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List of abbreviations and definitions
AC

Alternating current

CHP

Combined heat and power

DC

Direct current

EMPS

EFI's Multi-area Power Scheduling software. EFI stands for
Elektrisitetsforsyningens Forskningsinstitutt, which today
belongs to SINTEF (Selskapet for industriell og teknisk
forskning ved Norges tekniske høgskole) in Norway. Today
the EMPS software is a product of the Powel ASA consulting
firm.

ENTSO-E

European Network of Transmission System Operators for
Electricity

Fenno-Skan

A High-Voltage Direct Current (HVDC) line between
Southern Finland and Southern Sweden

Finland-Sweden AC

The 400 kV AC lines between Northern Finland and Northern
Sweden

HVDC

High-Voltage Direct Current

LOLP

Loss-of-load probability

MAPS

Multi-Area analysis of large electrical Power Systems.
Software for power system adequacy studies. MAPS applies
a Monte-Carlo simulation to calculate LOLP and expected
unsupplied energy. MAPS includes both generation and
transmission systems.

NORDEL

A body for co-operation between the transmission system
operators in Denmark, Finland, Iceland, Norway and
Sweden. The objective of this body was to create
preconditions for a further development of an effective and
harmonised Nordic electricity market. Nordel was active
during years 1963–2009.

North-South AC

The 220 and 400 kV transmission lines between Northern and
Southern Finland

NPV

Net present value

NTC

Net transfer capacity

OTC

Over-the-counter is a form of trading outside organised
markets (i.e. stock markets). It is typically bilateral trading.

Samlast

Software for power system planning. Samlast combines the
market simulation software called EMPS and the power flow
software called Optlast. The Samlast model contains the
software and a dataset. The Nordic TSOs use it. Detailed
information in (Husom & Hornnes 2009).

TRM

Transfer reliability margin

TSO

Transmission system operator

WACC

Weighted average cost of capital

Adjustable generation capacity

A generation capacity in the day-ahead or intra-day electricity
markets, which is capable of adjusting power on an hourly basis
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without unreasonably high costs or technical limitations but
which is not allocated for reserve power use.
Alternatives to power system
investment

Manually or automatically activated actions in the operation of
the power system to avoid power system investments. Examples
of alternatives are the utilisation of hydro power reservoirs,
system protection, counter trading, curtailment of wind power
generation, and curtailment of net transfer capacity.

Balancing energy

Energy required for power balance management activated from
balancing power market, intra-day electricity market or dayahead electricity market.

Balancing power

Power for balance management activated from the balancing
power market. In the Nordic region, balancing power is also
called regulating power.

Bidding zone

The zone in the electricity market for which a bid is posted. In
general, a bidding zone is the largest geographical area within
which market participants are able to exchange energy without
an allocation of cross zonal transmission. Bidding zone is also
known as a trade zone. (European Commission 2013b; Nord Pool
Spot 2011b)

Condensing power

A condensing power plant generates electric energy using mostly
coal, natural gas or oil as the fuel source. Unlike in combined
power and heat production, heat energy left over after the turbine
is not exploited in condensing plants. Instead, it is condensed
with cooling water. (Fortum 2011)

Congestion

Congestion means a situation in which, because of a lack of
capacity of the interconnectors and/or the national transmission
systems concerned, an interconnection linking national
transmission networks cannot accommodate all the physical
flows resulting from international trade requested by market
participants (European Commission 2009, p. 18). In this thesis,
interconnections linking two bidding zones are also included in
the definition.

Congestion revenue

The revenue caused by congestion in a period under study is the
product of the price difference between the congested bidding
zones and transmission capacity multiplied by the hours of
congestion during a period under study. Congestion revenue is
also called congestion rent and congestion income (Nord Pool
Spot 2011b).

Counter trading

An action where a transmission system operator pays for
generation companies to adjust their power generation. The
purpose is to reduce power flow over a congested connection.
Counter trading can be applied for congestions between bidding
zones.

Dimensioning fault

Faults which entail the loss of an individual major component (a
generator, HVDC link from other synchronous system, etc.) that
brings a significant impact upon the power system frequency
from all fault events taken into account.

Expected unsupplied energy

Expected value of the energy not supplied (in the power system)
as a result of bulk power system deficiencies. (IEC 1990, 30-01)

Forced load shedding

An unplanned load shedding whose onset cannot be delayed. It
is used to ensure system security.
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Generation adequacy

The ability of the generation capacity to supply the power and
energy requirements of the customer at all times, taking into
account scheduled and unscheduled outages. This definition is
based on the definition of power system adequacy in (Kundur et
al. 2004).

Load

The total amount of power consumed in a power system.

Loading

The amount of power flowing on the lines.

Load shedding

Action where a certain amount of customer load is deliberately
disconnected from an electric power system in response to an
abnormal condition in order to maintain the integrity of the
remainder of the system. This definition is based on the definition
of load shed (IEC 1990, 28-03).

Loss-of-load probability

Probability of not meeting the load during a given time interval
because of a generation capacity deficiency (IEC 1990, 29-03).
In this study, also transmission capacity deficiency may cause
loss-of-load.

Margin to system failure

The amount of load (MW) that can be increased in the power
system without causing system failure.

Market power

The ability of a firm (or group of firms) to raise and maintain the
price above the level that would prevail under competition.
(Khemani & Shapiro 1993)

Modelled bidding zone

A bidding zone in software. The area is applied in the electricity
market and power flow simulation.

(N − 1) criterion

A method for expressing the level of power system security.
According to this criterion, the system must withstand the loss of
any single component. (Nordel 2007)

Net present value

The net present value is the difference between the present value
of cash inflows and the present value of cash outflows. It is used
to analyse the profitability of an investment or project. The
present value is the current worth of a future sum of money or
stream of cash flows given a specified rate of return. (Neilimo
1999 pp. 212–214; Investopedia 2010)

Net transfer capacity

Transmission capacity between two bidding zones which is
compatible with security standards applicable in both areas and
takes into account the technical uncertainties of network
conditions. Net transfer capacity is Total transfer capacity minus
Transfer reliability margin. (ETSO 2001)

Nordic countries

The Nordic countries include Finland, Sweden, Norway and
Denmark. Iceland is not included unless specifically mentioned.

Offshore wind farm

A wind farm that is at sea, regardless of how deep the sea is and
how far it is from the coastline. The number of peak load hours
can vary significantly, depending on the site of the wind farm.

Onshore wind turbine

A wind turbine that is in coastal as well as in inland land areas.

Power balance management

Effective operation of generation or transmission facilities so as
to keep the power system frequency inside certain limits. This
definition is adopted from a definition of power system
management (IEC 1986, 04-01).

Power flow management

Effective operation of generation or transmission facilities so as
to keep power flows in a certain cross-section on an acceptable
level in order to maintain a certain level of power system
reliability.
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Power system adequacy

The ability of the power system to supply the aggregate electric
power and energy requirements of the customer at all times,
taking into account planned and unplanned system component
outages. (Kundur et al. 2004)

Power system investment

An overhead line, cable or reserve power plant for increasing
transmission or reserve power capacity.

Power system planning

Power system planning is the whole range of studies involved in
the development of a technically and economically sound system
of electricity supply. (IEC 1986, 01-01)

Power system reliability

Power system reliability consists of the power system security
and adequacy (Billinton & Allan 1996; Kundur et al. 2004).

Power system security

The ability of the power system to withstand sudden
disturbances, such as electrical short circuits or non-anticipated
loss of system components (Kundur et al. 2004).

Priority dispatch

The obligation on transmission system operators to schedule and
dispatch energy from renewable generators ahead of other
generators as far as secure operation of the electricity system
permits. (EWEA 2014)

Real option

A real option is the right, but not the obligation, to make some
business decision, typically the option to make a capital
investment. The word "real" in the concept "real option" refers to
fixed, permanent, or immovable things, e.g. strategic
investments. (Brach 2003)

Redispatching

An action where a transmission system operator pays for
generation companies to adjust their power generation. The
purpose is to reduce power flow over a congested connection.
Redispatching can be applied for congestions within a bidding
zone or between the bidding zones.

Reserve power capacity

A generation capacity, managed by the transmission system
operator, that is kept in reserve for the power balance and power
flow management, in order to maintain adequate power system
reliability.

Right of way

A land zone below and beside an overhead line.

Shedded load

The load that is deliberately disconnected from an electric power
system in response to an abnormal condition in order to maintain
the integrity of the remainder of the system. It is based on the
definition of load shed (IEC 1990, 28-03).

Socio-economic aspect

An aspect that takes into account the economic influences of the
power system investment, at the minimum, on the electricity
market players such as producers, consumers, and transmission
system operators.

System failure

System failure is a situation where the generation or transmission
adequacy is not sufficient to meet the load.

System protection

System protection is designed to detect abnormal system
conditions and take predetermined corrective action in order to
preserve system integrity and provide acceptable system
performance. (Van Acker et al. 2001)

Total Transfer Capacity

The maximum transfer capacity that can be physically
transmitted, taking into account the thermal, voltage, and system
stability limitations. (ETSO 2001)
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Transfer Reliability Margin

A margin that covers the forecast uncertainties of power flows on
an interconnection as a result of imperfect information from
market players and unexpected real-time events. (ETSO 2001)

Transmission adequacy

The ability of the transmission grid to supply the power and
energy requirements of the customer at all times, taking into
account scheduled and unscheduled outages.

Transmission capacity

An ability to transfer electricity in a line or a group of lines (a
cross-section) between two areas or two substations.

Transmission owner

A utility that owns a transmission grid and is responsible for the
functioning of the power system. In this study, transmission
owner equates to transmission system operator.

Water value

Water value is the opportunity cost of hydro power that arises
when the generator has an option to postpone generation,
requiring the generator to have unexploited reservoir capacity.
(Scott & Read 1996)

Wind farm

More than one wind turbine connected to the same connection
point. Wind farm is also called a wind plant. (Nordel 2007, p.
173)

Wind turbine

The complete system to transform wind energy into electricity
and to transmit the electricity to the power system. (Nordel 2007,
p. 173)
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List of symbols
a

order of areas in the simulation model

b

period of wind power generation when calculating the variation of wind power

Baverage

the benefit of the investment

Bfirst

the benefit of the new transmission capacity according to marginal benefit of
the first new capacity unit

Blast

the benefit of the new transmission capacity according to marginal benefit of
the last new capacity unit

Ch

energy consumed during hour h

CRB

annual congestion revenue in a certain area

d

frequency of a dimensioning fault

Eh

energy loss during hour h

Eh,new

hourly energy of exchange in the new interconnector during hour h

f

frequency of a power system (1/s)

g

order of inflow year

h

operating hour

IC

the consumer's annual income in one area

IP

the producer's annual income in one area

LC

the annual value of losses in one area

m

the number of areas in the model

Mfirst

marginal benefit of the first unit of the transmission capacity in the connection
between modelled bidding zones a and b

n

the number of years representing the acceptable (minimum) average time
between two successive forced load sheddings

ph

a price of energy during hour h

Ph

energy produced during hour h in one area

Pinstalled

the installed wind power capacity

Pb

the average wind power generation during the period b

Pb-1

the average wind power generation during the period b−1

Pvar

the relative variation of wind power from period to period

Q

1 hour, a constant multiplier

Sa

an annual socio-economic benefit in the region studied

t

the number of time intervals during a year when defining the changes in wind
power

Th

average hourly transmitted power during hour h in a studied cross-section

Th,x

average hourly transmitted power during hour h in the cross-section x

TRcapacity

transmission capacity of the connection under study

v

a number of cross-sections connected to one area

x

order of cross-section related to a certain area

y

a number of inflow years
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z

the probability of decrease in wind power generation (utilised for defining a
reserve capacity for a normal operation)

∆first,h

the difference of prices between the studied areas during hour h without
expanded transmission capacity (the first new capacity unit)

∆h,x

electricity price difference between areas related to cross-section x during hour
h

∆hC

the difference between the consumer's willingness to pay for electricity and
the electricity price during hour h

∆hP

the difference between the electricity price and producer's marginal cost
during hour h

∆last,h

the difference of prices between the studied areas during hour h with expanded
transmission capacity (the last new capacity unit)
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1 Introduction
1.1

Research objective

Motivation and aim
The main objective of this study is to improve the existing power system planning process so that power
system reliability will remain acceptable and the planned investments to the power system will be socioeconomically cost-efficient despite an increased amount of wind power connected to the grid. The
framework for the development of the planning process is the Finnish power system and the Nordic
electricity markets.
The main driving force for improving the planning is the desire to significantly increase the share of
wind power in power systems. Today, the installed wind power in Finland is around 1500 MW, and
hourly consumption varies between 5000 and 15000 MWh. The annual wind power generation target,
set by the Finnish government is 6 TWh (2500 MW) for the period of up to 2020 (Pekkarinen 2008) and
9 TWh by 2025 (Katainen 2013). Increasing variability in generation will challenge power system
planning processes. Another driving force to develop the planning process is the increasing uncertainty
that is due to a revolution in energy sector. Not only does the amount of renewable generation and
controllability of demand increase but also electricity markets are undergoing significant changes.

The research problem
The main question addressed during this study is: What are the improvements required in the power
system planning process to achieve an investment plan that will lead to socio-economically cost-efficient
investments for the power system? The boundary condition for the problem of this study is to maintain
acceptable power system reliability, taking into account uncertainty related to the technical needs and
economic benefits of investments in a power system with significant targets for wind power.

Scope of the study
The scope of this thesis is the development of investment analysis. An investment plan is the main result
of the planning process where the investment analysis has a central role. The investment analysis can be
divided into the technical analysis of required (generation and transmission) capacity and to the analysis
of investment profitability. The technical analysis of the required capacity is needed for maintaining
system reliability despite wind power, and an investment profitability analysis is needed for ensuring
cost-efficiency of the power system (and its cost-efficient development).
In this study, the focus of the technical analysis is in the methods of defining the need of reserve power 1
and adjustable generation power capacities. We assume that the existence of variable generation (i.e.
wind power) in the power system has high influence on the need of reserve power capacity. Furthermore,
it is assumed that the existing methods of defining the required transmission capacity are sufficient even
with the large-scale wind power in the power system. Therefore, the methods of defining the required
transmission capacity are not in the scope of this study.

1

Reserve power capacity is a generation capacity, managed by the transmission system operator, which is
kept in reserve for the power balance and power flow management, in order to maintain adequate power
system reliability.
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The second part of the investment analysis, the investment profitability analysis, is based on the standard
cost-benefit analysis taking into account uncertainty of investment profitability and alternatives to
investments, such as demand response or counter trading. The uncertainty of investment profitability
can also be increased by wind power generation via unforeseen change in the generation mix over time
and in electricity price. In this study, the focus is in the benefit analysis and not in the cost analysis
because the uncertainty in the investment benefits is higher than the uncertainty in the investment costs.
Furthermore, large-scale wind power in the power system, as such, does not influence the costs of
investment or their uncertainty.
The analysis of electricity markets as such is not in the scope of this study. However, the influence of
electricity markets on power flows and benefits of the power system investments (i.e. transmission or
reserve power capacity) has to be taken into account in the planning phase. The methods for taking the
electricity market into account in the investment analysis (how to simulate electricity markets) are within
the scope of this thesis.
This study focuses on a system level development of a power system planning rather than completely
developing one or two new planning methods. The system level development is necessary for the TSO,
who is responsible for the functioning of the power system and the electricity market as a whole.
The reliability2 of the power system is seen in this study to depend on ensuring adequate generation,
reserve power, and transmission capacities. The security3 of the power system is taken into account in
the analyses of this study by using constant net transfer capacities, which are calculated separately.
These constant capacities include limitations caused by the stability of the grid.
This study does not include the following aspects in the investment analysis: line routing and
environmental restriction, ageing of the existing grid, tower design issues, and some others. These
aspects can be evaluated separately from the planning process presented in this thesis.

