network reduction methods for economic
models

4.2.1 Importance of system reduction

Network reduction or equivalencing has become important for several rea-
sons and in several different applications. In Europe the strong interconnec-
tion of high voltage networks increases the complexity of the system and the
bottlenecks can often appear in the internal network of a control zone. Real
time observation of the network demands very high computational effort
for repeated calculations in order to provide the system with accurate price
signals and security of supply. Additionally, the integration of offshore /
onshore wind and solar power into the system requires power transmissions
over longer distances, and it is necessary to evaluate the limitations of the
transmission network. Power flow and optimal power studies for large-scale
networks are needed both for operational or planning purposes.

Consequently, for a better network observation and management of this
huge amount of data, e.g. 5000 busses of the European electricity network
and more than 7000 transmission lines, the reduction of the network to be
studied is of great importance. The reduction methods are divided in static
and dynamic according to the representation of the model:

Static reduction: The reduced model represents a snapshot of the system
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and is suitable of static analysis only. These kinds of models are appropriate
for power flow calculations, for operational and planning analysis.

Dynamic reduction: The reduced model is used for analysis of dynamic
effects. According to [67] the equivalent models are used for (a) large scale
power system off-line transient stability analysis with large disturbance,
(b) large scale power system off -line dynamic stability analysis with small
disturbance, (c) large scale power system on-line security assessment.

This chapter deals only with static reduction methods and discusses diffi-
culties and requirements when power market simulations and market-based
planning is to be studied by use of the reduced model. Thus, standard
reduction techniques and market-based approaches are reviewed.

In order to create an equivalent network the user has to define the system
boundaries, e.g. internal, external network and the network elements of in-
terest. Internal is a focused detailed area, in which usually a regional utility
or a TSO is interested and an external area is defined as an aggregated not
detailed system. Usually it is required that the external network interacts
with the internal network, as in the initial model.

4.2.2 Standard reduction techniques

Equivalencing of the external network is one of the techniques implemented
to reduce computational time. Various static network equivalencing tech-
niques are available, assuming that the remote subsystems have low impact
on the internal system. The typical external equivalent model uses the
“REI”, “Ward” that are explained below, or some variations of these two
basic methods, [68], [69], [70], [71], [72], [73].

These methods divide a solved load flow model of the original network into
an internal (subsystem 1) and external (subsystem 2) part, Fig. 4.1. The
goal is to represent the external system by its equivalent with a smaller
number of buses and branches, while the internal system is modeled in full
detail.

4.2.2.1 WARD

The most used method is known as Ward reduction [74], which performs
triangular reduction (Gaussian elimination) on the nodal admittance matrix
of the network. The basic theory of linear network reduction is presented in
[75].
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SUBNETWORK1 SUBNETWORK2

ORIGINAL NETWORK

SUBNETWORK1

EQUIVALENCED NETWORK EQUIVALENCED NETWORK

SUBNETWORK1

WARD REI

Figure 4.1: Network reduction with Ward and REI methods

The transmission system is modeled according to eq. (4.1) in power flow
studies:

YE = I (4.1)

where I is the nodal injection current vector, E is the nodal voltage vector,
and Y is the nodal admittance matrix nxn.

If the system is divided into an internal and external part by an appropriate
renumbering of nodes, this equation can be defined, so that subscript 1
denotes the internal subnetwork, that should be retained, and subscript 2
denotes the external part that should be reduced using Gaussian elimination:

(

Y11 Y12

Y21 Y22

) (

E1

E2

)

=

(

I1
I2

)

(4.2)

or in expanded form:

Y11E1 + Y12E2 = I1 (4.3)

Y21E1 + Y22E2 = I2 (4.4)

This might require a reordering of the nodes by multiplication of these ma-
trices with the permutation matrix T.

Eq. (4.4) is solved for E2 and replaced in eq. (4.3), and the equivalent
network with nodal admittance matrix Y

eq

11 which contains only the buses
of the internal network is obtained:
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Y
eq

11E1 = I
eq

1 (4.5)

Y
eq

11 = Y11 − Y12Y
−1
22 Y21 (4.6)

I
eq

1 = I1 − Y12Y
−1
22 I2 (4.7)

4.2.2.2 REI

The REI (radial equivalent independent) procedure for external equivalents
was developed by Dimo [76], and it has become well-known through the work
by Tinney and Powel [77]. They have shown that this reduction preserves
some properties of reduced generators through an equivalent generator.

The main idea is to identify groups of similar nodes and to replace each
group by one virtual node PE . The power injection at this bus PE is equal
to the aggregated injections of the group of nodes that will be replaced, i.e.
P1, P2, ..., PN , and these N nodes become passive.

The virtual node is connected through a virtual radial network (called the
REI network) to these buses as shown in Fig. 4.2(b). The admittances of the
REI-network branches represent the operational set-up before the reduction,
so that the power flow remains the same, neglecting power losses.

With these constraints N passive nodes can be eliminated using Gaussian
elimination, while initial flows and voltage angles are retained with no loss
in accuracy in case of a DC power flow model. Therefore, the equivalent
model in Fig. 4.2(c) is exactly the same (in the sense of voltage angles and
power flows) as the original model at the operating point.

4.2.3 Sparsity of equivalents

The nodal admittance matrix of the power network is typically very sparse.
However, the equivalent model after network reduction is usually denser
(less sparse) because the connections between retained buses have to be
preserved after reduction. All nodes that were connected to the deleted
node (boundary nodes) are mutually connected, whether they were originally
directly connected or not.

In order to get a reduced model that is easier to analyze than the original
one it is necessary to preserve its sparsity. High number of new branches can
decrease the effect of nodes reduction on the sparsity of the model and the
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Figure 4.2: (a) Original network with a group of nodes to be replaced. (b)
Virtual node is connected through the REI network to original network. (c)
Equivalenced network after elimination of passive nodes.

impedance of new branches can sometimes be very high leading to numerical
problems. Different groups of nodes influence the sparsity of the network
if they were deleted. In [78] the authors present how the number of new
branches can be minimized if the group of nodes for elimination, is divided
into disconnected subnetworks or into subnetworks that are connected only
through overlapping border nodes. The main idea is either to preserve some
non-essential nodes in the new model, or to delete them in some order so
that the sparsity of the equivalent network is retained. However, the optimal
group of nodes that minimizes the density of the network is not defined.

4.2.4 Market-based network reduction

The creation of large power markets expanding through several control areas,
requires new reduction methods focusing on economic criteria and genera-
tion participation. Typical methods use either reduction based on locational
marginal prices [79], or power transfer distribution factors (PTDFs) [80].
This two methods will be reviewed in the following section.

4.2.4.1 LMP based reduction method

The basic idea of the LMP based method is to create clusters, e.g. aggre-
gated areas, based on locational marginal prices. In order to avoid creating
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clusters where congested lines exist, only nodes with similar nodal prices
are aggregated. For the aggregation the REI method is used. As the power
flows from low price to high price nodes and since REI does not differentiate
between different generation technologies, equivalent marginal production
cost curves are developed that produce the same flows [81]. A selected
group of generators produces Ptot aggregated optimal actual power at a cost
of Copt marginal costs. Defining lower and upper production limits for this
group, Ptot is divided in an equally spaced data set of d data points, where
Ptot,1 = Pmin

tot and Ptot,d = Pmax
tot . By means of an economic dispatch within

the group of generators each Ptot,i, i = 1, ..., d is associated with a cost Copt,i.
An equivalent quadratic costs curve where PGeq

and Ceq are the equivalent
generator output and costs, respectively, eq. (4.8), is assumed.

Ceq = aeqP
2

Geq
+ beqPGeq

+ ceq (4.8)

The coefficients aeq, beq and ceq, are calculated using linear regression in
order to find the values that fit the set of data d the best from eq. (4.9).
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(4.9)

In order to calculate the initial nodal prices an optimal power flow (OPF)
calculation for clustering is required, which means that the detailed initial
system has to be known. For large scale systems and for systems that extend
within more than one control area, this calculation might not be possible
due to lack of information.

4.2.4.2 PTDF based reduction method

When the transmission network and its impact on power exchanges is to be
studied, other indicators are often used. These are the power transfer dis-
tribution factors (PTDFs) that indicate how, in terms of percentage power
flow, a bilateral transfer of a specific amount of power influences the rest of
the transmission network. From the definition eq. (4.10), [82], it is obvious
that the calculated values are highly dependent of the transmission lines and
generation capability:
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∆Pn

∆Ti,i′
= PTDFi,i′,n (4.10)

where ∆Ti,i′ refers to the shift in power injections nodes i and i′ and ∆Pn

is the power flow through line n.

Thus, a reduction based on PTDFs is, depending on the actual configuration
of the system, as in case of LMP method application.

The target is to define the equivalent reactances of the equivalent transmis-
sion lines in order to retain the original PTDF values. Aggregated zones,
that are connected through possible or actual congestion corridors, are cre-
ated and according to the approximation of the injection shift factors of the
aggregation areas, the line reactances are calculated. PTDFs are here rep-
resented by injection shift factors (ISF), ψ, for any transaction between two
nodes i and i′, assuming that one of the nodes is the slack bus, eq. (4.11):

PTDFi,i′,n = ψi
n − ψi′

n (4.11)

The optimization problem when the final topology of the reduced system is
known is described in eq. (4.12):

minxb
{norm[Ψ − x−1

b AT (Ax−1

b AT )−1Â]} (4.12)

where Ψ consists of the zonal injection factors for power exchanges from all
non-slack busses to the slack bus, xb is the unknown matrix of reactances
and A the node-branch incidence matrix of each power exchange and Â is
the node-transaction incidence matrix.

This method requires also an optimal power flow, usually a linearized DC-
OPF, for the calculation of LMPs, for identification of congestion paths
and generation dispatch. Hence, a detailed initial network representation
is needed. Although the result is more accurate than with WARD method
regarding PTDF values, the accuracy always depends on the topology of the
network and operating point.

4.2.5 Test reduction of complete model

The WARD method was tested on the complete IEEE 300-bus and the whole
UCTE network, considering it as one area for the calculation of a DC power
flow, without defining external and internal areas. The reduction was based
on gradual elimination of nodes according to their connectivity to other
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nodes. Gradual elimination means that end-nodes are first deleted while
their injection is moved to the node it was connected to, then nodes with
two transmission connections are merged, three transmission connections
etc. This is represented by the reduction level on x-axes.

In Fig. 4.3 the DC power flow calculation time of the IEEE 300-bus and
the UCTE network is presented. For the IEEE model the calculation time
except for reduction level two is decreasing. In case of the UCTE model
the power flow calculation time does not change much with the reduction
level except for a sudden increase for reduction level two. This happens
probably because of ”non”-sparsity of the admittance matrix in reduced
UCTE model.
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Figure 4.3: DC power flow average calculation time of the IEEE (left) and
UCTE (right) network for different reduction levels

As shown in Fig. 4.4 the total number of nodes decreases constantly, how-
ever the total number of lines increases after a certain reduction level for
both models. The same effect has been also observed in Powerworld, when
creating gradually smaller and smaller internal networks the number of lines
tend to increase. This means that in WARD method there is an optimal
number of reduced transmission lines, different for different models.

This effect was not observed applying REI reduction as the number of lines
was decreasing with decreasing number of nodes, Fig. 4.5. Accordingly, the
calculation time was sinking as well. The major problem with REI is that
generators are not differentiated during the aggregation.

As aforestated, LMP and PTDF methods were not possible to test due to
lack of OPF data for the initial systems.

4.3 Reduction criteria

Firstly, as the target is to study large-scale networks, e.g. the European
electricity network, the network elements should be categorized according
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Figure 4.4: Number of nodes (left) and number of lines (right) for different
reduction levels of the IEEE- 300 bus and the UCTE network using WARD
reduction
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Figure 4.5: Number of nodes (left) and number of lines (right) for different
reduction levels of the UCTE network using REI reduction

to their importance and influence on other elements. Thus, for instance in
transmission planning the distribution network need not to be modelled.
However, the aggregated loads should be correctly distributed in the 380kV
- 400kV network, so that similar loading conditions are simulated. Due to
lack of information for the OPF calculation, the network has to be divided
in areas of interest like in standard reduction methods using an internal
and external part. Although, these areas need not be limited by national
borders.

As the economic models must provide accurate market indicators the gen-
erators of the studied area should remain unchanged, or at least have the
same marginal cost characteristics, like in LMP method, so as to produce the
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same power exchanges. In order to check for congestions and critical paths
between and within areas, interconnections and lines with large transmission
capacities should not be eliminated. This means that some nodes outside of
the main focus area will remain unchanged and new transmission lines are
created. The major difficulty is that usually the transmission capacity of
the equivalent lines is unknown, however approximations based on typical
values and experience might help to overcome this problem. Assumptions
are to be met also when the initial system data are not sufficient for eco-
nomic analysis. However, it is simpler to make assumptions for a small area
than for the whole system. In this case, the LMP and PTDF methods are
disqualified, because of lack of data needed beforehand, as explained before.

Based on the previous analysis and review, it seems like a combination of
WARD and LMP method would be the most appropriate. However, as the
marginal production costs are missing, the idea is first to create the optimal
topology and then based on assumptions to develop the economic model. A
procedure that was applied in Powerworld for the UCTE model follows:

1. Identify the area of interest including neighboring networks, that might
be split into other subareas.

2. Start a gradual reduction beginning from outside, keeping generators
and interconnectors.

3. Reduce once again equivalencing the generators outside the area of
interest.

4. In case that the voltage level of 380kV is of interest, eliminate the
nodes at 220kV and 110kV system level.





Chapter 5

Developed models

In this chapter models that have been used for testing purposes of the pro-
posed multi-criteria methodology are presented. Firstly, a small aggregated
system of 20 nodes representing central and South-eastern Europe is devel-
oped in order to test inter-area modifications, congestions on the tie-lines,
the concept of nodal pricing in Europe and the development of the system in
an extensive way. Secondly, a detailed system focusing on the Swiss power
system and the neighbor countries is implemented in order to study the ef-
fects of congestion within national borders, not only on the interconnections
and the development of the Swiss network.

5.1 Aggregated European model (EU20)

An aggregated European model has been created in order to perform long-
term studies for the network development and its interaction with the gen-
eration mix change, Fig. 6.2. For sake of more realistic representation of the
results only publicly available data have been used during the development
of the model.

The model consists of 20 nodes, that represent 20 countries of western and
southeastern Europe. A node is connected to another one, only if a phys-
ical interconnection exists. For every node 5 production technologies are
assigned, e.g. nuclear, hydro, gas, coal and renewables, indicated with dif-
ferent colors in Fig. 6.2. Generation capacities are aggregated for the whole
country according to the maximal installed capacity reported from UCTE
in 2008. The same for the load levels and the interconnection capacities,
that were assumed to be equal to the net transfer capacities (NTC). The
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Figure 5.1: Aggregated European model, considering five production tech-
nologies

criticism here could be that the NTC values do not refer to physical flows,
however for such an aggregated model and aggregated flows between the
nodes the NTCs are accurate enough. Other line characteristics, e.g. line
reactance, were based on typical values and on the impedance calculator
provided by Powerworld [?].

For economic analysis, economic data are needed and therefore marginal
production costs of each generation technology were assigned to each node.
A constant initial value (e/MWh) is defined for each technology, that forms
a stepwise marginal costs curve for every node, Fig. 5.2.

The stepwise costs curves of all nodes and the cost curve of the whole system
used for the initial set up are shown in Fig. 5.3. It is shown that the costs
diversification of the model refers only to the middle range costs of coal and
hydro, whereas the costs for nuclear and renewables are assumed the same.