Methods
The existing Nordic transmission system planning and the Nordic electricity market design (described
in Chapter 2) were chosen to be the starting point for this thesis. The current planning methods are then
defined based on the literature review and on the Nordic transmission system operators' planning
experience. The new features that large-scale wind power and electricity market environment bring to
the power system planning are defined based on the literature review and the previous studies the author
has been participated in, e.g. (Norlund et al. 2007) and (Holmgren 2008). The main features that change
the planning requirements are the variability and unpredictability of wind power generation and
increasing uncertainty of the future power system structure. Both features affects e.g. the way that
reserve power needs and power system investment benefits should be analysed.
The shortcomings of the existing planning practices are then identified by evaluating the feasibility of
current planning methods while taking into account the features that set new requirements for the power
system planning. The power system planning process and the planning methods are then further
developed based on the identified shortcomings of the existing planning practices.
Finally, the feasibility of the improved planning process for a real power system has been tested by
performing a case study with realistic Nordic grid and market data. In the case study an investment plan
is created for the Finnish power system with large-scale wind power. The criteria for the improved
2

According to (Billinton & Allan 1996; Kundur et al. 2004) power system reliability consists of power system
security and adequacy.
3

The ability of the power system to withstand sudden disturbances such as electric short circuits or nonanticipated loss of system components.
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planning process are that it takes the new power system features (e.g. variability of wind power) and
increasing uncertainty better into account or that the improved planning leads to the investment plan
that ensures lower (socio-economic) costs and better power system reliability, or a combination of those.
These criteria are validated in the case study.
Within the planning methods, the theory of real options4 is applied in the planning process in order to
take the uncertainty of investment benefits into account. The calculation of the value of real option is
based on recursive dynamic programming. Furthermore, both statistical methods and electricity market
simulations are utilised in different planning methods. Statistical methods are used to define reserve
power and adjustable generation capacities. Electricity market and power flow simulations are used to
define transmission capacity needs and investment benefits. Simulations are carried out with Samlast, a
commercial software (Husom & Hornnes 2009, Hornnes et al. 2000). Samlast uses steady state (AC)
power flow calculation and minimisation of generation costs in the perfect market. The system adequacy
simulations are performed by the commercial simulation software MAPS, i.e. Multi Area analysis of
large electrical Power Systems (Bitén & Lindh 1998; Vattenfall 1998). The adequacy simulations are
needed when quantifying the system reliability value for transmission and reserve power capacity
investments (Section 4.5). MAPS is based on Monte-Carlo-type simulation. Samlast and MAPS are
shortly described in Appendix B.

Scientific contribution
This study's main contribution is an improved power system planning process, including the improved
planning methods applied in the planning process. The contribution to the planning process is the
integration of the planning of the reserve power capacity more closely to traditional transmission
capacity planning. Therefore, rather than improving grid planning, this study creates an integrated power
system planning process. Furthermore, new and improved planning methods mainly focus on the
consideration of wind power variations in the planning and on the profitability analysis of reserve power
and transmission capacity investments. The improved power system planning process results in a costefficient investment plan.
Figure 1.1 shows the elements of power system planning that include the scientific contributions, i.e.
new or improved methods of analysis. Figure 1.1 also highlights how the scientific contributions are
related to the planning process and to the work carried out in this thesis. The contributions are made
with the existing Nordic planning process as a reference.

4

A real option is the right, but not the obligation, to make a business decision, typically the option to make a
capital investment. (Brach 2003)
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From hypothesis to the improved planning
process via scientific contributions:

Hypothesis: Improved planning process is
required when aiming to have a reliable and
cost-efficient power system including large
amount of wind power.
Method to prove the hypothesis:
Identification of current best practices,
analyses of their deficits in view of reliability
and cost-efficiency.

The scientific contribution in analysis of power system investments is divided in different parts
of analyses:

A need for new generation and
transmission capacity
Reserve Capacity of
capacity adjustable generation

Benefits of investment to the society
and to the transmission owner
Components
of benefits

Electricity market

Alternative solutions (than
investments) to fulfil the need of
generation or transmission capacity

The scientific contributions in this thesis are
related to the improved analysis of the power
system investments.

The analysis of investments results in the
investment plan for a power system. In this
thesis, the improved investment analysis
represents the improved power system
planning process.

Profitability of investments and alternative actions

Uncertainty related to feasibility of
investments

The result of the analyses: An investment plan for a power system

Figure 1.1 The scientific contributions and their relation to the planning process (on the right) and to the work
carried out in this thesis (on the left). The contributions are highlighted with a red colour. The new planning
elements are marked with a red box and the improved planning methods are written in red. The boxes with dotted
frames are not in a focus of the thesis although they are part of the planning process.

The contributions of the thesis are briefly described here.
New methods to analyse the need of reserve power capacity and the capacity of adjustable generation
are based on the analysis of variations in wind power and load. The main method used in this new step
utilises the probabilities of wind power variations and the probabilities of dimensioning faults5. The
method defines the required reserve power capacity for normal operation due to wind power variations
and includes the system reliability aspect. Furthermore, the analysis defines the required capacity for
adjustable generation taking into account the slow changes over several hours in wind power generation.
The analyses of reserve power capacity and adjustable generation capacity are here integrated to the
planning process which has traditionally been focused on the transmission capacity planning only.
The profitability analysis of investments and alternative actions includes two main contributions and
several minor contributions. The main contribution is a method to take uncertainty into account. The
method is new especially in transmission investment analysis. The proposed analysis uses the real-option
theory for defining the value of the flexibility connected to the timing of the investment. This analysis
yields a monetary value for the flexibility of investment timing and therefore improves the risk
management of the investments. The second main contribution is the improved methods for the
simulation of electricity market in future scenarios. Simulation is used in the planning for defining the
market-based transmission capacity needs and the market benefits for transmission capacity and reserve
power investments. Here, the simulations are performed with the Samlast model (a software with data
by TSOs). Samlast is used because of its advanced features (detailed hydro power modelling, market
simulation with a detailed transmission grid) that make it suitable for modelling a hydro-dominated
system.
In addition, the improved planning process integrates a systematic analysis of alternative actions to the
power system investment analysis. The analysis of alternative actions ensures that possible
overinvestments e.g. to the transmission grid can be avoided. Therefore, the investment plan is better
optimised. An example of the alternative action to avoid transmission line investment is to use counter
trading to decrease power flows. Finally, the relevant benefit factors of power system investments are
defined in order to enable a comprehensive profitability analysis involving the economic influences on

5

Faults which entail the loss of an individual major component (a generator, HVDC link from other
synchronous system, etc.) that brings a significant impact upon the power system frequency.
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the electricity producer, consumer and TSO. The Nordic power system and electricity markets form the
planning environment.
There are two types of contributions in this thesis. One type of contribution consists of the new methods
developed in this thesis, such as the method to calculate normal operation reserve power for wind power
variations (Section 3.2) or the method to quantify the increased reliability of new transmission capacity
(Section 4.5). Another type of contribution consists of the methods that are not necessary developed in
this thesis but are integrated first time or with a new way to the power system planning process.
Examples of such contributions are the framework for considering rotating inertia of a power system in
the planning process (Section 3.3) and the integration of adequacy analysis of balancing energy into the
planning process (Section 3.4).

1.2

Literature review

Procedures used in power system planning

There are many studies that focus only on planning the transmission grid rather than power systems
(Buygi et al. 2004a; California ISO 2004; Cediel et al. 2002; Garcés et al. 2009; Migliavacca et al. 2009)
or on the planning of transmission grids and generation capacity (Sauma & Oren 2006; Sauma & Oren
2007a; Sauma & Oren 2007b; Motamedi et al. 2010; Roh & Wu 2009;). Sometimes the focus is on the
generation capacity (Frontier Economics 2009) or on the reserve power capacity (Bryans et al. 2006).
This thesis utilises first time a power system planning approach where the goal is the planning of reserve
power and transmission capacities in a coordinated way and where the effects of large-scale wind power
are taken into consideration. Recently, an increasing number of studies have paid attention to planning
power systems with large-scale wind power (Billinton & Wangdee 2007; Davis Power Consultants et
al. 2007; Kamalinia et al. 2010; Østergaard 2007) but they still may have different focuses, such as
transmission capacity, transmission and generation capacity, or reserve power capacity. (Piwko et al.
2005) studied the influence of wind power on power system planning. The authors investigate the
influence of wind power on both transmission and reserve power capacity but the planning is divided
into two separate paths: one for transmission capacity and the other for reserve power capacity. In
(Frontier Economics 2009), the coordination between reserve capacity and transmission capacity is
presented, as the goal is to evaluate the economic influence of allocating transmission capacity to the
balancing power market rather than to the day-ahead market. The context of (Frontier Economics 2009)
is not, however, power system planning. Finally, (Buygi et al. 2003) classifies transmission grid
planning approaches according to either regulated or deregulated power systems. In Europe, the power
system is deregulated, meaning that electricity producers are separated from transmission owners and
generation capacity is not part of power system planning. This thesis concerns a deregulated power
system such as that in Europe.
Aside from pure power system (planning) studies described above, there are many wind integration
studies where the influence of large-scale wind power on electricity markets and on the needs for
transmission, generation, and reserve power capacities is investigated. These studies include (DEWI et
al. 2005; Estanqueiro et al. 2007; Holttinen et al. 2001; Holttinen 2003; Holttinen et al. 2008; Lund
2005; Smith 2007; Van Hulle 2009; Van Hulle 2010; Winter 2010). However, these wind integration
studies are often focused more on the costs and benefits of wind integration than on actual power system
planning. For example (Brand et al. 2004; Holttinen 2001; Lund 2005; Van Hulle et al. 2010) focus on
actions needed to satisfy the needs caused by wind power. Therefore, wind integration studies do not
necessarily give solutions for the development of the power system planning procedure investigated in
this thesis. For example, (DEWI et al. 2005) examine transmission capacity needs and the related costs,
as well as wind integration costs. (Hawkins et al. 2007) focus on market and operational issues.
(Estanqueiro et al. 2007) investigate power system dynamics and generation adequacy, and present a
transmission expansion plan but do not describe how to create the plan. (Smith 2007) broadly
summarises the issues related to power system planning and wind integration but transmission planning
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is just mentioned, without a description of the planning method. (Holttinen et al. 2008) also investigate
wind power integration and only recommend developing probabilistic planning methods. In (Van Hulle
2010), the method used to investigate transmission capacity need is clearly described but a feasibility
study of the proposed transmission capacity investments is not presented. Furthermore, in (Winter 2010),
wind integration and grid planning issues are broadly covered. However, the investment profitability
analysis is applied in a simplified manner, leaving some key benefits out of the scope. Also, reserve
power investments are not integrated to the planning process.
Furthermore, although wind integration studies include some planning aspects, compared to the
planning procedure presented in this thesis, certain shortcomings in a planning procedure remain. In
some studies (Holttinen 2003; Cumarsáide & Nádúrtha 2008), the effects of wind power with the
existing transmission grid are studied, with no transmission expansions being assumed. In (Kiviluoma
& Meibom 2010), the optimal combination of different types of generation and the flexibility of the
system in terms of energy storage with large-scale wind power is investigated but investment needs for
transmission capacity, once again, are not investigated. (Holttinen et al. 2009) summarise the results of
several wind integration studies. According to that report, the studies focus more on evaluating the effect
of large-scale wind integration on the power system than on the creation of a complete power system
plan. (Van Hulle 2009) presents a comprehensive Europe-wide wind integration study, including
transmission and market aspects and also describes methods to evaluate the profitability of transmission
expansion. However, the reserve power issue, suggested in the planning procedure of this thesis, is not
included. Furthermore, uncertainty is taken into account traditionally, with scenarios and the
transmission profitability analysis based on only consumer benefit and CO 2 reduction. (Holttinen 2004)
presents the first wind integration study, at the power system level, for Finland and other Nordic
countries. In Holttinen's study, the transmission grid model consists of transmission capacities between
countries without any power flow calculation. However, power flow calculations are essential for grid
investment analyses because power flow calculation enables taking the physical limits of transmission
grid into account. Holttinen's study does not analyse grid investments. Furthermore, increased wind
power generation has been added to consumption in the same proportion in each country. So, there is
no link to planned wind power capacity or to the real potential of wind power production per country.
The article by (Holttinen & Kiviluoma 2006) continues the work of Holttinen. Compared to Holttinen's
previous work (Holttinen 2004), the study uses a different simulation model (Wind Power Integration
in Liberalised Electricity Markets: WILMAR), which can represent the hourly changes instead of
weekly changes in wind power. However, there is no internal grid data (only the capacities of some
cross-sections), and no power flow calculations have been performed.
Power system planning procedures can be divided into all-in-one optimisation, as presented, for
instance, in (Kamyab et al. 2008; Motamedi et al. 2010) and step-by-step planning, as utilised in this
thesis. The all-in-one studies solve a complex simulation task, where investment needs, their optimal
capacities, and even locations are resolved. The step-by-step planning solves different analyses with
different analysis tools. There are examples of step-by-step planning, for example in (California ISO
2004). Although most of the procedures described in literature represent all-in-one optimisation, the allin-one optimisation is often too general for planning a real-size grid since it simplifies several parameters
or it is adjusted for a certain type of power system. For example, in the planning procedures presented
in (Billinton & Wangdee 2007; Sauma & Oren 2007b), the operation of hydro power generation in the
market seems to be too simplified for the Nordic power system and in (Billinton & Wangdee 2007;
Garcés et al. 2009; Kamyab et al. 2008) the optimisation is based on the minimisation of investment
costs only, without the socio-economic aspect (e.g. producer surplus) being taken into account.
Profitability analysis of a power system investment is a central part of power system planning. (De Dios
et al. 2010; Sozer et al. 2008; Valeri 2008; Wangdee & Billinton 2008) perform the profitability analysis
at a detailed level but concentrate only on transmission grid investments. Furthermore, they take into
account the socio-economic aspect as also proposed in this thesis. However, the socio-economic benefits
and costs in different papers consist of different, but not necessary all, issues proposed in this thesis. In
(De Dios et al. 2010) the consumer surplus represents the total benefits, in (Sozer et al. 2008) the
investment cost and operational costs of generation are minimised, and in (Valeri 2008) both consumer
and producer surpluses are taken into account. In (Wangdee & Billinton 2008) and in (da Silva et al.
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2010), the quantitative influence of investment on system reliability is calculated, yet the electricity
market is not taken into account. A more comprehensive profitability analysis procedure is presented in
(California ISO 2004; ENTSO-E 2015; L'Abbate et al. 2010) as a part of a power system planning
framework. In (California ISO 2004), a methodology for the evaluation of the feasibility of investment
is developed. The methodology includes a detailed description of investment profitability analyses. The
experience of using the method in practice is reported in (Awad et al. 2006). The methodology is
developed for the market structure with nodal pricing6, however, in contrast to this thesis, the influence
of reserve power requirements on transmission capacity is not evaluated, the value of reliability is not
investigated, and the management of risk does not include the utilisation of the real option theory.
Furthermore, in (L'Abbate et al. 2010), a comprehensive investment profitability analysis specifies the
factors affecting profitability only in the context of transmission expansion planning. In the paper, the
value of reliability is evaluated on the basis of the value of interruption costs and of the probability of a
loss of load. However, in the same report it is stated that interruption costs cannot be directly determined
because there is no market where interruptions are traded. In addition, the value of investment flexibility
(for instance, in terms of the option to delay the investment decision) is not taken into account.
According to the paper, this methodology is not tested in practice with a real simulation tool; only the
requirements for the software are presented. (ENTSO-E 2015) presents an advanced guideline to
evaluate the profitability of transmission capacity investment. However, the methods are presented in
general level and the implementation of the methods are not described in detail. Also, only some of the
profitability factors can be monetised. Additionally, special requirements resulting from large-scale
wind power (e.g. reserve power capacity investments and coordination with transmission capacity) and
alternatives to investments such as counter trading7 are not considered in the guidance.
In the profitability analysis of a power system investment presented in this thesis, the investment costs
are compared with the costs of possible alternatives to investments, i.e. actions in the operation of a
power system in order to avoid power system investments. In the literature, there are some specific
studies focusing on this issue. Most of the papers compare profitability between capacity investments
and certain alternative measure, without systematic comparison of all relevant alternative measures
against the capacity investments as part of the power system planning. (Tuohy et al. 2009) show that the
needs for reserves can be reduced by using more modern wind turbines and load forecasts and by
optimising the unit commitment of thermal, mid-merit, and peaking plants better. The costs of increased
transmission needs are not evaluated. (Barth et al. 2006) compare the feasibility of transmission capacity
and energy storage investments when the transmission capacity becomes insufficient. (Carlini et al.
2010) suggest phase shifters and (Kamga 2009; Khodaei 2010) transmission switching to increase
transmission capacity. (Matevosyan 2007) and (Pramayon et al. 2010) investigate several solutions
related to technology and its operation to increase transmission capacity. (Matevosyan 2007)
investigates the feasibility of wind power curtailment, energy storage utilisation, and revised net transfer
capacity8 calculation as alternatives to transmission capacity investment in a system with large-scale
wind power. (Pramayon et al. 2010) compare the following technologies to increase transmission
capacity: real-time monitoring, probabilistic rating, conductor retention (for voltages below 300 kV),
conductor change, voltage increases, and conversion to DC. In this thesis, the alternatives to investments
(applicable in Finland) are studied in the profitability analysis of investments as a part of the power