The detailed parameters of the model are provided in the Appendix C.
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Figure 5.2: Typical marginal production cost curve of a node in the model

Figure 5.3: Marginal production stepwise curves for individual produc-
ers(left) and total system(right)

5.2 RETRAN, Hybrid European model

Since bottlenecks in transmission networks may appear inside national bor-
ders and not always at the cross-border lines, a more detailed model that
describes the European transmission network is appropriate for testing the
methodology. However, due to the large scale of the system and because
of unavailability ofsome data, the whole system has been reduced initially
according to the methodology described in section 4.3. The step by step
application of the methodology using Powerworld followed the steps below:

1. First reduction: Define internal and external areas. Internal area is
CH, maintaining the interconnections to DE, FR, AT and IT.

2. Eliminate all external generators.

3. Second reduction: Keep 380kV in all areas’ buses and consider 110kV
and 220kV buses as external.
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The result was a the final system consisting of five areas, 158 buses, 46
generators, 138 loads, 459 transmission lines, including 127 tie-lines. The
slack bus is allocated on a farther node in France in order to reduce the
effects on the Swiss network. The stepwise marginal production costs of the
Swiss area are presented in Fig. 5.4.

€
/M

W
h

Figure 5.4: Marginal production stepwise costs of the CH area

In a second stage, line data have been collected and production costs have
been assigned to generators. It is a bottom-up approach, without losing
much of accuracy for the area in focus. For different focus areas different
model can be created. Here the area of interest is Switzerland and the Swiss
transmission network as presented in Fig. 5.5. The model is called RE-
TRAN because it is a reduced representation of the European transmission
network and it is hybrid because it consists of both detailed and aggregated
parts. The studied area is not limited to national borders, and although the
Swiss network has been remained unchanged with 220 and 380kV lines, the
neighbour systems are represented by some buses only on 380kV level.
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Considering that the initial model was made for static power flow calcula-
tions, some information needed for optimal power flow studies was missing.
Therefore, after the equivalent topology has been defined, the generators
have been categorized according to their actual output to different produc-
tion technologies and hence, marginal production costs have been assigned
to them. The maximum and minimum production levels have also been
defined based on typical operating conditions and availability factors for the
different production technologies. For instance, nuclear power plants are
assumed to produce 10% to 15% less than their maximum installed power,
while coal power plants having a margin of 10% to 20% until they reach their
maximum capacity, etc. Most of the tie-line ratings have been obtained from
the statistical yearbook of UCTE [83] as of August 2008.



Chapter 6

Demonstration of
proposed methodology

In the following section the methodology presented in section 2.3 is applied
and simulation results of the previously described reduced power system
models are presented. The whole analysis is scenario-based and the ex-
amined scenarios are also included. The results include information about
transmission candidate plans identification, avoided congestion costs (ACC),
avoided environmental costs (AEC) and benefit-to-cost index (BCI). In sec-
tion 6.2 the results of the 20-node model are showed, whereas in section 6.4
the results of the RETRAN model are demonstrated.

6.1 Policy scenarios

In the following case studies only policies that increase the marginal produc-
tion costs of thermal power plants are assumed. These can be internalization
of external costs of power production, taxation, CO2 certificates or even ad-
ditional costs of CO2 capture. However, the proposed methodology allows
the consideration of lower marginal production costs as well. A monetary
value for environmental damages has been assumed, that is included in the
marginal production costs and varies according to how strict the policy is.
Thus, the scale from 0 to 100% represents how much of this monetary value
is taken into account in the marginal production costs, given by the factor
w2 in eq. (2.21).
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6.2 Case study EU-20

In this case study the results of the model EU-20 are presented.

6.2.1 Demand evolution

For the load scenarios in case that the yearly growth factor a is constant the
geometric sequence that is used is described below:

Dn = D0 · (1 + a)n (6.1)

Thus the demand for year n is equal to

Dn = D0 +

n−1
∑

k=1

ak · n ·D0 +D0 · a
n, n 6= 0 (6.2)

which is translated into eq. (6.3)

Dn =











D0 ifn = 0

D0 + n ·D0 ·
1−an+1

1−a
+D0 · a

n ifa 6= 1, n 6= 0

2n ·D0 ifa = 1

(6.3)

where

a is the growth factor of aggregated loads (%).

D0 is the initial demand.

n is the number of years.

When the growth factor is not constant, it is updated every year and the
demand is equal to

Dn = Dn−1 +Dn−1 · an = Dn−1 · (1 + an) (6.4)

The selected demand profiles for this model are presented in Fig. 6.1, ac-
cording to information about demand growth factors a that is provided in
System Adequacy report of UCTE, [84].
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6.2.2 Generation scenarios

For the generation scenarios, results from a collaboration with Chalmers
university of Technology were used. These generation scenarios consider
environmental constraints and are used as input to the transmission network
development process. An example of production mix forecasting is presented
in Figure 6.2. The figure depicts the German production mix as modeled by
Odenberger et al. [85] considering carbon capture and storage (CCS) and
new wind power in the system.

Outputs from such models give valuable information on the overall possi-
bilities for developing the power generation system. However, the techno-
economic modeling applied does not include any detailed analysis on the
requirements imposed by the constraints of the electricity network. Thus,
considering the interactions of the network constraints with the generation
expansion plans, the needs for new investments in transmission systems can
be identified.

6.2.3 Transmission plans

In Figure 6.3, the initial situation of the of the EU-20 model for winter peak
load 2008 is presented. Due to congested lines there is not a common price
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A nomenclature list, if needed, should precede the 

The goal of the project “Pathways to Sustainable European 

project”) is 

to investigate possible pathways for the stationary energy 

sector which can meet strict requirement of CO2 emission 

targets in line with what has been proposed by the EU and the 

limate Change (IPCC).  Typically, the 

stationary energy system (electricity and heat) contribute to at 

least a third of the CO2 emissions. At the same time a large 

fraction of the power is produced in large centralized units 

ient opportunities for reducing 

CO2 emissions such as fuel shift (e.g., coal to gas), application 

of CO2 capture and storage and introduction of renewable 

energy technologies (e.g. wind power and biomass). Another 
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Figure 6.2: An example of output from the energy system model - example is
the German electricity generation: 75% Reduction in CO2 by 2050, relative
to 1990.

for the whole system, however 3 prices zones are obviously identified, e.g.
red for expensive, blue for cheap and green for middle range price zone. The
most expensive node appears to be node 8, that corresponds to Italy. For
that reason a large amount of power is transferred to the south from the
neighboring nodes, influencing the direct interconnections to Italy as well as
other interconnections, through the produced loop-flows.
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The trilateral market coupling of Belgium, Netherlands and France is also
very clearly recognized, upper left corner of Fig. 6.3, as these 3 nodes belong
to the same price zone and no congestions appear between them. The most
critical lines of the network seem to be the cross-border connections of node
6 that corresponds to Germany. Germany, together with France (node 3),
is the major exporter of the system, providing a large amount of power
mainly to the east. Another important and active exporter of the system
turns out to be node 14 (Slovenia), although its production capability is
rather limited. The strategic position of Slovenia makes it a significant
arbitrator, facilitating the flows form the north to Italy and to the south
Eastern Europe.

As the model does not provide very detailed information about the transmis-
sion network, critical components are supposed to be only interconnection
lines. A sensitivity analysis is used in order to identify the critical paths
or geographical regions in the network. The sensitivity analysis is based
on scenarios for variable load of ± 5% for the 20 countries included in the
model. The load condition of winter peak load of the 3rd Wednesday, Jan-
uary 2009 is taken as starting point. Besides the demand variation, different
generation conditions are also taken into account. Therefore, an amount of
306 cases is generated in order to calculate the probability of overloading on
the interconnections. For each case it has been assumed that a line is over-
loaded when the transmitted power is higher than 80% of the net transfer
capacity of the line. The results of overloading probability are presented in
Fig. 6.4.