6

Nodal Pricing is a method of determining prices, in which market clearing prices are calculated for a number
of locations, which are called nodes, in the transmission grid. Each node represents a physical location in the
transmission system where energy is injected by generators or withdrawn by loads. The price at each node
represents the locational value of energy, which includes the cost of the energy and the cost of delivering it,
i.e. losses and congestion (Bohn 1984). A market with nodal pricing is different from a market with zonal pricing
(European market design), in a way that affects the profitability analysis and results. For example, in a nodal
pricing system individual generators may have an incentive to expand the grid even if this reduces total welfare
(Oren et al. 1995).
7

Counter trading is an action where TSO pays for generation companies to adjust their power generation.
The purpose is to reduce power flow over a congested connection.
8

Transmission capacity between two bidding areas which is compatible with security standards applicable in
both areas and takes into account the technical uncertainties of network conditions.
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system planning process to ensure that the optimal solution to increase the transmission or reserve power
capacity is found.
The electricity market analyses in power system planning are especially needed for evaluating the
(market-based) power flows and investment benefits (Matilainen et al. 2009; Nordel 2008a; Van Hulle
2009) as well as for creating market-based power flow situations for detailed grid analyses (Jacobs 2010;
Norlund et al. 2007). The market analysis is case-sensitive as a result of several power system-dependent
variables related to the market. Therefore, not all market analysis practices applied to power system
planning are comparable. In this thesis, market analyses are performed on the basis of liberalised
electricity markets and with substantially high hydro and wind power capacities. Five typical differences
between different market analyses for power system planning are presented in the following.
First, in most power system planning studies, including this thesis, the day-ahead market is analysed,
although in some cases, for example in (Brand et al. 2004), the intra-day market is also taken into account
in addition to the day-ahead market. However, the analysis of the intra-day and balancing power markets
is more important in wind integration studies than in power system planning because the modelling of
the intra-day market affects the market prices and the level of balancing costs more than for instance,
power flows.
Second, only the electricity market is often modelled in power system planning, although power system
investments have effects on the economy as a whole. According to (Sulamaa & Honkatukia 2006), a
major investment in infrastructure may cause indirect (economic) benefits that are greater than the direct
investment benefits. Therefore, indirect benefits arising from the global market are proposed to be taken
into account in the planning process presented in this thesis.
Third, in some power system analyses, only a single-area electricity market is studied (Davis Power
Consultants et al. 2007; Piwko et al. 2005; Ummels, 2008). A single-area electricity market represents
a scope which is far too narrow for multiregional power system planning. Multiregional planning is
needed, and it is applied in this thesis for integrated electricity markets covering several countries.
Fourth, the analysis of market power 9 has been integrated into the market analysis in some power system
planning studies (California ISO 2004; Sauma & Oren 2006; Sauma & Oren 2007b). However,
combination of advanced hydro power modelling with the ability to model market power seems 10 to be
a difficult task and such a combination of features is not presented in many studies. This thesis suggests
a simplistic method to take the market power of hydro power producer into account in the analysis of
transmission investment benefits.
Fifth, for power system planning there are many comprehensive market analyses that are based on nodal
pricing (Buygi et al. 2004a; Buygi et al. 2004b; California ISO 2004; Davis Power Consultants et al.
2007; Motamedi et al. 2010; Sauma & Oren 2006; Sauma & Oren 2007a; Sauma & Oren 2007b). These
analyses cannot unfortunately be utilised in the European market, which uses zonal pricing. In this thesis,
the market analyses are based on zonal pricing.

Simulation models in power system planning

The features of the simulation model (software and data) required for a power system planning depend
on the type of power system (e.g., mainly hydro or thermal power, thermal or stability-constrained
9

The ability of a firm or group of firms to raise and maintain its price above the level that would prevail under
competition.
10

For example, a market simulation model capable of modelling market power utilises the input data for hydro
power generation from another market model with detailed hydro power modelling (Ilonen 2005).
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transmission capacity), on the type of electricity market (zonal or nodal pricing, congestion
management, day-ahead market, intra-day market, balancing power market, capacity market, etc.) and
on the scope of the planning (transmission, generation, reserves). The greater the number of features of
a power system in the simulation model, the more simplifications of details is needed in order to run
simulations in a reasonable time. (Miranda & Proenca 1998) cited by (Latorre et al. 2003) state that a
transmission planning problem is a "matter of decision making, not only a matter of optimisation". This
supports the idea, used in this thesis, of developing the way the simulation model is utilised rather than
developing a completely new optimisation procedure for the simulation model. (Latorre et al. 2003)
reviewed simulation models for transmission expansion planning and listed the drawbacks of the models
developed prior to 2003. In this thesis, the listed shortcomings are rectified either by the model used or
by the planning procedure proposed. The only drawback in the list that is not corrected in this thesis is
that multiple contingencies are not investigated. This is because of the existing planning (N − 1)
criterion. However, the proposed planning process do not prevent of applying multiple contingencies in
the analysis of investment needs.
The more special features of power system are taken into account, the fewer commercial, non-tailored
simulation models there are. Given a hydro power dominant, stability-constrained power system with
large-scale wind power, and with the European-wide electricity market, there is a limited number of
suitable simulation models available for power system planning. (Fosso 2010) compared six planning
tools, regarding their capability to take a hydro-thermal scheduling and transmission grid into account.
The models compared were PROSYM (Fosso 2010, p. 27), Market Power (Fosso 2010, citing Ventyx
2004), SDDP (PSR 2011), Newave (Fosso 2010 citing Maceira et al. 2008), Wilmar (Meibom et al.
2006), and PSST (Fosso 2010, citing Korpås et al. 2007). According to the comparison, a power flow
analysis (DC power flow or PTDF method) is coupled with a market analysis only in PSST and SDDP.
However, according to (Fosso 2010), the drawback of PSST is that it solves the market balance and
transmission problem for each hour separately, losing coupling in time for the upcoming hours and
weeks. The coupling of cascading simulation periods is important in a hydro-dominated system where
the water content of hydro reservoirs in the upcoming hours and weeks has an effect on the operation of
hydro power. Additionally, the SDDP model does not include the price elasticity of demand (Rajakaski
2010). The Samlast model, used in this thesis, has a detailed description of hydro power, it is planned
for zonal market design, and it is capable of coupling market and power flow analyses. Therefore,
Samlast is used for the power system planning of the Nordic region. The drawback of the Samlast model,
compared to other models, is its low (weekly) resolution for wind power generation. However, this is
one issue that is improved in this thesis (Matilainen & Haarla 2008).
The development of the Samlast model, used in this thesis, is also continuing at the Sintef research
center. There was a research and development project (2008–2011) that developed the Samlast model
further to improve its suitability for power system planning (Mo et al. 2012). In 2010 Sintef, a research
organisation in Norway, developed two new wind power models to improve the modelling of wind
power in the Samlast model (Revdal et al. 2009). In the first of Sintef's improvements, the run-of-river
method is improved in such a way that it is possible to define variations in wind power with an hourly
resolution. However, it is not possible to allocate wind power to each wind farm. Therefore, Sintef’s
method cannot take into account power flows inside one area, which can sometimes be a critical
drawback in power system planning. In the second of Sintef's improvements, each individual wind
power plant can be modelled separately, enabling power flows inside a bidding zone to be investigated.
However, the resolution of wind power generation in this Sintef's method is only one week. The multiperiod method presented in this thesis was developed independently of Sintef´s work. After 2011, Sintef
has further developed the wind power model but those new features were not available during the
analyses for this thesis.

Uncertainty in power system planning

Sources of uncertainties in deregulated power systems can be classified as random and non-random
uncertainties (Buygi et al. 2004). Random uncertainties, such as fuel prices, the availability of
generators, water inflow to hydro power systems, or variations in wind power, are typically taken into
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account by probabilistic methods, for example in (Valeri 2008) and in the EMPS model (Powel 1998).
Non-random uncertainties, such as new power plants, load expansions, or load closures can, to some
extent, be managed by a flexible transmission system (e.g. by utilising static Var compensators in order
to control reactive power) (Sandrin 2000). Larger uncertainties are typically taken into account in the
planning by scenario techniques, for example (Matilainen et al. 2009; Nordel 2008a; Van Hulle 2009),
although hedging (i.e. reducing the risk caused by uncertainty through generating new alternatives) in
the context of power system planning has already been mentioned in (Sandrin 2000). According to a
survey conducted by (Wakefield et al. 2008), major uncertainties in power system planning are caused
by the sizing and location of new generators, which are sources of non-random uncertainties. The risk
management method for system planning, implemented in this thesis, focuses on these non-random
uncertainties.
The risk management method in this thesis is based on the utilisation of the real option theory. In this
thesis, the method is applied for transmission expansion planning. The application of the real option
theory to the management of non-random uncertainties in transmission expansion planning is not yet
broadly used, although it is more common in generation investment analyses, e.g. (Botterud 2003, Hundt
& Sun 2009), and has also been utilised, for example, in the planning of railways (Gao 2010). The
sources of uncertainties and their characteristics are different in generation investments compared with
transmission investments. Therefore, real option theory, as applied for generation investments, cannot
be directly applied for transmission investments. In (Zhao 2009), it is argued that the risk management
method presented in that paper is better than utilisation of the real option theory because in the presented
method, the probability distribution for different occurrences is not needed. However, in the binomial
tree method applied in this thesis, the probability distribution is not needed for the discrete occurrences
presented in a scenario tree.
There are some studies (Ming & Kuo 2008; Ramanathan & Varadan 2006) where the utilisation of real
option theory for risk management in transmission expansion planning is presented at a theoretical level.
In (Ming & Kuo 2008), only the benefit to the transmission owner 11 (transmission price) is investigated
and the transmission price is assumed to vary according to Brownian motion, without a link between the
transmission prices and the electricity market. In (Ramanathan & Varadan 2006), an evaluation of a real
option is based on the binomial tree method applied in the nodal pricing market, where the investment
benefit is equal to the change in congestion revenue12 only.
(Ramanathan & Varadan 2006; London Economics 2003; Van der Weide & Hobbs 2010) apply the real
option theory to real risk management studies, based on the binomial tree method (the same method as
applied in this thesis). These studies assume that the investment in new generation capacity depends on
the transmission capacity investments. The assumption in this thesis, in contrast, is that generation
investment is not dependent on the transmission capacity investment (e.g. there is an obligation to
connect a power plant to the power system regardless of its location) but that transmission capacity
investment may depend on generation capacity investments (there is an obligation to develop the
transmission grid), which is the case in liberalised electricity markets such as the Nordic region.
Additionally, the price elasticity of demand is not taken into account in the study presented by (Van der
Weide & Hobbs 2010). Other drawbacks of the analysis presented in (London Economics 2003),
compared to the analysis proposed in this thesis, are: (i) the benefit of transmission capacity in realoption analysis is defined by the reduction in generation investment costs, not by the change in the socioeconomic benefits (e.g. consumer and producer surplus); (ii) the number of market situations is much
lower than in the method proposed in this thesis, which may affect the results; (iii) when the whole
investment analysis problem (including the real-option analysis) is solved by one simulation model,
major simplifications are needed (Wolak et al. 2002), which reduces the quality of the analysis, and (iv)

11

A utility that owns a transmission grid and is responsible for the functioning of the power system. In this
study, transmission owner equates to transmission system operator.
12

The revenue caused by congestion in a period under study is the product of the price difference between
the congested bidding areas and transmission capacity multiplied by the hours of congestion during the period
under study.
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it remains unclear how the value of a real option is calculated and whether it takes into account the costs
of delaying a project.
The risk management methods presented by (Hedman et al. 2005) and (Damsgaard et al. 2008) are the
closest methods compared to the one presented in this thesis: (i) they are based on the real option theory;
(ii) the analysis is performed with the binomial tree method and, (iii) generator investment does not
depend on the transmission capacity investment. However, there are some shortcomings compared to
the method presented in this thesis. In (Hedman et al. 2005), the analysis is based on the nodal pricing
market, and only some of the socio-economic investment benefits are taken into account (value of
improved reliability), while the main focus is on transmission owner benefits (congestion revenue,
transmission tariffs). In (Damsgaard et al. 2008), a simple two-step example of applying the binomial
tree method is presented, also including the socio-economic aspect. However, the costs of delaying a
project are not taken into account in either of these studies, which gives too optimistic a value for the
real option.
Finally, a recent work presented in (Pringles et al. 2015) introduces a method, based on stochastic
simulation, for real option valuation of power transmission investments. The valuation is based on the
recursive dynamic programming, the method used also in this thesis. The main difference between the
methods is that in (Pringles et al. 2015) the analysis is fully based on automated simulation while the
method in this thesis requires some manual inputs. The former is easier to apply in practice, but it
requires more simplifications. The latter requires more effort to use it, but it allows the user to define
uncertainties and their probability in a more detailed manner. Other limitations of the method presented
in (Pringles et al. 2015) are that it assumes that generation capacity investments are dependent on
transmission capacity investments, hydro power generation is not considered in the market simulation
and socio-economic benefits of transmission investment are not included to the calculation.