The different generation conditions that have been studied are the following:

• Initial set-up 3rd Wed. 19:00pm Jan.2009 (initial).

• Dry year, half hydro power availability for CH, AT, ES, (low hydro,
lh).

• Low wind, half wind power availability for DE, ES, NL, IT, (low wind,
lw).

• Double wind, double wind power availability for DE, ES, NL, IT, (dou-
ble wind, dw).

• Double hydro power availability for CH, AT, ES, (double hydro, dh).

• Double wind and low hydro power availability for the previous men-
tioned countries, (Double wind-low hydro, dw-lh).

From the sensitivity analysis it is concluded that some lines are perma-
nently congested, no matter what the load level or the generation set-up is.
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Figure 6.4: Probability of lines to be loaded over 80%

These lines are between AT-IT, SL-IT, CH-AT, HR-SL, BG-RO and MK-
GR. Other lines are more sensitive to load or generation changes, however
with a high probability of loading over 80%. Lines with a probability lower
than 0.7 are not considered as critical.

According to the aforementioned observations the following transmission
reinforcements have been proposed and assessed, Table 6.1:

It has been assumed that the investment costs are linearly dependent of the
capacity increase, using logarithmic slope of the curve. Assuming an initial
value of investment cost IC0 and TC1, TC2 the transmission capacity before
and after expansion respectively, the investment costs are calculated:

IC = IC0 + IC0 · ln
TC2

TC1

, TC2 > TC1 (6.5)

According to eq. (6.5) and the Appendix E the investment costs of the
proposed reinforcements are presented in Fig. 6.5
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Table 6.1: Proposed transmission reinforcements

From To Actual tran.
capacity(MW)

Reinforcement
1

7 (CH)
7 (CH)
6 (DE)
1 (PT)

9 (AT)
8 (IT)
9 (AT)
2 (ES)

1200
3890
2000
1300

Reinforcement
2

6 (DE)
14 (SL)
6 (DE)

9 (AT)
15 (HR)
10 (CZ)

2000
900
2300

Reinforcement
3

9 (AT)
6 (DE)
6 (DE)
2 (ES)

8 (IT)
5 (NL)
3 (FR)
3 (FR)

220
3000
2750
1400

Reinforcement
4

6 (DE)
6 (DE)
1 (PT)

10 (CZ)
11 (PL)
2 (ES)

2300
1200
1300

Figure 6.5: Investment costs of proposed reinforcements

6.3 Evaluation of candidate transmission plans

Reinforcement 1

The first case reinforces the interconnections from CH and DE to AT, while
the capacity between CH - IT and PT - ES is also upgraded. As the demand
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increases and the need for exchanges remains very high there is no reduction
of congestion costs, Fig. 6.6 down, on the contrary all the additional avail-
able capacity is fully used. On the other hand the environmental benefits,
Fig. 6.6 upper right corner, are the highest for maximum additional trans-
mission capacity and increased marginal costs by 25%. High AEC means
that through the new capacity more green power is transferred. From the
BCI picture, Fig. 6.6 upper left corner, it is seemed that the investment is
profitable for lower additional transmission capacity as well, e.g. 60% higher
than the initial TC, however with lower environmental benefits and higher
avoided congestion costs.
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Reinforcement 2

The second reinforcement turns to be absolutely unprofitable, while the
environmental benefits and the congestion benefits are either negative or
zero for all combinations of additional transmission capacity and marginal
costs, as shown in Fig. 6.7 upper right corner and down. This effect results
to negative BCI indicator as well, Fig. 6.7 upper left corner.
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Figure 6.6: Benefit-Cost Index, avoided environmental costs and avoided
congestion costs of reinforcement 1, EU-20.
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Reinforcement 3

The third reinforcement is optimal for 35% more transmission capacity of
the initial value, however under the condition that the marginal production
costs will increase to their maximum. Maximum increase of costs means
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Figure 6.7: Benefit-Cost Index, avoided environmental costs and avoided
congestion costs of reinforcement 2, EU-20.

that all externalities of power production are included in the market price.
Like in reinforcement 1 the AEC and ACC are competing against each other.
When the AEC increases the ACC decreases and vise versa. From Fig. 6.8
upper right corner, it can be seen that the AEC is maximum for even higher
transmission capacity availability, but due to high congestion costs and high
investment costs the result is not acceptable.
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Reinforcement 4

The fourth reinforcement that increases the transmission capacity at the
east German borders the most, provides maximum benefits for an increase
of 35% of the current transmission capacity, however for zero increase of
marginal costs, Fig. 6.9. It is interesting that this is the opposite case of
scenario 3. In case that the marginal costs increase, the investment is not
profitable anymore at any combination.
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Figure 6.8: Benefit-Cost Index, avoided environmental costs and avoided
congestion costs of reinforcement 3, EU-20.
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The final observation is that except for reinforcement 2, all other reinforce-
ments are profitable for a specific configuration of marginal costs and trans-
mission capacity. Among them, the most profitable with the highest internal
rate of return is reinforcement 3. Interesting is also that in most of the cases
the avoided environmental costs are maximum when the avoided congestion
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Figure 6.9: Benefit-Cost Index, avoided environmental costs and avoided
congestion costs of reinforcement 4, EU-20.

costs are minimum and vice versa. This can be explained from the marginal
production costs curves in section 2.4 and 5.1. Less environmental costs
means that an amount of power from conventional power plants was substi-
tuted by green power, which in the model is considered to be the cheapest
and so always dispatched. This leads to reduction of production prices on
some nodes and thus trading between nodes is increasing using the addi-
tional transmission capacity. Accordingly, the increase of trading leads to
higher congestion costs.

6.3.1 Load not served EU-20

In contingency analysis the probability of load not served of a node is calcu-
lated, when one interconnection is tripped. The interconnections represent
aggregated transfer capabilities and two cases for reduced transfer capability
have been considered, one with 100% reduction and one with 50% reduction
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of the whole transmission capacity. A third case with 75% reduction of avail-
able transmission capacity was tried but the result did not differentiate from
the 100% case. For failures less than 50% all nodes of the model are able to
cover their own load, while with increasing failure level the effects are closer
to the results analyzed below. Each time an interconnection fails a sensi-
tivity analysis for the aforementioned generation scenarios in transmission
plans identification is performed. The demand varies randomly on a Weibull
distribution picking up 100 samples for each node between [-3%,10%]. Us-
ing this randomize selection of demand an average increase of 6-7% of the
total system load is achieved. Only the following lines are considered in this
contingency analysis: AT-IT, SL-IT, CH-AT, CH - IT, FR - IT, DE - PL,
ES - FR and MK-GR.

The results of probability of a node to be unbalanced are presented in Fig.
6.10 referring to 100% failure of a line in the model.
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Figure 6.10: Probability of load not served, EU-20.

Besides the observation that IT might be unbalanced with a probability of
5% when the line SL -IT fails and with 28% when the line AT -IT fails,
there are two other important results. The first refers to the failure between
ES and FR. When this capacity is unavailable the nodes of PT and ES
remain unserved with the same probability, 25%, and also BE with a very
low percentage. This is explained from the high cheap production capacity
of FR that acts as an important exporter. When this line is tripped ES
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and PT is isolated and cannot cover its own demand with a quite high
probability. The second interesting result refers to the line failure between
CH and IT. In this case IT is able to cover the local load, however SL
is weakly interconnected to the neighbors and cannot import the needed
power, as well as HR. The remaining available capacity on these nodes are
also not enough and thus SL and HR remain unbalanced with a probability
of 10% and 5% respectively.

In order to calculate the total unserved energy costs, it is important to
know how much is the unserved energy and how much does a MWh of
unserved energy cost. In different studies, different numbers for estimated
unserved energy costs appear distributed in residential industrial and mixed
residential areas, e.g. in [86]. The unserved energy price turns to be very
high compared to the marginal production prices, due to many influenced
parties and negative effects. For this case study a cost of 3000e/MWh has
been assumed, which seems to be an optimistic estimation. In Table 6.2
below the unserved energy and the resulted costs for occurrence event are
presented: As aforementioned in section 2.3.2 network reinforcements may

Table 6.2: Costs of load not served

Event Unserved
Node

Costs
(Monetary
value/h)

ES - FR PT
ES
BE

0.631 · 106

1.525 · 106

0.025 · 106

SL - IT IT 2.746 · 105

AT - IT IT 6.656 · 105

CH - IT SL
HR

0.3217 · 103

4.2075 · 103

MK - GR MK 6.438 · 104

be from different aspects beneficial for the society and for the network itself.
From the amount of calculated costs of load not served it can be stated that
the reduction of load not served is as an important indicator as the benefits
from environmental costs reduction or congestion costs reduction as they
are both in the same scale of million Euros.
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Network reinforcement

In this section an example of network reinforcement and its impact on un-
served energy is examined. As an example is used the contingency scenario
of the line between IT and AT, as it leads to the highest probability of un-
served energy for IT, see Fig. 6.10. A reinforcement is assumed in the line
between CH and IT with an initial capacity of 3890MW. The line capacity
is then increased by 10% in steps until a low amount of unserved energy is
reached. The result is presented in Fig. 6.11.
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Figure 6.11: Decrease of load of served in IT with the increase of transmis-
sion capacity for line reinforcement CH-IT, when the line IT - At fails.

From the picture derives, that the amount of reduction of unserved load is
not linearly dependent from the additional capacity of the line, which means
the amount of reduced unserved load is not equal to the amount that the
capacity of the line has been increased. It is also shown that no matter how
big the transmission capacity of this line is, it is not enough to lead to zero
load not served, due to transmission limitations of the neighboring lines.

The previously calculated amount of reduced load not served due to new
available capacity at an interconnector could be used in the cost-benefit
analysis as an additional benefit. Of course, the problem remains a problem
of contradicting interests as the lowest amount of load not served refers to
the highest transmission lines capacity, however the more the transmission
capacity the higher the investment costs. Combining environmental and
congestion benefits with the reduction of unserved load a wide scope of the
impact of the transmission investment could be provided that facilitates the
final decision. This qualitative multi-criteria analysis is out of the scope of
this dissertation.
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6.4 Case study - RETRAN

In this case study the results of the RETAN model are reviewed.

6.4.1 Initial state

In this subsection the initial state of the model after the reduction is pre-
sented. An optimal power flow has been performed for nodal price calcu-
lations and the result is shown in Fig. 6.12. The price differences are for
most of the nodes quite small, which means that the transmission network
is not heavily congested. The only exception is Italy, nodes 151 -158, with
the highest prices. The nodes are explained in Appendix D.
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Figure 6.12: Nodal prices RETRAN in the initial state.

The power exchanges of Switzerland are summarized in the table 6.3 below.
From the imported power from France and Germany, an amount of 1.9GW
remains in Switzerland to cover its own demand and the rest flows to Italy
and Austria. This result makes sense as the model is a winter peak load
model, when Switzerland is characterized as an importer. After reduction
all generators in Austria were eliminated, thus the need of imports is high.
The generators outside Switzerland are not modelled in detail as the focus
is in the Swiss power system.
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Table 6.3: Summarized power flows at the Swiss borders

From To Amount
(MW)

CH FR -2736
CH DE -90
CH IT 251
CH AT 675

6.4.2 Demand scenarios

In order to identify the candidates for transmission reinforcement and to
evaluate them in the long-term, different demand scenarios are developed.

For the calculation of the congestion probability and the identification of
critical lines 1000 samples of randomly selected load variations of each load
have been used. The black curve in Fig. 6.13 depicts the starting point.

Figure 6.13: Load variations used for the congestion probability calculation.

However, for the evaluation of candidate transmission plans in the long-
term, a scenario of demand forecast is calculated assuming that each load
increases 1 - 2% per year. The total demand forecast used, is shown in Fig.
6.14
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Figure 6.14: Total demand forecast used in the evaluation of candidate
transmission plans.

6.4.3 Generation scenarios

It has been assumed that new hydro generation capacity can be installed
only in Switzerland in the Alps region and new wind power only in Germany
and in Italy. The nodes where wind power is injected are selected as far as
possible from the Swiss borders in order to make the scenario more realistic
and reduce the influence of additional generation on the tie-lines. Real plans
assume a big amount of wind power from the North sea, Baltic sea and solar
power from Spain and North Africa. The scenarios of hydro and wind devel-
opment in the model are presented in Fig. 6.15. Additional nuclear power
plant capacity in Switzerland is assumed to be injected in Beznau node after
12 years. The rest generation capacity remains unchanged. Besides that,
the wind power in Germany is increasing until 2029 and after that only a
little amount of wind power is added to the system.

All possible scenarios of high/low wind power and high/low hydro power
availability are examined and combined with all selected samples of load
variations. In the calculations hydro power is considered to be more expen-
sive when less hydro power is available and vice versa.

6.4.4 Transmission plans identification

According to the results of the sensitivity of transmitted power over a line
to generation and demand changes, Fig. 6.16, lines with probability of con-
gestion higher than 70% are considered as the weakest lines in the network
and possible candidates of transmission reinforcement.
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Figure 6.15: Scenarios for Hydro in CH and Wind in DE, IT development.
Hydro 3 and hydro 4 follow the same curve.

Figure 6.16: Probability of congestion for every line in the RETRAN model.

A better representation of the most congested areas in the transmission
network is given in Fig. 6.17. In Switzerland these are the three lines
connected to bus Beznau in the north, because of the additional nuclear
capacity in this scenario, the two lines connected to bus Airolo and Lavorgo
in the south, as well as the area around Geneva with two lines connected to
bus Verbois and the interconnection to France. In northwest central area a
transformer at bus Bickingen seems to be also a bottleneck of the system.
Additionally, overloaded is the interconnection from France to Italy and
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from Italy to Austria as well as a 380kV line in the north of Italy and a line
in France.
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Based on these findings 4 transmission reinforcements have been considered
for evaluation that are described in table. 6.4, below:

Table 6.4: Proposed transmission reinforcements, RETRAN

From To Actual tran.
capacity(MW)

starting cost
(Me)

Reinforcement
1

BEZ (CH)
BEZ (CH)
BEZ (CH)
ROKI (DE)

REG (CH)
BIRR (CH)
BREIT (CH)
SIER (DE)

371.5
371.5
617
1316

230

Reinforcement
2

BEZ (CH)
AIRO (CH)
AIRO (CH)

REG (CH)
MOERE (CH)
SY/ACQ (CH)

371.2
430
430

240

Reinforcement
3

RONT1 (IT)
EICH (DE)
ALBER (FR)
BEZ (CH)

RONT2 (IT)
MUHL (FR)
RONT (IT)
BREIT (CH)

1207
430
1790
617

250

Reinforcement
4

ALBER (FR)
ALBER (FR)
IESC (CH)
EICH (DE)

VIGY (FR)
RONT (IT)
SY/ACQ (CH)
MUHL (FR)

1790
1790
457
1207

265

6.4.5 Evaluation of candidate transmission plans

In the following the proposed reinforcements are evaluated according to the
developed methodology.

Reinforcement 1

The first reinforcement, that includes three transmission lines around Bez-
nau and one line in Germany does not seem to be profitable as the BCI is
equal to 0.4 at its maximum, Fig. 6.18. Although there are some positive
values for ACC, the environamental costs are always negative and thus the
total benefits are not high enough to overcome the aggregated investment
costs. This means that the generation levels of conventional power plants
are not influenced by this investment.