Evaluation of the adequacy of reserve power and generation
capacities

This section of the literature review is related to the evaluation of reserve power and generation
adequacy, and it is focused on defining the reserve and generation capacity requirement with a large
amount of wind power capacity.
Despite the wide variety of methods used to analyse the adequacy of reserve power (Banakar et al. 2008;
Doherty & O'Malley 2005; Holttinen et al. 2008;) or the adequacy of (adjustable) generation capacity
(Holttinen et al. 2009, pp. 130–159; Milligan & Porter 2008), only a limited amount of research (OrtegaVazquez & Kirschen 2009; Piwko 2005) has focused on how these analyses should be taken into account
in power system planning. Traditionally, planning of reserve power capacity has been separate from
planning of transmission capacity and adequacy of adjustable generation capacity has not been a
problem. When large-scale wind power generation is part of the generation mix, there is a need to
develop and improve the methods for defining the reserve power and adjustable generation capacities
so that they consider influences of wind power.
Typically, the reserve power requirement resulting from any variation in wind power is based on
probabilistic methods, such as standard deviation of net load (load minus wind) changes with a given
time period of, for instance, one hour (Axelsson et al. 2005; Dany 2001; DEWI et al 2005; Holttinen
2004; Holttinen et al. 2008; Milligan 2003). These methods do not provide principles for how the
probability of variations (different multiple of standard deviations) should be selected. Furthermore, the
methods do not take into account the fact that the TSO has to operate the transmission system in such a
way that the system withstands all normal contingencies, regardless of their probability. In these studies,
the measured net variation (load minus wind) is investigated, assuming that the correlation between
wind and load would also be similar in the future. This means that the worst cases, where the wind power
and load changes occur in opposite directions, are not necessarily taken into account (if not occurred
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during measurements). Additionally, the reserve requirements, in these studies, are mainly based on the
imbalance left as a result of forecast error (either wind power forecast error only or net wind power and
load forecast errors). This may be too optimistic an approach for a TSO that has the responsibility for
secure operation of the system. The TSO has to use reserves (or other balancing method) also for the
variations within an hour, although wind power generation would be correctly forecasted, as long as the
time unit in the electricity market is one hour. The method to define reserve power, presented in this
thesis, does not have the above-mentioned weaknesses.
There are, however, some methods to define reserve power requirement that are not only based on the
standard deviation of power changes. First, a method called stepwise power flow is developed by
(Bakken et al. 2005). The method simulates a power system with a five-minute time resolution and
includes variation in wind power and activation of reserves. On the basis of the simulation, the effect of
wind power on the system frequency and on the reserve power requirements can be estimated. The main
differences of this method compared to the method proposed in this thesis are that the method requires
simulation, the results are dependent on the grid and the method does not separate disturbance and
normal operation reserves. Second, (Ortega-Vazquez & Kirschen 2009) defines the optimal reserve
power capacity by minimising the total cost of reserves. The total cost of reserves is the sum of the
investment cost and the cost of loss of load caused by inadequate reserve capacity. The main differences
of this method compared to the method presented in this thesis are that reserve power requirements are
based on the standard deviation of net load, the reserves for normal operation and disturbances are not
treated separately and the value of lost load has to be defined requiring power system simulations.
Third, (Frunt et al. 2010) presents a method where the reserve power requirement is based on the spectral
analysis of required and available reserve capacity. The analysis is based on the Fourier analysis of
historical or analytical data. The advantage of this method is that it shows not only the requirements but
also the availability of the reserve power. The main weakness of this method compared to the method
presented in this thesis is the assumption that reserve power is needed only for the amount corresponding
to the forecast error of wind power, although variations in wind power within an operating hour have
to be balanced – at least partly – by the reserve power capacity. Finally, (Kiviluoma & Holttinen 2006)
investigate the reserve power requirements on the basis of market simulations with a simulation model
that includes the intraday market and wind power forecast errors. It states that balancing wind power
variations is not a problem for a hydro-dominated system. However, the study does not show how much
more hydro power generation (in power or energy) should participate in the balancing as a result of an
increased amount of wind power. Therefore, it does not give a quantitative result for the reserve power
requirement.
In (Doherty & O'Malley 2005), the method used for defining the reserve power requirement resembles
the method presented in this thesis. In (Doherty & O'Malley 2005) generator outage rates and the
forecasts of both wind power and load are taken into account when defining the reserve requirement.
The criterion of reserve power requirement includes the system reliability aspect: the number of allowed
load shedding13 incidents per year. However, the presumption in the Nordic power system planning is
that (forced) load shedding is not an option. In (Doherty & O'Malley 2005), the reserve power
requirement is based on the probability of the combination of generator outages (disturbance) and
forecast errors (normal operation). The method presented in (Doherty & O'Malley 2005) results in the
reserve capacity without allocating the capacity for normal operation or for disturbances. Therefore, it
is difficult to utilise the method in practice, for example in Finland, because existing reserve power
requirements are allocated separately for disturbances and for normal operation. In this thesis, the
required reserve capacity is defined for normal operation. In addition, the method presented in (Doherty
& O'Malley 2005) does not explain if the existing reserve capacity, originally reserved for disturbances,
can be used also for wind power variations. Furthermore, (Doherty & O'Malley 2005) assume that
reserve power which is needed for variations in wind power is only a result of incorrectly forecast wind
power changes. In this thesis, reserve power which is needed for variations in wind power within an
hour is also taken into account (regardless of wind power forecast). Finally, (Doherty & O'Malley 2005)

13

Action where a certain amount of customer load is deliberately disconnected from an electric power system
in response to an abnormal condition in order to maintain the integrity of the remainder of the system.
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assume only a small variation in forecast error (according to standard deviation), although high forecast
errors are possible.
Decreasing power system inertia requires new counteractions in order to maintain acceptable frequency
quality and power system reliability. New reserve power capacity is one possible solution for
maintaining acceptable frequency quality. There is a lot of research in the literature on how wind power
generators can participate in the frequency regulation during disturbances (Björnsted 2012; Fisher et al.
2014; Gevorgian et al 2014; Muljadi et al. 2012; Seyedi & Bollen 2013; Van Hulle et al. 2014). Both
active frequency regulation curtailing wind power generation and the use of synthetic inertia to support
the frequency have been discussed. (Dillon & O'Malley 2014) presents a method to assess when to
curtail wind power generation to diminish the risks related to the decreased system inertia, for example.
Furthermore, there are several studies focusing on the estimation inertia that is stored into wind turbines
only (Asmine & Langlois 2014), all types of generators (Wall et al. 2012) and the whole power system
(Ashton et al. 2013; Kuivaniemi 2014). (Ulbig et al. 2014) investigates the effect of low inertia on power
system stability and operation and (Negnevitsky et al. 2014) presents a new operation planning approach
where consequences of inertia (among other factors) on the system frequency and reserve power needs
have been analysed. In addition, (Tielens & Van Hertem 2012) present several control methods to
manage frequency variations caused by the decreased system inertia. However, the power system
planning aspect is seldom taken into account in the studies related to power system inertia.
(Farrokhseresht et al. 2014) touches a system planning aspect in their study. They define a maximum
allowed wind power capacity in a power system that would not cause too large frequency deviations
(during a disturbance) due to low system inertia.
The adequacy of generation capacity in the power system has been widely discussed. However, it seems
that only the adequacy of generation capacity in terms of power has been the object of interest. For
example in (CEER 2014) and (European Commission 2013a), the focus is on generation power
adequacy. The adequacy of generation energy, i.e. can the generator provide sufficient power over a
required period of time, has not been discussed in the literature. The energy adequacy can be an issue
when the balancing power is needed for several hours due to large and slow decrease of renewable
generation. This thesis proposes that adequacy of generation energy for balancing purposes is
investigated as part of the power system planning.

1.3

Outline of the thesis

After the introduction, Chapter 2 shortly presents the Nordic electricity markets and the Nordic power
system that form a real environment for a development of power system planning. Furthermore, Chapter
2 describes the Nordic power system planning process and its challenges due to large-scale wind power
in the power system.
Chapter 3 describes the methods to analyse the required reserve power and adjustable generation
capacity in order to maintain the targeted power system reliability. The methods take in the account the
effects of large-scale wind power on the power system. The work presented in Chapter 3 falls into the
Block 4b in the planning process presented in Figure 1.2.
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Figure 1.2 The improved power system planning process proposed in this thesis. The parts of the planning that
are further developed are marked with a blue colour and use italic font. A new planning step is marked with a blue
box.

Chapter 4 presents the profitability analysis of reserve power and transmission capacity investments.
The main contribution of the chapter is to bring a more socio-economic and quantitative approach to the
analysis. The chapter also suggests that the profitability analysis should include a comparison of
investments with alternative measures to avoid or postpone the investments. Furthermore, this chapter
presents a new planning criterion for defining sufficient transmission capacity for the electricity markets
(Block 5b in Figure 1.2). In Chapter 5, the profitability analysis is further developed by an improved
method, which takes uncertainty of investment profitability into account in the planning. These
profitability analyses belong to Block 7 in the planning process (Figure 1.2).
Chapter 6 presents improved methods to utilise the electricity market simulation model in the investment
benefit analysis. The aim is to make the simulation more suitable and effective for power system
planning. In this study, the use of simulation model called Samlast is further developed, but a part of the
methods is more general and can be used in other simulation tools as well. The simulation model is
utilised in benefit analysis (Block 7 in Figure 1.2) and also in the analysis of electricity market and
power flows (Block 4a) in the power system planning process.
Finally, Chapter 7 presents a case study where the proposed planning process is applied and evaluated
against "traditional" planning. The planning process is tested in practice for the Nordic power system.
The power system investment plan is created for a power system scenario for 2025. The simulation
models used in the study are based on real power system data from Nordic transmission system
operators.
The discussion with recommendations for further work and the main conclusions of this thesis are
presented in Chapter 8.
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2 Electricity markets, power system and its planning
in the Nordic region
Since the specific properties of a power system and electricity markets should be taken into account
when developing a planning of a power system, this chapter presents the main features of the Nordic
power system and electricity markets. Furthermore, the current planning practice in the Nordic region
is presented and the shortcomings of the existing planning process are discussed. The planning
improvements in this study focus on power systems and electricity markets that have features, similar
to those in the Nordic region, features such as a large share of hydro power in the system.

2.1

The Nordic electricity markets

The Nordic electricity market (including the Baltic countries and United Kingdom) is connected to
Germany, the Netherlands, Belgium, France, Luxembourg, and Poland by market coupling. Market
coupling is a method for integrating electricity markets in different areas by the use of so-called implicit
auctioning. The Nordic electricity market is the basis for the study.
The Nordic day-ahead and intra-day markets are organised by Nord Pool Spot (Nasdaq omx
commodities 2011). In 2010, the turnover of Nord Pool’s day-ahead market was about 74% of the energy
consumed annually (Nord Pool Spot 2011a). The bidding period for the day-ahead market is 12–36
hours before the operating hour. The bidding period for the intra-day market is 1-34 hours before the
operating hour. There is also the balancing power market, which is organised by the Nordic TSOs. In
this market, TSOs buy balancing power (power for balance management 14) from the providers during
the operating hour. The bidding period for balancing power market is up to 45 minutes before the
operating hour. Furthermore, in Finland, there is a domestic reserve capacity markets (yearly and hourly
markets) for frequency containment reserves. Finally, there is over-the-counter (OTC) trading, which is
typically bilateral and where trading takes place within one bidding zone.
The mature market in the Nordic region enables equal treatment of all forms of power generation.
Therefore, no priority access or priority dispatch is applied for wind power in Finland, Sweden and
Norway (ACER & CEER 2012). Denmark is an exception here. This market-based approach to connect
and operate all power generation with the same principles is also a basis for this study.
On the Nordic market, transmission capacity is allocated through implicit auction. In implicit auctioning,
the auctioning of transmission capacity is included in the auctions of electricity energy. The resulting
electricity prices per area reflect both the cost of energy in each bidding zone and the cost of congestion.
The day-ahead transmission capacities are published for the market 14–26 hours before the operating
hour. (Nord Pool Spot 2007)
The congestion management methods in the Nordic electricity market are market splitting, sometimes
connected with counter trading or redispatching. Congestion means a situation in which an
interconnection linking bidding zones cannot accommodate all the physical flows resulting from
international trade requested by market participants, because of a lack of capacity of the interconnectors
and/or the national transmission systems concerned (European Commission 2009, p. 18).

14

The effective operation of generation or transmission facilities so as to keep the power system frequency
inside certain limits. This is adopted from a definition of power system management (IEC 1986, 04-01).
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Market splitting means setting a new bidding zone along the congested cross-section, i.e. dividing a
zone into two zones (Nord Pool Spot 2011b). It causes a decrease in the electricity price in the power
surplus area and an increase in the price in the power deficit area. This is a market-oriented method to
motivate the generation companies to operate their power plants in such a way that congestion is reduced
or removed (Gjerde et. al. 2004). In the end of 2011, there are 13 bidding zones in the Nordic region.
Counter trading and redispatching are actions where TSO pays generation companies to adjust their
power generation. The purpose is to reduce power flow over the congested connection. Counter trading
and redispatching are applied for congestions between bidding zones. Redispatching can also be applied
inside a bidding zone. Counter trading is done often during an operating day to reduce temporary
congestions.
In this study, a well-functioning electricity market means that all market actors can buy or sell electricity
on socially optimal terms. This means that in equilibrium the generation prices reflect the marginal cost
of producing electricity. An efficient market guarantees cost minimisation and efficient pricing of
electricity. The benefits of a well-functioning day-ahead market for the consumer are competitive market
prices. The benefit for generation companies is the possibility of selling electricity to all consumers,
regardless of their location. The benefits of well-functioning day-ahead-, intra-day-, and balancing
power markets for TSOs are the reduced cost of balance management. In addition, the transmission grid
losses, which the TSO has to buy from an electricity market, may result in lower costs for the TSO if a
well-functioning market leads to a lower electricity market price.

2.2

Finland in the Nordic power system

The Finnish power system belongs to the Nordic synchronous power system, which includes Finland,
Sweden, Norway, and Eastern Denmark. In each Nordic country there is one TSO. According to Finnish
Electricity Market Act (Ministry of Trade and Industry 1995), the Finnish TSO is responsible for
ensuring sufficient system reliability and adequate preconditions for efficiently functioning electricity
markets. Furthermore, TSO has an obligation to connect loads and generators to the grid and to develop
the power system. Figure 2.1(a) shows the interconnected transmission grid of Northern Europe.
In Finland, the installed generation capacity was 17 GW (Finnish Energy Authority 2013), the annual
generation was 68 TWh, and consumption was 85 TWh during 2013 (Finnish Energy Industries 2014).
In the Nordic region, the generation capacity was 102 GW, the annual generation 407 TWh, and the
total annual consumption 392 TWh during 2012 (ENTSO-E 2013). About 58% of the entire Nordic
power generation came from hydro power. Figure 2.1(b) shows the proportion of each generation type
in 2010 and the annual variation in generation during the years 2000–2010 in Finland (Finnish Energy
Industries 2011; NORDEL 2009a).
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Figure 2.1 The interconnected transmission grid of Northern Europe (ENTSO-E 2010) (a) and the share of
different generation sources in Finland during 2000–2010 (Finnish Energy Industries 2011; Nordel 2009a) (b).

In Figure 2.1(b), the annual variations in generation show the flexibility of each type of power generation
in Finland. Figure 2.1(b) shows that major sources of generation in Finland (Combined Heat and Power
(CHP) and nuclear power) have been quite inelastic compared to condensing15 power and hydro power.
CHP generation is inflexible as a result of its dependence on the needs of district heating and industrial
processes. The differences of annual run-of-river type hydro power generation are mainly caused by the
differences in annual precipitation. The largest thermal power units are located in Southern Finland,
where most of the consumption is also located. The majority of the Finnish hydro generators are,
however, located in Northern Finland.
In Finland, most of the wind turbines16 in 2013 were situated along the Western Coast of Finland and
were mainly connected to distribution grids (45 kV or lower voltage). In this study, it is assumed that
future wind farms17, having a total capacity of at least 2500 MW, will be large and mostly connected
directly to the 400 kV grid, and most wind power installations will be along the Western Coast, both onand offshore18. The planning process proposed in this study is not dependent on the previous
assumptions regarding wind power locations and connection points but the assumptions have an
influence on the quantitative results of wind power analyses. Figure 2.2 shows the locations of wind
power in Finland (a) and the locations of future wind power projects (b).

15

A condensing power plant generates electric energy using mostly coal, natural gas or oil as the fuel source.
Unlike in combined power and heat production, heat energy left over after the turbine is not exploited in
condensing plants. Instead, it is condensed with cooling water. (Fortum 2011)
16

A complete system to transform wind energy into electricity and to transmit the electricity to the power
system.
17
18

More than one wind turbine connected to the same connection point.

Onshore wind power refers to wind turbines in coastal as well as in inland land areas. Offshore wind power
means wind farms at sea, regardless of how deep the sea is and how far it is from the coastline.
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(a)

(b)

Figure 2.2 Wind power installations (a) and wind power plans (b) in Finland in 2013. (Finnish Wind Power
Association 2013) The direct distance between the northern and southern borders of the areas with the greatest
potential for wind power is about 600 km.

The wind power capacity in the Nordic countries was 8700 MW (including also capacity in Western
Denmark) at the end of 2012 (Holttinen 2013). The generated annual wind energy in the Nordic countries
was 5.0% and in Finland 0.6% of the annual consumption. However, without changes in the power
system (e.g. new export capacity) large-scale wind power generation in Finland might be more
challenging than in other Nordic countries due to the limited controllability of Finnish generation
capacity.
The main transmission grid in Finland has 400 kV, 220 kV and 110 kV voltages. The transmission
capacity of alternating current (AC) lines is not necessarily the same in both directions since in most
cases power system stability sets the transmission limits. In addition to Sweden and Norway, which
belong to the Nordic synchronous grid, Finland is connected to Estonia and Russia with HVDC links.
In the end of 2013, the total transmission capacity from Finland to all the neighbouring countries was
3400 MW and the import capacity to Finland 5400 MW.
Maintaining acceptable reliability requires both power and transmission reserves. The transmission
reserves in grid operation are achieved by applying the (N − 1) criterion for defining the technical
transmission capacity and by not giving the full technical transmission capacity to the market. The
(N − 1) criterion is a method used for expressing the level of power system security. Power reserves can
partly replace the transmission reserves and vice versa. The power reserves in the Nordic power system
are power plants, automatically or manually activated shedded loads 19, and HVDC links connected to
other synchronous systems that are not in full import (Nordel 2007 pp. 69-71). The Nordic synchronous
system has the same frequency and applies commonly defined rules for power reserves.

19

A load that is deliberately disconnected from an electric power system in response to an abnormal condition
in order to maintain the integrity of the remainder of the system
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2.3

Nordic power system planning process

The aim of this section is to introduce the existing Nordic power system planning 20 process in order to
clarify how the author's contributions are related to several different areas in planning process. First, the
section presents the common Nordic planning rules and the state-of-the-art of the Nordic power system
planning process. Then, challenges in the power system planning and the shortcomings of the present
planning process are presented. Finally, the section presents the improved elements of the planning
process which are required to take the shortcomings into account.

The present planning process

The present Nordic power system planning process includes improvements to the original planning
process described in the Nordic Grid Code. The Nordic Grid Code is a collection of rules concerning
the planning and operation of the interconnected Nordic grid (Nordel 2007). The present planning
process has been adequate until now because changes in the power system and the electricity market
have been moderate compared to the changes caused by large-scale wind power and the whole
revolution in the energy sector.
Figure 2.3 depicts the planning process of the Nordic Grid Code. Block 1 defines the power system at
the start of grid planning, and Block 2 the changes (e.g. new wind power capacity) in the power system.
The changes may create needs for the grid development. These needs are evaluated by analysing marketbased power flows (Block 4) and by performing simulations on the consequences of credible faults
(Block 3). The outcome of the simulations defines the transmission capacity (Block 6), which is the
maximum power transfer where the post-fault states of the power system are stable and acceptable. (N
− 1) criterion or another planning criterion of the system reliability (Blocks 5 and 9) defines the events
that the power system has to withstand. After defining the needed transmission capacity, the profitability
of different transmission capacity investments (Block 7) is calculated. The electricity market analysis
(Block 4) is utilised in the investment profitability analysis to define the market benefits of the
investment. Separately from the planning code, the Nordic system operation agreement defines the
requirements for the national reserve power capacity (Block 10).

20

Power system planning is the whole range of studies involved in the development of a technically and
economically sound system of electricity supply (IEC 1986, 01-01)
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Figure 2.3 The power system planning process according to the Nordic Grid Code (Nordel 2007). The present
Nordic planning process includes improvements to the elements of the original process. The improved elements
are marked with a red colour. These improvements are developed by the Nordic TSOs during last decade.

The Nordic Grid Code describes mainly higher-level recommendations and principles for the planning
rather than detailed methods. For example, the planning code recommends taking the system costs (e.g.
cost of grid losses) into account in the profitability analysis but the code does not explain how the system
costs should be evaluated. Therefore, the TSOs have been continuously developing the planning
practices and the detailed planning methods. At the same time, the electricity market simulation software
for planning has been further developed in cooperation with TSOs and software developers. The present
Nordic planning process is an improved version of the planning process described in the Nordic Grid
Code, dating back to 2007. In the following, differences between the planning process in the Nordic
Grid Code and the present Nordic planning process are described.
First, in the Nordic Grid Code, the creation of power system scenarios (Block 2 in 3) was based on a
bottom-up approach where the focus regarding the power system changes (new generation, load, etc.)
has been on future national projects. In the present Nordic planning process, the scenarios (Block 2 in
3) are built with a top-down approach where the power system changes in all countries are based on the
common storylines the TSOs create during a planning process. The top-down approach creates more
credible and coherent overall scenarios where common drivers can also be taken into account. Examples
of scenarios that are based on top-down approach are presented in (Nordel 2008a).
Second, after publishing the Nordic Grid Code in 2007, the market analysis software (the Samlast
simulation model used in Blocks 4 and 7) has been developed in such a way that it suits better for the
investment benefit analysis. In the present Samlast, the calculation of value for hydro power generation
(the value of water in hydro power reservoirs) is automated instead of being a manual, user-dependent
calculation. The value of water is a significant factor in the Nordic market analyses since there is a lot
of hydro power with big reservoirs in Norway and in Sweden.
Third, the Nordic Grid Code recommends that alternative transmission reinforcement solutions should
be compared in the investment profitability analysis (Block 7). The alternative reinforcement solutions
here were originally referred only to different technological solutions, such as the type of conductors
and size of transformer. At the moment, also counter trading and system protection can be considered
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as alternative solutions to increase transmission capacity. Furthermore, in the present planning process,
market-based power flows are already used as starting points when simulating dimensioning
contingencies and stability (information from Block 4 to Block 3) although this practice has not applied
systematic yet. Originally, marked-based power flows were not applied in the grid planning although
the idea is described already in the Grid Code.

Wind power challenges the present planning process

The growing uncertainties in the power system due to variability of wind power generation can be taken
into account by planning the power system with increased flexibility or higher robustness. Increased
flexibility in a power system is for example flexibility in the timing of transmission capacity investments
and investments on devices that allow higher flexibility in the operation of a power system. High
robustness in a power system requires additional investments on transmission and reserve power
capacity in order to manage the power system uncertainties. In the planning of optimal investments, the
variability of wind power creates new uncertainties to the volume (capacity) of required investments
and their profitability. Also, the uncertainty in the timing of different wind power projects has to be
taken into account in the planning of optimal investments.
Furthermore, large-scale wind power may change the power generation mix in the market. This may
affect the generation adequacy and especially the adequacy of balancing energy. Therefore, methods to
evaluate the need of balancing energy have to be added to the planning process.
The present Nordic planning process does not sufficiently take into account the uncertainty that wind
power introduces to the planning. The weaknesses in the present planning process are described in the
following. First, the analysis of variations in wind power, resulting in the need for reserve power
capacity, has not been taken into account in the present planning process or in the Nordic system
operation agreement. Second, the reserve power requirements have not become integrated to the power
system planning process. When planning reserve power capacity separately from the grid planning, the
investments on reserve power and on transmission capacity may not be optimal. Third, uncertainties in
the profitability of investments on transmission or reserve power capacity are not systematically
addressed in the planning process. This may lead to over- or underinvestment. Furthermore, the Nordic
Grid Code recommends that flexible solutions that take into account future uncertainties should be
selected during the planning process. However, the Grid Code does not define the flexible solutions or
provide any method for that end. Also, the Grid Code states that Nordic planning pays attention both to
the need to extend the grid and the need for system services. However, the planning of system services
(e.g. reserve power capacity) is not further explained.
Finally, large-scale wind power in a power system sets new requirements for electricity market
simulation. Fast variations in wind power generation requires sufficient resolution in simulation. Also,
in a hydro power dominated power system, possible interaction between hydro power and wind power
generation (e.g. utilisation of hydro reservoirs for balancing wind power) should be taken into account.
The credible modelling and simulation of electricity market is crucial in the power system planning
because it affects the investment needs and their socio-economic benefit.

The way towards the improved planning process

In this thesis, the present Nordic power system planning process is improved rather than headed to a
completely new planning process. This approach means improvements to the planning process, to the
planning methods in the planning process and in the way the existing software are used. Also, this
approach enables efficient and rapid implementation of an improved planning process. Therefore, this
thesis continues the on-going step-by-step development of the planning process with the help of the
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jointly selected21, well-known and tested electricity market simulation software (Samlast). The
contributions of this thesis is presented in Section 1.1.

21

The Nordic transmission system operators have jointly chosen the Samlast simulation software for grid
planning in the analysis of the electricity market and power flows. (Nordel 2007)
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3 Reserve power and adjustable generation capacity
3.1

Introduction

This chapter presents new methods to define the required reserve power capacity and the required energy
to compensate wind power variations. The methods yield the investment needs for the reserve power
and adjustable generation capacities. These needs are integrated to the power system planning process.
The resulting investment needs are then evaluated in a cost benefit analysis (Chapter 4), taking into
account different uncertainties (Chapter 5) and utilizing electricity market simulation (Chapter 6). The
methods presented in Chapter 3 complete the planning process with the wind power analysis as
presented in Figure 1.2 (Block 4b).
In this chapter, Section 3.2 presents a probability-based method to define reserve power capacity due to
the variability of wind power. Section 3.3 integrates an analysis of decreased power system inertia into
the planning process. The analysis results in a proposal for reserve power investments to prevent larger
frequency variations due to decreased system inertia. In addition, section 3.4 presents two methods to
analyse the energy adequacy of reserve power and adjustable generation capacities. The first method
investigates the influence of forecast error of several hours on the balancing energy need. The second
method focuses on adjustable generation energy need, which is due to wind power change of several
hours and which is to be supplied by the electricity market. Adequacy of energy in power control can
be a challenge in a hydro-dominated power system. Finally, concluding remarks are given in Section
3.5.
The methods presented in this chapter focus on a time scale between minutes and hours when analysing
variations in wind power. The three typical time scales for variation in wind power are minute-level
variations resulting from gusts and turbulence, hour-level variation resulting from diurnal variations and
storms, and variation on a daily to seasonal level as a result of weather fronts (Ackermann et al. 2005,
p. 33). The wind power data used in the analyses presented in the following sections are summarised in
Appendix A. In addition, the system inertia change, which is possibly caused by the change in wind
power capacity, has to be compensated in a time frame of few seconds.

3.2

Reserve power for balancing wind power variations

This section presents a method for reserve capacity dimensioning, aiming to maintain the acceptable
power system reliability with sufficient investments for reserve capacity.

Motivation for a new method

Presently, in the Nordic power system, the reserve power capacity is divided into the reserves for normal
operation and for disturbances. The dimensioning of reserve power requirement for normal operation is
based on the variation in load while the reserve power for disturbances is based on dimensioning faults,
such as a trip of a large generator, affecting the power system frequency (Nordel 2007). In the Nordic
power system, the disturbance reserves have been only for generation trips because sudden changes due
to generator trips have been larger than sudden changes in load. Correspondingly, generation trips have
not been taken into account when dimensioning the reserves for normal operation since, in normal
operation, the changes in load have been larger than uncontrolled changes in generation.

35
A TSO which is responsible for the functioning of the power system cannot compromise the power
system reliability in the power system planning stage and a forced load shedding is not accepted as a
normal event when dimensioning the reserve capacity. Adequate reserve power capacities both for
normal operation and for disturbances maintain the reliability. If disturbance reserves were used for
variations in normal operation, there might not be adequate reserves for a disturbance, which can occur
at any instant. Therefore, using disturbance reserves for normal operation would risk the power system
reliability and would not be an acceptable way for a TSO to plan a power system. In the methods
presented in the literature, e.g. in (Axelsson et al. 2005; Doherty & O'Malley 2005; Holttinen et al.
2008), the allocation of new reserve power between normal operation and disturbances remains often
unclear or there is no allocation. Furthermore, it is often stated that new reserve capacity investments
are not needed because the existing reserve capacity for disturbances covers the reserve power
requirement needed for wind power. Therefore, those methods do not necessarily guarantee power
system reliability.
Furthermore, the method proposed here differs from the methods described in the literature in a way the
variation in load is taken into account. In many studies, the reserve power requirement resulting from
the variations both in wind power and load are based on the standard deviation of the net variation (load
minus wind), or on a certain multiple of standard deviations (Holttinen et al. 2008). These methods are
based on the assumption that there are no changes in the load pattern in the future. The proposed method
in this section divides the normal operation reserve in two components – variations in load and variations
in wind power generation – and the components are analysed separately. The total reserve capacity for
normal operation would then be the sum of the two components. In a long term planning of reserve
capacity investments, when significant changes in the load pattern are assumed (e.g., the price elasticity
of demand, electric vehicles and other energy storages may flatten out the variations in load), the
proposed method is more justified compared with methods based on net variation. The proposed method
does not underestimate the need of the reserve capacity because variations in load and wind power
generation are not combined.