Reinforcement 2

Also reinforcement 2, which considers one line at Beznau and two lines at
the borders to Italy, is not profitable. The maximum BCI is equal to 0.25
at 50% internalization of production externalities and 10% increase of the
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Figure 6.18: Benefit-Cost Index, avoided environmental costs and avoided
congestion costs of reinforcement 1, RETRAN.

proposed transmission capacity. In Fig. 6.19 it is shown that the AEC is
not influenced from any change in transmission capacity, which means that
power is coming from the same sources at the same production levels. AEC
depends only on the additional marginal costs level in this scenario. ACC
seems to be more sensitive to transmission capacity changes, and congestion
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costs are decreased, however this is not enough to make the investment
profitable.
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Figure 6.19: Benefit-Cost Index, avoided environmental costs and avoided
congestion costs of reinforcement 2, RETRAN.
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Reinforcement 3

Reinforcement 3 with only one line in Switzerland, one in Italy and two
interconnections from France to Italy and from Germany to France turns to
be the most profitable investment with a very high BCI. The maximum BCI
is equal to 10, when the transmission capacity is increased by 110% and the
marginal costs between a range of zero to 10%. This means that the hourly
benefits are 10 times higher than the costs although the investment costs of
increased transmission capacity are also very high at this point.

From Fig. 6.20 it is seen that benefits are so high due to big decrease in
congestion costs. The AEC are for most of the combinations negative and
positive only where the total maximum benefits are.
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Reinforcement 4

Reinforcement 4 is profitable as well, however with a much lower benefit-cost
ratio than reinforcement 3. Here instead of a Swiss line in the north and a
line in Italy, a line in France and a Swiss line close to Geneva are reinforced
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Figure 6.20: Benefit-Cost Index, avoided environmental costs and avoided
congestion costs of reinforcement 3, RETRAN.

together with the two interconnections from France to Italy and France to
Germany.

BCI is marginal greater than one under the condition that externalities are
internalized at 100% and just 60% of transmission capacity is added. Only
then the investment is profitable without any participation of AEC in the
total benefits.

0 0.2 0.4 0.6 0.8 1

0.2

0.4

0.6

0.8

1

 
Total Benefit−Cost Index

Additional marginal costs level (p.u.)
 A

dd
iti

on
al

 tr
an

sm
is

si
on

 c
ap

ac
ity

 (
p.

u.
)

−1.5

−1

−0.5

0

0.5

1

The benefits are obtained only from the reduction of congestion costs. This
happens due to the replacement of a line in Italy with a line in France
and can be ascribed basically to the energy mix of each area. In France
the energy mix is associated with very low externalities from the power
production, while on the other side Italy is based on coal and gas. An
assumption is this case study was that wind power is installed gradually in
Italy, so new transmission capacity in Italy would help the transfer of ”green”
power decreasing simultaneously the production from fossil fuels, while new
transmission capacity in France would only decrease the congestion costs
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Figure 6.21: Benefit-Cost Index, avoided environmental costs and avoided
congestion costs of reinforcement 4, RETRAN.

transmitting mainly nuclear power.

6.5 Summary

In the results presented above two case studies have been analyzed. Candi-
date transmission plans were identified and evaluated according to the de-
veloped integrated multi-criteria cost-benefit analysis. In the first case study
the avoided environmental costs (AEC) participated more in the overall ben-
efits of the reinforcements although many lines were congested. This means
that power produced from ”conventional” sources was substituted by more
environmental friendly sources that are assumed to be always dispatched
producing at lower marginal costs. The reduction of marginal costs leads
to reduction of nodal prices for the nodes that own ”green” power and in-
creases nodal price differences. Thus, the amount of power to be exchanged
increases with the increase of demand and this explains the unchanged or
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even the higher congestion costs in the first case. Interesting remark is also
that in the first model the avoided congestion costs (ACC) are the lowest
where the avoided environmental costs are the highest. However, from all
evaluated reinforcements only the second one was not profitable, according
to the criteria used in this study.

In the second case study the results are different. Here it was showed that
the benefits from the reduction of congestion costs were higher than the
benefits from the reduction of environmental costs. The reason for that is
the energy mix of the model, which is based on hydro and nuclear power.
Hydro power plants are associated with zero externalities and thus zero
external costs, nuclear with very low external costs and only 8 coal and gas
power plants, out of 47, are linked with high external costs. This explains
the limited participation of avoided environmental costs in the total benefits.
In contrast to the EU-20 model, in RETRAN model AEC and ACC are at
maximum for the same combinations of transmission capacity and marginal
production costs, so the result shows a simultaneous maximization. From
all evaluated reinforcements, the one that considers a reinforcement in the
interconnection from France to Italy, from France to Germany, a line in the
north of the Swiss network and in Germany was the most profitable, due to
environmental and congestion costs reduction. However this reinforcement
is not profitable in case of any policy implementation that increases marginal
production costs.





Chapter 7

Summary & Conclusions

In this dissertation transmission planning in interconnected power systems
is addressed. The major contributions are the incorporation of energy pol-
icy measurements in the evaluation process of candidate transmission plans
and the inclusion of short and long-term uncertainties. The selected semi-
dynamic heuristic approach incorporates the consideration of many aspects,
e.g. economic, technical and societal, and provides wide information in order
to identify the optimal planning strategy.

The problem of reconciliation between different parties is here assumed to
be handled by a central entity, the transmission planner, that holds all nec-
essary information regarding investment costs, production costs, load fore-
cast, network data of several areas and future generation plans in order to
study the impact of transmission reinforcements in the entire system and
calculate the optimal solution considering all stakeholders, thus maximiz-
ing social welfare. Transmission investments create winners and losers, so
compromises are inevitable.

For testing and demonstration purposes two power system models have been
developed based on publicly available data. The first one, the EU-20, is
an aggregated model of 20 countries in Europe connected to each other
and the second one is a reduced European power system with focus on the
Swiss network and the neighbouring countries. The reduced model was
created based on reviewed reduction methods, so that the most appropriate
reduction process for power market simulations is applied. There is no
benchmark model for power market simulations, including economic data,
available, and the reduction process applied here could be used to build an
appropriate model for that purpose.
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The transmission planning methodology consists of two parts. The first
part is dedicated to the identification of candidate transmission plans and
the second part to the evaluation of identified plans.

From the sensitivity analysis in EU-20 model the lines between AT-IT,
SL-IT, CH-AT, HR-SL, BG-RO and MK-GR are permanently congested,
whereas other lines are only partially congested. Based on these results
four plans were evaluated , with the third one being the most beneficial for
35% increase in the actual transmission capacity and 100% internalization
of externalities. Interesting is that in every scenario evaluation the avoided
environmental costs compete with the avoided congestion costs. In a further
step a contingency analysis showed that Italy is the most vulnerable node in
terms of unserved load and even with additional transmission capacity the
unserved load does not vanish due to transmission limitations of the other
lines.

The results of the reduced model showed that three lines connected to bus
Beznau, two lines connected to bus Airolo and Lavorgo, as well as two lines
connected to bus Verbois, the interconnection from Switzerland to France,
a transformer at bus Bickingen, the interconnection from France to Italy,
from Italy to Austria as well as a 380kV line in Italy and a line in France
are the major bottlenecks of the system. The most profitable reinforcement
in this model was a combined project that strengthens the interconnection
from France to Italy, from France to Germany, a line in the north of the
Swiss network and in Germany. However, depending on the generation and
demand evolution scenarios, different projects might be more profitable. In
almost all evaluated scenarios the avoided congestion costs contributed to
the total benefits more than the avoided environmental costs.

Finally, the developed methodology is appropriate for multi-criteria trans-
mission planning combining many different aspects of modern and future
power systems. The flexibility provided through the heuristic analysis is
very important for decision makers in the new uncertain environment.



7.1. Recommendations for future work 93

7.1 Recommendations for future work

In this section recommendations for future work are proposed:

• Automated identification of the best transmission plan between all
proposed scenarios.