Description of the method

Since the system reliability defines the reserves, a criterion for reliability is needed. The idea in the new
method is that with a large share of wind power in the system, reserves should normally be sufficient to
cover normal load variations and normally also two simultaneous 22 independent occurrences: a
dimensioning fault (affecting the power system frequency) and a sudden decrease in wind power. Only
very rarely load shedding is an acceptable way to handle the situation, and the average number of years
between successive load sheddings can be used as a reliability criterion here. This principle corresponds
with the present situation where (with negligible wind power) the reserves are sufficient for load
variations and for a dimensioning fault, even though they would occur simultaneously. Also in the
future, with large share of wind power in the Finnish system, the reserves should normally cover the
wind power decrease even though there could be a simultaneous dimensioning fault.
The development of the proposed method starts from a situation where there already are normal
operation reserves for the load, and adequate disturbance reserves for disturbances. When dimensioning
the normal operation reserve due to wind power variation, the probability of a dimensioning fault and a
probability distribution of different wind power changes are needed. By using them, a combined
probability that equals the probability of a forced load shedding (a predefined reliability criterion) is
calculated. The reserve needed for wind power equals wind power change occurring with a probability
that results in the probability of a load shedding.

22

Here, also two events occurring within an activation time of reserve power (e.g. within 15 minutes) can be
considered as 'simultaneous'.
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The method includes the following steps:
1. Define the changes in wind power in a time interval as a function of their probability. The
number of time intervals (e.g. 15 minutes) during a year is t.
2. Define frequency d of dimensioning faults per year for a dimensioning fault requiring reserve
activation in a system.
3. Define the reliability criterion, i.e. the number of years n representing the acceptable average
time between two successive forced load sheddings due to inadequate reserve power capacity.
4. Calculate the acceptable probability z for the decrease in wind power generation by using the
following equation

1
d
= z⋅
n⋅t
t

(3.1)

Solving Equation (3.1) gives

z=

1
nd

(3.2)

The reserve capacity requirement for wind power variations is the wind power change that corresponds
with the probability of z.

Utilisation of the method

This section shows how the method is applied in practice as part of the power system planning process.
It also gives an idea about the magnitude of the quantitative result. The resulting reserve power capacity
functions as input data for the power system investment analyses performed in the later phase of the
planning process.
Here, the method is used to investigate a need of the reserve power capacity for the 4 GW wind power
capacity in Finland. It is assumed that the relative size of the variations in existing wind power capacity
is equal with the relative variations in wind power capacity of 4 GW because the geographical
distribution of existing wind turbines likely represents also the geographical distribution of future wind
turbines. Furthermore, hourly wind power measurements are used rather than 15-minute values. It is
assumed that large 15-minute wind power variations are as large as hourly variations. The evaluation of
changes in wind power, where limited wind power generation data is used, is described in more detail
in Appendix A.
When applying the method, the changes in wind power are first defined as a function of the probability
of the change as presented in Figure 3.1. Second, the probability of a dimensioning fault in Finland
affecting the power system frequency is defined. In this example, the average frequency d of
dimensioning faults is four faults per year. Then, the reliability criterion is defined. In the Nordic
counties, there should not be a forced load shedding due to inadequate reserve power capacity more
often than once in 30 years, i.e. the time between two successive forced load sheddings is set to 30 years,
n = 30. The probability z for wind power decrease in Western Coast of Finland is calculated using
Equation (3.2). The probability is z = 1/(nd) = 1/(30∙4) = 0.0083 = 0.83%.
The decrease in wind power generation with the probability of 0.83% shown in Figure 3.1 (red curve)
is about 11% of the installed wind power capacity, which corresponds to 440 MW with 4 GW wind
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power. This is a results of the method. Therefore, 440 MW is the required reserve power capacity for
normal operation due to wind power. The reserve capacity of 440 MW is used to balance wind power
variations in normal operation without blocking any reserve power capacity intended for recovering
system frequency in disturbances. Wind power variations larger than 440 MW in the space of 15 minutes
are possible but their incidence during large disturbance is so unlikely that they can be ignored. The
resulting reserve power capacity is a possible investment and its profitability will be evaluated later
according to planning process.

Figure 3.1 The probability distribution of 1-hour variations in wind power in two Finnish areas. The red curve
shows the measured variations in the Western Coast area of Finland (distance between the remotest wind turbines
is 430 km) and the black curve the measured variations in the whole of Finland (distance 1000 km) respectively.
The standard deviation of variation in wind power and the multiples of standard deviation in the Western Coast
area are also illustrated (vertical lines). The confidence interval presents the percentages of the occurrences that
have smaller change in wind power than the change corresponding to standard deviation or its multiple.

Comparison of the results

The 11% variation in wind power is equal to three times the standard deviation of variation in wind
power and covers about 99% of the largest changes in wind power. This is shown as red vertical dashed
line in Figure 3.1. The reserve power capacity based on the standard deviation multiplied by three
is in the order of magnitude with other methods used for reserve power analysis. For example,
according to (Holttinen et al. 2008) the typical multiple of standard deviations has been in the range
between two and six when defining different reserve power capacities for wind power variations.
However, typically the same reserve power capacity is used both for disturbances and for wind
power variations while the method presented here has been allocated only for wind power. In the last
section, different methods to define reserve power have been compared in terms of their effect on the
probability of the forced load shedding.
In the literature, standard deviation of wind power generation or multiples of standard deviations are
often used when defining the reserves for wind power. For a comparison, the probability of a forced
load shedding caused by inadequate reserves is calculated with different reserve power capacities (based
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on different multiples of standard deviations). Equation (3.2) is used to solve the average time between
two successive forced load sheddings n with different wind power variations in the Finnish power
system. If the probability of the decrease in wind power generation z was 12%, corresponding to a
standard deviation of installed wind power capacity (blue dashed vertical line in Figure 3.1), the wind
power decrease would be 150 MW. If this 150 MW was the reserve capacity, a forced load shedding
would occur on average once in two years23. This frequency would be too high for a forced load shedding
and cannot be used as a planning criterion in modern society (the acceptable frequency for load shedding
applied in this study is once in 30 years). Respectively, a wind power decrease equal to two times the
standard deviation (i.e. ~ 300 MW of reserve capacity) would lead to a forced load shedding once in
eight years, and a decrease equal to four times the standard deviation (i.e. ~ 600 MW) would cause a
forced load shedding on average once in 130 years. Six times standard deviation (i.e. ~ 900 MW) would
lead to a forced load shedding only once in 1500 years on average. The standard deviation (blue dashed
line) and six times standard deviation (blue dotted line) are presented in Figure 3.1.
When planning a normal operation reserve investment that is based on the method defined in this section,
it is assumed that in the planning stage the TSO cannot rely on the balancing power in the balancing
power market. This is because the balancing power market is a voluntary market and there is no
guaranteed capacity on this market.
Furthermore, a TSO cannot rely on the generation capacity available on the electricity market when
planning the reserve capacity investment. This assumption is not a part of the presented method, but it
is in line with the method's assumption that the uncertainties should not decrease the power system
reliability. This assumption is justified because the availability of generation capacity suitable for
reserve power use cannot be guaranteed by the electricity market and the need for balancing power is
assumed to increase at the same time. The adequacy of generation capacity in general and especially
during peak load periods seems to be an issue in the European energy discussion (Cailliau et al. 2011
pp. 4–5; CEER 2011 p. 5). Also, the decisions to shut down nuclear power plants in Germany and
Switzerland will not improve the situation in the continental Europe.

3.3

Reserve power for decreased power system inertia

This section presents a framework for considering the rotating inertia of a power system in long-term
power system planning. The aim is to prepare for the effects of wind power on the power system inertia
already in the planning phase. The main contribution here is the integration of the research efforts in the
field of power system inertia into power system planning. The purpose of system inertia analysis is to
yield different options to prevent or mitigate decrease of inertia or the effects of decreased inertia. The
options that require investments will be evaluated in a profitability analysis (Chapter 4) together with
other alternatives such as operational actions.
In a power system, inertia exists when there are rotating masses that are electrically connected to the
power system. Wind power decreases the inertia in the power system if it replaces conventional
synchronous generation. Furthermore, wind power plants that are connected to the system via converters
that electrically decouple the kinetic energy from the rest of the power system typically do not have
inertial response at all (Tielens & Van Hertem 2012). The decreased inertia increases the volatility of
the system frequency and, consequently, may deteriorate the power system reliability. Power system
inertia varies according to the operational situation, which complicates the preparation for low inertia
situations. In a special situation, when thermal power plants are not disconnected and the synthetic
inertia from the connected wind turbines is available, wind power may even increase the system inertia
(Doherty et al. 2010).

23

Equation (3.2) gives n = (1 / (zd) = 1 / (0.12 · 4).
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Understanding and quantification of existing inertia in a power system is a first step towards estimation
of inertia in future power systems. Determination of existing inertia supports power system operation
planning, while the inertia estimation for future scenarios is needed in long-term power system planning.
There are two main approaches to determine the existing system inertia, as presented e.g. in (Kuivaniemi
2014). One approach is based on the analysis of the measured frequency change after a load or generator
trip. The other approach is based on the calculation of inertia by utilising the data of generators
connected to the power system. In the latter approach, if wind farms are also capable of providing
synthetic inertia, (Asmine & Langlois 2014) suggest that calculation of possible inertia from wind power
generation should be based on the wind farms rather than on individual wind turbines. The reason for
the suggestion is that the smoothing effect of distributed wind turbines on inertial response can only be
considered on the wind farm level.
The estimation of future system inertia needs information about generators (and loads) connected to the
power system. The proposal here is to use a market simulation model for analysing which of the installed
generators are generating power as a market-based solution in different power system scenarios. As a
result of the analysis, one can calculate the system inertia in different scenarios over a simulation period,
typically one year. An hourly simulation resolution provides the data for running power plants for each
hour of the year. The hourly estimation of system inertia can be used to investigate the worst cases where
the inertia is exceptionally low. Also, the analysis gives an indication about the probability of different
inertia levels. The probability information allows us to use a probabilistic approach to evaluate the costs
of decreased inertia in terms of higher risk for energy not supplied if no preventive or corrective actions
are performed. The positive value of preventive or corrective actions can then be estimated.
Furthermore, sensitivity studies, where low inertia situations are analysed with other factors affecting
the power system inertia, improve the representativeness of inertia analysis. Examples of such factors
include planned outages of large thermal power plants and storms causing extremely high or low wind
power generation. The aim is to quantify the low-probability high-impact situations.
Once the inertia of the future power system has been estimated, the effect of the decreased inertia on the
system frequency can be analysed. The inertia in the current power system can be used as a reference
for the decreased inertia. If a disturbance affects the power system results by having the agreed frequency
limits being exceeded because of the decreased inertia, different options to restore an acceptable
frequency quality are analysed.
The options to maintain frequency inside the agreed limits are here categorized according to our purpose,
i.e. to minimise the decrease of inertia or to diminish the effect of the decreased inertia. Another
categorization used here is based on the planning time horizon of the option, i.e. on control measures to
be considered few hours before an operating hour or on investments to be considered in long-term power
system planning. This systematic classification, as presented in Table 3.1, improves the holistic view of
the different options to manage the effects of changing system inertia. Also, it makes it easier to consider
a wide range of options and clearly shows which options should be taken into account already in the
planning of future power systems. Table 3.1 shows different options to maintain adequate system
frequency quality if the system inertia decreases. The table is organised according to the categorization
of different options to maintain adequate system frequency. Options requiring investments on different
assets and control systems can be found in the right hand column of the table.

Table 3.1. Options to maintain adequate system frequency quality despite decreasing system
inertia. The options are categorized according to their target and time horizon (operation planning
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or long term planning). These options are mainly based on recent published research, and the
categorization of the options here was developed to support power system planning.

Options to be
considered in
operation
planning

Options to minimise the decrease
of inertia
• Limiting the amount of wind •
power generation to ensure
generators of high inertia stay
connected (Dillon & O'Malley
2014).
•
•

Options to be
considered in
power system
planning

•

•

Ensuring that generators of high •
inertia are connected to system
(e.g. by regulation or by capacity
market).
Setting an upper limit to the
connected wind power capacity
(Farrokhseresht et al. 2014).

Options to diminish the effect of the
decreased inertia
Requiring wind power to provide
synthetic inertia power for participating
frequency control by curtailing wind
power generation (Tielens & Van Hertem
2012; Van Hulle et al. 2014).
Applying load shedding or demand side
management (DSM) for frequency control
(Tielens & Van Hertem 2012).
Utilising fast control of energy storages
(Tielens & Van Hertem 2012) and
HVDC-connections.
Investing on fast reserve power capacity
(e.g. different energy storage systems,
HVDC-control system, data management
and control system for DSM).

The power system planning procedure, developed here to consider the risk of decreasing inertia, is
presented as separate steps. First, the power system inertia in each operational situation (hour) and its
probability in different future scenarios are estimated based on the simulated future electricity
generation. The analysis is performed for an entirely synchronous power system. Then, the effect of low
inertia on frequency after a generation trip is analysed in the worst operational situations. Here, dynamic
power system simulations are required in order to consider all relevant features, such as inertial response
of loads affecting the frequency change. Third, the features of different preventive and corrective actions
are quantified based on the previous analyses. The aim is to maintain frequency within acceptable limits.
An example of corrective action is an investment in new reserve power with a certain activation time
and capacity. Fourth, costs, benefits and feasibility of different alternative or complementary
investments and actions (Table 3.1) are analysed as part of the investment profitability analysis. The
most socio-economically profitable alternatives will be a part of the resulting power system investment
plan.
When planning reserve power investments, it is important to note that there is a need for a new type of
reserve power capacity, due to the inadequate features of existing reserve types. The existing reserve
power capacity activates too slowly to be able to support the decreased system inertia during a frequency
drop. For example, according to the Fingrid's frequency measurements, Nordic power system frequency
reaches its minimum value in around ten seconds after a trip of a generator. The same (original)
minimum value is reached even faster with lower system inertia. The existing Nordic frequencycontrolled disturbance reserve should be fully activated within 30 seconds (50% in 5 seconds), which is
not an adequate activation speed to compensate the lack of inertia. Therefore, the prerequisites of the
new reserve capacity should include an activation time faster than the time within which the system
frequency reaches its acceptable minimum level after a disturbance. Here, investments for the new
reserve power capacity can be understood as a combination of different reserve capacity sources, e.g.
battery energy storages, frequency control by wind turbines and HVDC-systems.
In conclusion, the results of extensive research performed in the area of the power system inertia should
be utilized in power system planning in a systematic way. By doing this, it is possible to discover the
most cost-efficient and technically feasible solutions to maintain acceptable frequency quality despite
significant changes in the system inertia of the future power system. This section presented a proposal
for including the issue of decreasing inertia into the planning process.
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3.4

Generation energy for balancing wind power variations

This section presents some methods to evaluate the need of generation energy for balance management.
The aim is to include systematic analysis of generation energy needs into power system planning. The
result of the analysis shows the amount of required balancing energy to be taken into account in the
power system planning. There are several parallel or complementary solutions for ensuring adequate
balancing energy. These include higher controllability of existing generation, a new capacity
remuneration mechanism for keeping the adjustable generation in the market or even new investments
on adjustable generation capacity. The scientific contribution here is to combine existing and new
methods to the planning process so, that possible investment needs to maintain balancing energy
adequacy can be investigated.
Reserve power or other generation capacity investments may be needed to enable adequate energy for
balance management. Traditionally, reserve power capacity is dimensioned according to power, not
energy needs. The analysis of balancing energy need in addition to the (more traditional) analysis of
reserve power need is especially important in a power system planning due to three reasons. First, wind
power variations are mainly uncontrollable and may last several hours. Therefore, it requires relatively
high amount of balancing energy compared with traditional unpredictable power changes in a power
system (e.g. the variation of load), if disturbances are excluded. At the same time, the share of renewable
energy sources is increasing making the run of conventional power plants, that are often technical and
economical capable for power control, less profitable. In addition, no priority dispatch for wind power
generation is assumed. Therefore, wind power variations have to be balanced in day-ahead, intra-day or
balancing power markets and no separate balancing arrangements (e.g. mandatory control of
conventional generation before generation based on renewables) are available. Third, run-of-river type
hydro power suits poorly for balancing slow power changes with the duration of several hours though it
is perfect source for reserve power capacity. In Finland, for example, majority of hydro power capacity
is run-of-river type capacity.
Although the adequacy of balancing energy it is important to consider in the planning process, it is not
as critical an issue as the adequacy of reserve power capacity from the power system reliability point of
view: there is more time for corrective actions in case of the balancing energy inadequacy compared
with the reserve or balancing power inadequacy.
The analysis of balancing energy capability of a (future) power system is also an important part of the
power system planning in order to identify the need for additional generation capacity to provide
balancing energy. The analysis of balancing energy capability is not in the main focus in this study but
it is shortly demonstrated in the case study (Section 7.5.3).
In the following two sections, methods for evaluating generation energy need both from the electricity
market and from the balancing power market are presented. Both energy requirements have to be studied
because they lead to different actions in the power system planning; inadequate balancing energy to
cover influence of generation forecast error may lead to a reserve power investment by TSO while
inadequate balancing energy available in the electricity markets may lead to more general discussion
about methods of ensuring enough adjustable generation capacity24 (as long as TSO is not responsible
for the adequacy of the adjustable generation capacity).
Section 3.4.1 focuses on the balancing energy need that is caused by the slow increase or decrease of
wind power generation. Slow changes in wind power generation are assumed to be perfectly forecasted.
24

Adjustable generation capacity is a generation capacity in the day-ahead or intra-day electricity markets, which
is capable of adjusting power on an hourly basis without unreasonably high costs or technical limitations but which
is not allocated for reserve power use.
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Therefore, all the balancing energy can be generated in the electricity markets (day-ahead or intra-day).
If the forecast is not perfect, then the balancing power market or reserve power capacity must be utilised
for the balance management.
Section 3.4.2 focuses on the balancing energy need that is caused by forecast error of wind power
generation. This balancing energy can be covered only by the resources controlled by TSO, i.e.
balancing power from normal operation reserve power or balancing power market. This balancing
energy need is dependent on the accuracy of wind power (and load) forecasts. The better the forecasts,
the smaller the share of the balancing energy that has to be activated from the balancing power market
and the larger the share that can be activated from the electricity markets.

Adjustable generation energy need from electricity markets

This section focuses on slow power changes that can be adjusted in the electricity markets (day-ahead
or intra-day) as a normal market-based activity. Two methods of evaluating the need for adjustable
generation energy are presented. The presented methods are not new but they are selected here to
represent two different methods of analysing the energy need. First method takes into account the
variation of load while the second studies the extreme power changes. Here, it is assumed that loads are
not responding to the electricity market price and therefore, all imbalances have to be adjusted by
generation capacity.
There are several reasons to focus on balancing energy needs within 6 – 12 hours in this study. Wind
power change with a duration of six hours can occur e.g. during storms. Furthermore, the time period of
six hours may be very difficult if not impossible for run-of-river type hydro power plants to adjust power
continuously. In addition, the time period of 12 hours is long enough for catching the situations where
wind power may change almost from full generation to zero generation. Finally, within 12 hours possible
differences in the adjusting capability of run-of-river type hydro power generation due to day and night
differences can be taken into account.

A method of net energy
The method used here is an approximate method. This hourly-value method is based on the hourly
energy calculated with average variations of wind power and load. One hour is also the shortest unit of
time in the current electricity and balancing power markets. Further, the traded balancing energy due to
the change of balance between the two hours is the difference between hourly average net loads (net
load is average load minus average generation). This method uses the net load variation to define the
energy requirement yielding more conservative results that the methods based on the wind power
variation only. The method suits also to investigate balancing energy needs in a longer period, e.g. in a
year. The drawback of the method is that it partly loses the non-tradable balancing energy needed within
an hour while the advantage is that hourly data which is broadly available can be utilised.
Figure 3.3 shows the difference between real and approximated values of wind power generation and
load25 during two operating hours; the real need for balancing energy is the difference between power
generation and load calculated as a function of time (grey areas) while the traded energy to be bought
or sold during an hour (the approximation of the real need) is the area between the black dashed and red
dotted lines (difference between wind power and load energies).

25

The variation of load is also simplified in Figure 3.3. In reality, the number of variations of load within an
hour may be more than presented in the figure.
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Figure 3.3 Real balanced energy can be higher than traded balancing energy in the markets due to power
variations within an hour. The traded balanced energy is the change of hourly average net load (hourly average
load - hourly average generation) between the operating hours. The grey area illustrates the real balanced energy
needed during two operating hours if perfect power balance is maintained continuously.

The method is tested with the measured hourly load and wind power data for the Finland in years 2007
and 2008. The results are scaled up to 4000 MW wind power capacity assuming that new wind power
capacity will be located into the same areas as existing capacity. The maximum energy needed to cover
the decreased generation of wind power is 12.8 GWh in six hours and 13.1 GWh in 12 hours according
to the method. This is about 53% of the theoretical maximum of wind power generation energy in six
hours but only about 27% in twelve hours.
In the power system planning, the adjustable generation energy need has to be considered for ensuring
adequate generation capacity in the power system. Depending on the power system the existing capacity
of adjustable generation may be sufficient and if not, investments in reserve power, adjustable generation
or new transmission capacity may be needed. In the latter case, the investment need should be treated in
the power system planning process as any other investment need.
When the energy adequacy of the (existing) generation capacity is compared against the analysed need
of balancing energy, it is important to consider that the generation capacity in the electricity markets
and balancing power capacity in the balancing power market as well as the reserve capacity are partly
the same generators and cannot be fully used simultaneously for the different purposes.

A method of worst case
This method is based on the statistical analysis of the most severe changes in wind power generation.
In this method, the adjustable generation energy equals to the highest wind power change during a
studied time period, e.g. six or twelve hours. The method does not take the change of load into account
i.e. it is assumed that load does not decrease or increase during a studied time period. The shorter the
studied time period the more likely is that load does not change significantly.
The highest decrease in wind power generation are found the time series of wind power generation. The
balancing energy is assumed to keep the generation in the same level that it was before the change of
generation. The change of generation equals to a difference of hourly average generation (in MW)
between the first and the last (e.g. sixth) hour. In case of decreased wind power generation, the lost
energy to be balanced equals to the product of generation decrease (MW) and its duration (h). Another
way to find the maximal decrease of wind power is to search the statistical peak generation and the
lowest generation in hourly average values and assume that these two extreme generation levels may
occur in the studied period of time. This evaluation is applicable to the large area analysis and to 12hour time period. It is more conservative to assume e.g. annual extremes to occur within twelve than
within six hours. Furthermore, in a small area maximal decrease equals 100% of generation capacity
because maximum generation as well as totally calm hours are possible.
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The adjustable generation energy need due to maximal decrease of wind power generation in six and
twelve hours is evaluated with methods of the worst case. This analysis is done for Finland where 4000
MW of wind power capacity is assumed. Based on the statistics 26, the maximal decrease of wind power
has been 52–61% of installed capacity during six-hour periods and 67–81% during 12-hour periods,
depending on the area size. The lower value represents the area of Finland as a whole and the higher
value the Western Coast of Finland. These amounts of power change correspond to 6–7.2 GWh (six
hours) and 16–19.4 GWh (12 hours) energy with 4000 MW wind power capacity if linear decrease of
power is assumed. In the alternative method, the annual extreme wind power generation is first
evaluated. According to statistics, the maximum average hourly generation in Finland has been about
80% of the installed capacity and almost 100% on the Western Coast of Finland. On the other hand, it
is possible to occur almost zero wind power generation. Therefore, it is assumed that 90% decrease of
wind power generation in twelve hours is possible. This results in the need of adjustable generation
energy of 21.6 GWh with 4000 MW wind power capacity.
The method of the worst case results in lower energy needs in six hours case but higher energy needs in
twelve hours case compared with the method of net energy. Both methods should be used in power
system planning to give an indicative value for the adjustable energy need.

Balancing energy need from balancing power market

This section presents a method to evaluate balancing energy need that is caused by several hours forecast
error in wind power generation. The energy needed to balance the difference of forecasted and realised
generation has to be activated from the balancing power market due to the requirement of short energy
activation time. In the power system planning, investment needs (or other measures) for enabling
adequate balancing energy are analysed by comparing the available balancing energy with the balancing
energy need.
A new method defines the required energy from the balancing power market during several hours. It is
based on the duration of forecast error occurring in the same direction over several hours. This method
can be applied with a net forecast error of wind power and load or with a forecast error of wind power
only. The balancing energy need can be compared to the ability of different energy sources to produce
continuous up- or down-regulation. This way, possible investment needs on balancing resources can be
studied.
In the method, the required balancing energy equals to the energy needed to fill the gap between the
forecasted and real wind power generation during the studied time period. First, the statistical variation
of wind power in a selected time period is analysed. Second, the probability of change in wind power
generation and a probability of a continuous forecast error over the selected period are evaluated. The
probabilities are based on the statistics of the wind power generation and wind power forecast errors.
The quality of this analysis depends on the amount of forecast and generation data available. In power
system studies, system-wide data is needed. The method is applicable to the day-ahead forecasts as well
as for intra-day forecasts.
Figure 3.4 presents an example of generation change and forecast error probabilities when the method
is applied with the day-ahead forecasts of two wind power locations in Finland. The generation data is
from two-year period (2007–2008) and the forecast error data is from a five-month period in 2008.
Figure 3.4(b) shows that the longer the forecast error duration in the same direction (here: forecasted
energy too high), the lower is the probability of such an occurrence. Furthermore, one quarter of the
time the forecast error lasts at least 5 hours in the direction which causes up-regulation from the
balancing power market. Figure 3.4(a) shows that about 65% of the time the slow wind power changes
26

The installed wind power capacity has been 80–143 MW for the whole of Finland. In Western Coast of
Finland (the area between Pori and Oulu) the capacity has been 49–56 MW. The data and the measurements
are from the period between 1st January 2005 and 31st January 2009.
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are between 10–30% of installed capacity with a 14-hour period and between 3–12% with a 5 hour
period. Figure 3.4(b) shows that for about 25% of the time (or with 25% probability), balancing energy
for 5 h power changes has to be activated from the balancing power market due to the forecast error.
For the remaining 75% of the time the forecast is likely better, and at least part of the power adjustments
can be activated from the electricity market.

5h (average 6.4%)
14h (average 15.8%)

2 years period 2007–2008

(a)
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generation (of all forecasted
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(overestimated generation forecast)
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(b)

Figure 3.4 The probability of slow wind power variations and the probability of different forecast errors. The
duration curve of the wind power changes in Finland in rolling five-hour and 14-hour periods during years 2007–
2008 (a). The curve includes changes in both directions. The share of sequential up-regulation hours for three
different periods is presented in (b). The up-regulation hours are based on the day-ahead forecast error in Kemi
(Site 1) and Oulunsalo (Site 2). The data in figure (b) is from the period between 1st June and 31st October 2008.

In the example of utilising the method, the balancing energy need is based on the assumption that the
wind power forecast is an unchanged value, equal to the wind power generation at the starting point of
the studied period. Therefore, the magnitude of forecast error equals to the magnitude of real changes
in wind power generation. The more accurate application of the method would require information about
the real difference of the forecasted and generated power in each moment of time. On the other hand,
this simplified use of the method gives more conservative results. In the worst cases, the forecasted
change would have an opposite direction compared to the real change of generation.
Assuming that the presented measurements represent variation and forecast error of wind power
generation of 4 GW capacity in Finland, the 5-hour decrease in wind power causes on average a 0.64
GWh need for balancing energy (6.4%×4GW×5h/2). The last divider is due to the assumption of linear
decrease of generation. Respectively, the maximal need would be 4 GWh (40%×4GW×5h/2) with the
installed wind power capacity of 4 GW. The 14-hour decrease would cause on average of 4.4 GWh need
(max. 19.8 GWh).
The probability, that forecast error occurs five hours or longer is about 25%. Therefore, averagely 0.64
GWh (max 4 GWh) balancing energy should be activated from the balancing power market with about
25% probability due to forecast error. The probability that large wind power change and forecast long
error occurs at the same time is 25% x 25% = 6.25%, i.e. once in 16 years. In the power system planning,
the energy requirement and its probability can be used when evaluating the need of additional generation
capacity investment.

3.5

Concluding remarks

The main improvements presented in this chapter are related to probability-based reserve power
analysis, analysis of required reserve power due to decrease of the power system inertia and analysis of
balancing energy adequacy. The conclusions of those improvements in the context of power system
planning are presented here.
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The system level improvements affecting the power system planning
The central system level improvement in this thesis is the probability-based method, which defines the
need for reserve power capacity for normal operation due to variation in wind power generation. The
method allows maintaining the system reliability by connecting the reserve requirement to the selected
probability of wind power variations, which again correlates with the forced load shedding probability,
i.e. power system reliability. This enables a probability-based but practical planning of the reserve
investments where the reserve need is allocated according to the existing allocation of reserves; for the
normal operation and for the disturbances. Finally, the method is not dependent on the uncertain
development of load variations. It is based only on variations in wind power.
Another improvement is to take possible changes in power system's rotational inertia into account in the
power system planning. Large-scale wind power may decrease the kinetic energy in the power system.
The decreased kinetic energy leads to higher frequency deviations which may endanger the system
security. The proposal for the planning is to evaluate what the required actions against the decreasing
inertia are. If investments, such as e.g. reserve power capacity, are needed, their socio-economic
profitability is then analysed together with all required investment proposals resulting from the planning
process. This approach provides a holistic view to the planning where different needs for the power
system are evaluated at once.
The third improvement is to include the slow wind power changes in the analysis of the required
balancing energy when planning the power system. In principle, slow wind power ramps, occurring
during several hours, can be adjusted based on the day-ahead or intra-day markets, if correctly
forecasted. In Finland however, the adequacy of adjustable generation capacity is not self-evident even
with a perfect generation forecast, because generation mix includes mainly nuclear power, combined
heat and power generation and run-of-river type hydro generation. Especially, the limited regulation
capability of the Finnish run-of-river type hydro power plants in case of several hours' continuous
regulation should be taken into account in the power system planning. In addition, if those long, slow
power changes are not correctly forecasted, balancing energy is needed. Therefore, the analysis of
forecast errors is also required in the power system planning. The improvements in the reserve and
generation capacity analysis widen the planning perspective from a strictly reserve power analysis to a
wider analysis that includes energy needs and all the available generation resources.