• Consideration of benefits from reduction of unserved energy and im-
provement of system security due to additional transmission capacity.

• Transmission losses and their reduction could be part of the planning
process.

• The generation sector has been used as input (predefined) in order to
identify transmission plans. The consideration of transmission con-
straints in the generation planning process, would be also a possible
subject for future work.

• The analysis of transmission price schemes and the incentives for in-
vestments in transmission.





Appendix A

Planning practices in
Europe

A summary of transmission planning practices in different Euroepan coun-
tries follows:
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Table A.1: Planning practices in the various member countries

Country Environmental
Impact Assess-
ment

Public Consulta-
tion Meeting

Compensation
to Landowners

Right of Way
for double cir-
cuit lines

Special Solu-
tions Compact
Designs etc.

Time span
for ap-
provals

Austria Full above 110
kV if exceeding
15 km route
length

Yes for detailed
study

Yes for affected
use of land but
no for EMF or
visual Impact

110 to 380 kV
up to a corri-
dor of 2x30 m

Compact de-
signs advocated,
camouflage &
each tower in-
vestigated by a
specialist

Not speci-
fied

Belgium For lines of 220
kV and more, of
15 km or longer,
not for under-
ground cables or
substations

Possible for lines
and cables, de-
pending on the
size and tension

Yes, if land is
bought or used
for substations,
lines or cables.
No for EMF or
visual impact

No right of
way is fore-
seen in the
Belgian legis-
lation

Special design
when obliged
by a competent
authority

From half a
year for un-
derground
cables of 36
kV, up to
more than
8 years for
380 kV lines

Czech Not specified Not specified Yes for affected
use of land but
no for EMF or
visual impact

110 to 400 kV
up to a dis-
tance of 20 m
from outside
conductor

Not specified Not speci-
fied

Denmark Full above
100kV

Not specified Yes if a new
400 kV line will
pass less than
50 m from a
farmhouse, for
132/150 nearer
than 35m

Yes but not
specified

Special de-
signs of towers
are looked for
through design
competitions

Not speci-
fied
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Table A.2: Planning practices in the various member countries

Country Environmental
Impact Assess-
ment

Public Consulta-
tion Meeting

Compensation
to Landowners

Right of Way
for double cir-
cuit lines

Special Solu-
tions Compact
Designs etc.

Time span
for ap-
provals

Finland Full for 220
kV for lines 15
km long Below
depending on
appropriate
Authority

Yes for transmis-
sion lines and
substations

Yes for affected
use of land but
no for EMF or
visual Impact

Yes but not
specified

Not specified From 3 to 5
years

France Full above 63 kV Yes for transmis-
sion lines and
substations

Yes for affected
use of land but
no for EMF or
visual Impact

Yes but not
specified

Special designs
where dictated
by a competent
Authority

Not speci-
fied

Germany Lines and ca-
bles in areas
under nature
protection

Yes for transmis-
sion lines and
substations

Yes for affected
use of land but
no for EMF or
visual Impact

110 to 380
kV speci-
fied to the
line and the
landowner

Special design
due to local
situation in
agreement with
the authority

From 3 to 5
years

Italy Full for 380/220
kV transmission
lines longer than
15 km, below
depending on
Regional Au-
thorities laws.
For 150/130 kV
transmission
lines depending
on Regional
Authorities laws

Authorisation
procedure re-
quires the entity
in charge of the
realisation of
the new facility
to make public
announcement
to the interested
parties, in order
to collect all the
objections (if
any)

Yes for the
permanent dis-
advantages they
have to suffer

130 to 380 kV
up to a corri-
dor of 50 m

Compact designs
where dictated
by a competent
Authority

From 2 to 8
years
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Table A.3: Planning practices in the various member countries

Country Environmental
Impact Assess-
ment

Public Consulta-
tion Meeting

Compensation
to Landowners

Right of Way
for double cir-
cuit lines

Special Solu-
tions Compact
Designs etc.

Time span
for ap-
provals

Luxembourg Full above 65 kV Not specified Yes for affected
use of land but
no for EMF or
visual Impact

65 kV to 220
kV up to a
corridor of 60
m

Special designs
where dictated
by a competent
Authority

Not speci-
fied

Netherlands Full for 220 kV
for lines 15 km
long. Below, de-
pends on appro-
priate Authority

Not specified Yes for affected
use of land but
no for EMF or
visual Impact

Not specified Not specified Not speci-
fied

Norway Full above 33 kV Yes for transmis-
sion lines and
substations

Yes for affected
use of land but
no for EMF or
visual Impact

Yes but not
specified

Special designs
where dictated
by a competent
Authority

From 2 to 3
years

Poland Full above 110
kV but between
110 and 220
kV depending
on appropriate
Authority

Yes for transmis-
sion lines and
substations

Yes for affected
use of land but
no for EMF or
visual Impact

110 to 400 kV
to a corridor
of 2 x 33,2 m

Not specified Not speci-
fied

Portugal Full above 110
kV

Yes for transmis-
sion lines and
substations

Yes for affected
use of land but
no for EMF or
visual Impact

Yes but not
specified

Not specified From 3 to 5
years

Slovenia Not specified Not specified Yes for affected
use of land but
no for EMF or
visual Impact

110 - 400 kV
up to a corri-
dor of 50 m

Not specified From 3
to several
years
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Table A.4: Planning practices in the various member countries

Country Environmental
Impact Assess-
ment

Public Consulta-
tion Meeting

Compensation
to Landowners

Right of Way
for double cir-
cuit lines

Special Solu-
tions Compact
Designs etc.

Time span
for ap-
provals

Spain Full for 220
kV for lines 15
km long Below
depending on
appropriate
Authority

Yes for transmis-
sion lines and
substations

Yes for affected
use of land but
no for EMF or
visual Impact

Yes but not
specified

Special designs
where dictated
by a competent
Authority

Not speci-
fied

Switzerland Full for trans-
mission works

Yes for transmis-
sion lines and
substations

Yes for affected
use of land but
no for EMF or
visual Impact

Yes but not
specified

Special designs
where dictated
by a competent
Authority

From 5 to 15
years





Appendix B

DC power flow

DC power flow method is increasingly used for the analysis of electricity
markets as a simplification of a full AC power flow neglecting the calculation
of reactive power flows. Therefore, DC power flow problem is linear and a
solution can be obtained much faster and without iterations.

This approximation assumes that a) voltage angle differences between nodes
are very small sin(θkm) = θkm and cos(θkm) = 1, b) line resistances are
neglected, due to significant higher line reactances, c) bus voltages are equal
to their nominal values.

The power flow equations, eq. B.1 and eq. B.2, of the non-linear AC OPF
problem

Pkm = V 2

k gkm − VkVmgkm cos(θkm) − VkVmbkm sin(θkm) (B.1)

Pmk = V 2

mgkm − VkVmgkm cos(θkm) + VkVmbkm sin(θkm) (B.2)

are now simplified, based on the latter assumptions:

Pkm = −Pmk = −bkmθkm =
θkm

xkm

(B.3)

since bkm = −x−1

km.

The system can be modeled with linear equations for active power injections
at any bus k :

Pk =
∑

m∈ΩK

θkm

xkm

(B.4)
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which in matrix form equals to:

P = B′Θ (B.5)

where:

- P is the vector of nodal active power injections Pk;

- B′ is the nodal admittance matrix with following elements:

B′

km = −x−1

km - negative of susceptance between buses k and m

B′

kk =
∑

m∈ΩK

x−1

km - sum of susceptance connected to the bus k ;

- Θ is the vector of bus voltage angles θk.



Appendix C

EU-20 model parameters

C.1 Nodes and Countries abbreviations

Node abbr. Country
1 PT Portugal
2 ES Spain
3 FR France
4 BE Belgium
5 NL Netherlands
6 DE Germany
7 CH Switzerland
8 IT Italy
9 AT Austria
10 CZ Czech Republic
11 PL Poland
12 SK Slovakia
13 HU Hungary
14 SL Slovenia
15 HR Croatia
16 BA+ME Bosnia / Serbia
17 MK F.Y.R.O.M.
18 BG Bulgaria
19 RO Romania
20 GR Greece
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C.2 Transmission line parameters

From To Capacity (MW) Reactance
1 2 1300 34
2 3 1400 30
3 4 2200 22
3 8 995 36
3 6 2750 27
3 7 2300 35
4 5 2400 34
6 5 3000 27
6 11 1200 29
6 7 3200 22
6 10 2250 29
6 9 1800 36
10 11 1750 36
10 12 1000 55
10 9 650 36
11 12 550 32
7 9 600 36
7 8 1810 36
8 14 430 36
8 9 220 36
14 15 900 36
14 9 650 32
13 9 500 41.3
13 16 500 36
13 12 1500 38
13 15 400 36
13 19 800 29
15 16 700 28
16 19 500 29
16 17 250 33
16 18 500 28
16 20 30 29
18 19 750 22
20 17 70 36
20 18 500 30
20 8 500 46



Appendix D

RETRAN model
parameters

Number Name Area Name Nom kV
1 ODUERN1 AT 380
2 OKAINA1 AT 380
3 OWESTT1 AT 380
4 OWIEN1 AT 380
5 SAATHA2A CH 220
6 SAIROL2A CH 220
7 SALTGA2A CH 220
8 SASPHA1A CH 380
9 SAUWIE2A CH 220
10 SAVEGN2A CH 220
11 SBANLI2A CH 220
12 SBASSE1A CH 380
13 SBASSE2A CH 220
14 SBATIA2A CH 220
15 SBAVON2A CH 220
16 SBENKE1A CH 380
17 SBENKE2A CH 220
18 SBEZNA1A CH 380
19 SBEZNA2A CH 220
20 SBEZNA2B CH 220
21 SBIASC2A CH 220
22 SBICKI1A CH 380
23 SBICKI2A CH 220
24 SBIRR 2A CH 220
25 SBITSC2A CH 220
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Number Name Area Name Nom kV
26 SBONAD1A CH 380
27 SBONAD2A CH 220
28 SBOTTE2A CH 220
29 SBREIT1A CH 380
30 SBREIT2A CH 220
31 SCAVER2A CH 220
32 SCHAMO1A CH 380
33 SCHAMO2A CH 220
34 SCHAMO2B CH 220
35 SCHAVA2A CH 220
36 SCHIPP2A CH 220
37 SCRANS2A CH 220
38 SFAELL2A CH 220
39 SFIESC2A CH 220
40 SFILIS1A CH 380
41 SFORET2A CH 220
42 SFROLO2A CH 220
43 SGALMI2A CH 220
44 SGISWI2A CH 220
45 SGOESG1A CH 380
46 SGOESG2A CH 220
47 SGORDU2A CH 220
48 SGRYNA2A CH 220
49 SGSTAA2A CH 220
50 SHANDE2A CH 220
51 SHAUTE2A CH 220
52 SILANZ2A CH 220
53 SINNER2A CH 220
54 SIRAGN2A CH 220
55 SKERZE2A CH 220
56 SLACHM2A CH 220
57 SLAUFE1A CH 380
58 SLAUFE1B CH 380
59 SLAUFE2A CH 220
60 SLAUFE2B CH 220
61 SLAVOR1A CH 380
62 SLAVOR2A CH 220
63 SLEIBS1A CH 380
64 SLINDE2A CH 220
65 SLITTA2A CH 220
66 SMAGAD2A CH 220
67 SMAPRA1A CH 380
68 SMETTL1A CH 380
69 SMETTL2A CH 220
70 SMOERE2A CH 220
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Number Name Area Name Nom kV
71 SMOERE2B CH 220
72 SMOERS2A CH 220
73 SMONTL2A CH 220
74 SMUEHL2A CH 220
75 SMUENC2A CH 220
76 SNIEDE2A CH 220
77 SOBFEL2A CH 220
78 SOFTRI2A CH 220
79 SORMAL2A CH 220
80 SPECCI2A CH 220
81 SPIETE2A CH 220
82 SPRADE1A CH 380
83 SREGEN2A CH 220
84 SRIDDE2A CH 220
85 SRIDDE2B CH 220
86 SRIET 2A CH 220
87 SROBBI1A CH 380
88 SROBBI1B CH 380
89 SROBIE2A CH 220
90 SROMAN2A CH 220
91 SROTHE2A CH 220
92 SRUPPE2A CH 220
93 SS.TRI2A CH 220
94 SS.TRI2B CH 220
95 SSAMST2A CH 220
96 SSAREL2A CH 220
97 SSCHLA2A CH 220
98 SSEEBA2A CH 220
99 SSERRA2A CH 220
100 SSIEBN2A CH 220
101 SSILS 1A CH 380
102 SSILS 1B CH 380
103 SSILS 2A CH 220
104 SSOAZZ1A CH 380
105 SSOAZZ2A CH 220
106 SSTALD2A CH 220
107 SSURSE2A CH 220
108 STAVAN1A CH 380
109 STAVAN2A CH 220
110 STOESS2A CH 220
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Number Name Area Name Nom kV
111 SVALLO2A CH 220
112 SVAUX 2A CH 220
113 SVERBO1A CH 380
114 SVERBO2A CH 220
115 SVEYTA2A CH 220
116 SWEINF2A CH 220
117 SWINKE2A CH 220
118 SWITTE2A CH 220
119 SY/ACQ2A CH 220
120 SY/PUN1A CH 380
121 SY/WEI2A CH 220
122 SY/MEI2A CH 220
123 D2DIEL11 DE 380
124 D2ETZ 11 DE 380
125 D43BRS14 DE 380
126 D4EICH12 DE 380
127 D4EN7 11 DE 380
128 D4KUHM11 DE 380
129 D4KUHM12 DE 380
130 D7GRON11 DE 380
131 D7LEUP11 DE 380
132 D7ROKI12 DE 380
133 D7SIER11 DE 380
134 D7TIEN11 DE 380
135 D7UCHT11 DE 380
136 D8HGW11 DE 380
137 D8ROE11 DE 380
138 FALBER11 FR 380
139 FALBER12 FR 380
140 FAVELI11 FR 380
141 FB.TOL11 FR 380
142 FLONNY11 FR 380
143 FMAMBE11 FR 380
144 FMASTA11 FR 380
145 FMUHLB11 FR 380
146 FSIERE11 FR 380
147 FSIERE12 FR 380
148 FVIGY11 FR 380
149 FVIGY12 FR 380
150 FVLARO11 FR 380
151 IBULM111 IT 380
152 IGORM111 IT 380
153 IMUSM111 IT 380
154 IRDPV111 IT 380
155 IRONT112 IT 380
156 IRONT113 IT 380
157 ISFIM111 IT 380
158 IVNST111 IT 380



Appendix E

Transmission investment
costs

The costs of new investment for a double circuit 380kV overhead line based
on a European study [87], differ from country to country as presented in the
Table E.1 (base case cost has been considered 401 ke/km):

Table E.1: Transmission investment costs 380kV overhead line

kEuro/km Specific cost factors

Finland, Swe-
den

200 - 300 Flat land(fewer towers), less
populated

Greece, Portu-
gal

200 - 300 Low costs (land, labour)

Denmark, Nor-
way, Spain

300 - 400 Close to base case

Belgium,
Netherlands,
Italy

400 - 500 Close to base case, heavily pop-
ulated

France, Ger-
many

500 - 600 Heavily populated, high labour
costs

UK(England &
Wales)

600 - 800 n-2 standard applied, more
towers/km, high right-of-way
costs, heavily populated

Austria,
Switzerland

600 - 800 High environmental issues, to-
pography, high wind pressure
limits, high labour costs
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