The validity of the quantitative results
The statistical wind power generation data used in the analyses of this chapter creates a source of
uncertainty. First, the amount of data (four years in most cases) is rather low to capture all the statistical
features. Second, the locations and size of wind turbines in the future may be different compared with
the existing turbines used in the statistics. For example, the power variations of offshore wind farms
may differ from the variations of onshore farms. Third, the variation in the load in the future may differ
from the existing variations as a result of differences in the properties of loads, increased demand side
price elasticity, and a remarkable number of electric vehicles. Finally, the accuracy of forecasts and
different market designs (one hour or a shorter unit of time in the market) in the future will influence
the need for balancing capacity.

The value of results in light of other research
There is lot of research in the field of reserve power capacity, due to the fact that high amount of variable
and intermittent generation will require more reserve power. (Ela et al. 2010; Holttinen et al. 2012) The
new aspect of the presented reserve capacity method (Section 3.2) compared with other methods is that
it results in additional reserve capacity due to wind power generation. The method is based on the
assumption that there is sufficient reserve capacity in the power system and no need for new wind power
capacity. This approach suits well for the planning of an existing power system with existing reserve
power capacities when certain changes (e.g. new wind power capacity) are to be realised. Contrary to
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this, the methods presented in the literature often result in total reserve power capacity of a certain type,
without categorisation into normal operation and disturbance reserves. In addition, the proposed method
utilises a reliability criterion that is based on the widely-used (N − 1) criterion. Furthermore, this method
is not dependent on the historical patterns of load variation. In the literature, the reserve capacity
methods are typically based on the probability of the net variation of wind and load, without a connection
to the reliability criteria such as the (N − 1) criterion.
Section 3.3 highlights the principles related to the adequacy of inertia in the power system planning.
Even though there has been a lot of research done lately in relation to power system inertia and its
adequacy, it mainly concerns inertia created by wind power generators or deals with new methods to
analyse power system inertia. (Farrokhseresht et al. 2014; Fisher et al. 2014; Gevorgian et al 2014;
Negnevitsky et al. 2014; Ulbig et al. 2014; Van Hulle et al. 2014) provide examples of the latest studies
related to power system inertia. The link between research results related to system inertia and power
system planning practices has been weak. The contribution of Section 3.3 is on the utilisation of the
research work done in practical power system planning in a systematic manner. The section suggests
principles for what should be analysed and what factors should be taken into account in power system
planning in order to maintain a reliable power system.
The research related to the adequacy of generation energy in balancing slow 27 power changes has been
very limited. This should not be mixed with the research related to generation energy adequacy during
peak load hours, which has been studied extensively. There are at least two reasons for the meagre
amount of research in this area. First, generation energy has not traditionally been needed for continuous
power control lasting several hours. Second, the adjustment of power generation over several hours has
not been a challenge, due to the existence of adjustable coal- or gas-fired conventional power generation.
However, the adequacy of adjustable generation has become an issue in the power system with large
amount of variable generation and other power generation that is poorly suited for power control of
several hours (e.g. combined heat and power and run-of-river hydro power). Section 3.4 contributes by
integrating this issue of balancing energy adequacy into the planning process so that also the needs of
power systems with limited balancing capability are properly considered.

27

Several hours
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4 Profitability of reserve power and transmission
capacity investments
4.1

Introduction

This chapter describes how an investment plan is created and shows the improvements made for the
investment profitability analysis. Profitability of investment is the difference between investment
benefits and investment costs. The focus in this chapter is in socio-economic investment benefits rather
than investment costs because there are more uncertainties and challenges in defining benefits than in
defining costs. The profitability of investment is the main criterion when deciding on the coming
investments into the power system, especially when the system reliability and environmental factors can
also be evaluated on monetary basis. Additionally, the investigation on how to make do without an
investment is an important part of investment analysis in the power system planning.
Chapter 4 is organised in the following way. Section 4.2 describes the procedure for creating an
investment plan. Section 4.3 examines two commonly used methods to define the socio-economic
benefit of an investment and proposes one of the methods to be used in the power system planning.
Section 4.4 presents the factors of investment benefits to be included in the investment profitability
analysis. Section 4.5 proposes a method to calculate the monetary value of the system reliability increase
caused by an investment. Finally, Section 4.6 introduces redispatching, system protection, and other
alternatives to power system investments (the measures in the operation of the power system) and
describes how they are taken into account in the profitability analysis. The position of the investment
profitability analysis in the power system planning process is shown in Figure 1.2 (Block 7).

4.2

The procedure for creating an investment plan

This section describes how the different elements of power system planning and contributions of this
thesis, especially in the profitability analysis, are linked together when creating an investment plan. The
aim of this section is also to present an insight on how the transmission owner and socio-economic
aspects should be taken into account in the profitability analysis.
An investment plan is created by performing six steps, as presented in Figure 4.1. Step (i) defines major
changes to the power system (i.e. new power plants, new loads, etc.) that may require power system
investments. Usually several scenarios are created and they represent different possible future
developments. Step (ii) represents an analysis of the effects that the major changes have on the power
system and electricity market. Planning criteria such as system reliability criterion, (N − 1) criterion,
and a new criterion for the functioning of electricity market (the maximum congestion time) are used in
defining the required transmission and reserve power capacities. Step (iii) is the outcome of the analyses
performed in Step (ii) including the required capacity for transmission, generation and reserve power.
These capacities are identified separately for different scenarios. The required generation capacity is in
the brackets in Figure 4.1 because it is not an investment that can be decided by the planning (by the
TSO) in the Nordic countries. Steps (iv) and (v) consist of investment profitability analysis. Step (vi) is
the outcome of the investment profitability analysis. In Step (vi) the investment plan is presented. The
most (socio-economically) feasible reserve power and transmission capacity investments, or the
combination of reserve and transmission capacity investments, are selected.
Furthermore, sensitivity studies are applied for the analyses of effects (Step ii) and for the profitability
analysis of investment (Step v). The purpose of the sensitivity studies is to identify the most sensitive
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factors that are not directly included in the scenarios studied or analyses performed. Sensitivity studies
are part of the risk management because they are used to identify the significance of some uncertainties.
The results of the sensitivity analyses are used to support the conclusions made from the main analyses.
Step (iv) in Figure 4.1 involves defining and selecting the power system investment candidates for
further analysis. The candidates are selected based on the capacity needs presented in Step (iii). The
possible locations and capacity of the transmission investment candidates are selected on the basis of
rough cost estimation and the analyses of the following values: (a) amount of energy transmitted 28 in the
line; (b) duration and revenues of congestions in normal operation (market analysis), and (c) overloads
(or system stability problems) after a disturbance (power system analysis). The relevant candidates are
selected to cover capacity requirements, if possible, for several scenarios.
Step (v) is the profitability analysis of the power system investment and of the alternative measures to
investments. In the profitability analysis, investment benefits are first defined for all scenarios
separately. The amount of domestic reserve power capacity is optimised 29, taking into account the
possibility of importing reserve power. Furthermore, an analysis of uncertainty is performed to evaluate
the value of the flexibility of investment and the optimal timing for the investment decision. The benefit
of investment in one scenario is the difference of (annual) economic welfare between two situations: a
scenario with the studied investment and a scenario without the studied investment. The expected benefit
is calculated by weighting the benefit of each scenario with the probability of the scenario. The profit of
the investment is equal to the expected investment benefit minus the investment cost.
Step (i): Scenario (input)
Step (ii): Analyses of the effects of major changes in a scenario
- Combined market & load flow; Chapter 6
- Power system (contingencies and stability)
- Wind power variations; Chapter 3
- Sensitivity studies

Planning criteria
(for reliability and
functioning of
electricity
market)

Step (iii): Capacity needs for scenario (output from Step (ii))
- Required reserve power capacity; Chapter 3
- Required transmission capacity
- (Required generation capacity for peak load and balancing
energy)
Step (iv): Analysis of investment candidates for scenario
- candidates for reserve power and transmission capacity
investments
Step (v): Profitability analysis in a scenario
- Alternatives to investments; Section 4.6
- Uncertainty in investments; Chapter 5
- Reserve and transmission capacity optimisation; Section 4.6.3
- Costs and benefits of investments; Sections 4.4&4.5
- Sensitivity studies
- Socio-economic and transmission owner aspects; Section 4.2

Profitability criteria
(definition of
profitable
investment)

Step (vi): Investment plan (output)

Figure 4.1 The process of creating an investment plan. Improvements (a new item or an improved method) are
marked with a blue colour and italic font. The chapter or section related to the planning elements developed in
this study is in red colour.

28

In the case of a new transmission candidate without any existing connection, a fictitious low-capacity line is
modelled to enable the market-based power transfer needs to be investigated.
29

The principle of global optimisation of reserve power and transmission capacity, presented in Section 4.6.3,
could also be utilised in Step (v).
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This study defines the profitability of investment for both society and the transmission owner. The
profitability analysis, which is based on the socio-economic aspect, takes into account the benefits from
the whole market region. Socio-economic profitability defines the feasibility of the investment in this
study. The part of the profitability analysis, which is based on the transmission owner aspect, is also
needed. The profitability of investment for the transmission owner is calculated because there is a
connection between investment profit for the transmission owner and the level of reasonable TSO fees 30.
If the profit of an investment leads to the exceeding of the regulated31 maximum income or
undershooting the minimum acceptable income defined by the TSO owners, the TSO fees have to be
adjusted. In this study, it is assumed that the effect of investment on the level of the fees the TSO receives
is so small that it can be ignored. In the profitability analysis based on the transmission owner aspect,
the benefits are calculated in the area where the transmission owner has a transmission grid.
In the profitability analysis performed in this study, both the net present value method and the annuity
method are applied. The net present value (NPV) is the difference between the present value of cash
inflows and the present value of cash outflows where the present value is the current worth of a future
sum of money or stream of cash flows given a specified rate of return (Neilimo 1999, pp. 212–214;
Investopedia 2010). The net present value method is appropriate in the analysis where the benefits and
costs are calculated for several points of time (years) and net incomes may be distributed unevenly in
time. Especially in power system planning, the variation of benefits between the years can be high as a
result of large discrete occurrences (e.g. new power plant) in the power system. In this study, the net
present value method is applied in the calculation of the value for investment flexibility (Section 5.4)
because in that case, the benefits for different years are calculated separately.
In contrast, the annuity method expresses the NPV as an annualised value of cash flow by dividing it
by the present value of the annuity factor (Neilimo 1999, p. 214). In this study, the annuity method is
selected for the investment profitability analysis (except in the analysis of uncertainty in investments)
because the Samlast model inherently yields an annual benefit of investment as an average value over
different (hydrological) years. Furthermore, in this study, two different interest rates are applied for the
cost-benefit analysis. First, when the investment costs and benefits are related to the transmission owner,
the interest rate is equal to the weighted average cost of capital (WACC) (Bodie & Merton 2000, pp.
343–355). Second, when the socio-economic costs and benefits are calculated, the interest rate is based
on the real social discount rate recommended by the European Commission (Florio et al. 2008 pp. 208–
210).
In this thesis, the profitability analysis of transmission capacity is limited on the transmission capacity
between the modelled bidding zones. However, there are two ways to calculate the benefits of the
investment inside the modelled bidding zone: (i) create new modelled bidding zones by splitting the
existing one so that the capacity investigated will be located between the two new areas or (ii) evaluate
the effects of new internal transmission capacity on the net transfer capacity at the border of the two
existing bidding zones and calculate the benefit of the possibly increased net transfer capacity at the
border.
In the profitability analysis, different scenarios are taken into account in two phases. First, the investment
needs are calculated for each scenario separately and the investment candidates are then selected so, that
the investment candidates meet the requirements from different scenarios at the best possible way. Then,
the profitability of candidate is an average profitability over analysed scenarios weighted by the
probability of each scenario. In the case study (Chapter 7), however, only one scenario is applied to
demonstrate the applicability of the planning process.

30

In Finland (2014) there are the following grid service fees: consumption fee, fees for output and input of the
electricity, grid connection fee, and cross-border transmission service fees (only for external transmission
capacity investment). In addition, the following balancing service fees exist: monthly fee, actual production
fee, actual consumption fee, and volume and energy fees for imbalances.
31

TSO is a natural monopoly and, as such, is regulated.
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4.3

Two methods for investment benefit calculation

The aim of this section is to select the most suitable method for benefit calculation used in the power
system planning. The selection is based on the comparison of the two methods that are widely used in
power system planning in the Nordic countries. These are the marginal benefit method and the socioeconomic benefit method (Matilainen et al. 2009; Nordel 2008a). In this section, a comparison is made
between the methods to select the one that best takes into account the socio-economic aspect. Section
4.3.1 presents the method of socio-economic benefit and Section 4.3.2 the method of marginal benefit.
The method for power system planning is selected in Section 4.3.3.

The method of socio-economic benefit

The traditional definition used among the Nordic TSOs for socio-economic welfare includes three
groups of market players: consumers, producers and TSOs. The consumers' and producers' benefits are
dependent on the savings and profits due to the change of electricity price. The TSOs' benefits are the
congestion revenue they receive during congestions and the cost of transmission grid losses the TSO
has to compensate. In addition to these three factors of benefit presented here this thesis proposes new
factors (Section 4.4) to take into account in the investment profitability analysis.
The benefit of transmission expansion in the method of socio-economic benefit is defined as the
difference in the annual socio-economic welfare between the two cases: (i) welfare without a
transmission expansion and (ii) welfare with expansion. The components of welfare are calculated for
all modelled areas and for all modelled hydrological situations to form an expected value of annual
welfare for the whole modelled region. The calculation is based on the minimisation of generation costs.
The minimisation is done in a weekly basis and the benefits are calculated for each time step (2−6 hours)
in this study.
The definition of producer's and consumer's benefit for one bidding zone is presented in Figure 4.2. The
consumer's benefit consists of an area limited by the consumer's willingness to pay for the electricity
and by the price of the electricity in the studied bidding zone. The producer benefit consists of an area
in Figure 4.2 limited by the marginal cost of generation and the price of the electricity in the studied
bidding zone.
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Figure 4.2 Definition of consumer benefit and producer benefit in a modelled bidding zone calculated by Samlast.
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The consumer's income can be achieved according to Equation (4.1)

8736

(

I C = ∑ Ch ⋅ ∆Ch
h =1

)

(4.1)

where
§
§
§
§

IC is the consumer's annual income in one area
h is operating hour
Ch is the energy consumed during hour h
∆hC is a difference between the consumer's willingness to pay for the electricity and the
electricity price during hour h.

The producer's income can be calculated according to Equation (4.2)

(

8736

I P = ∑ Ph ⋅ ∆Ph
h=1

)

(4.2)

where
§
§
§

IP is the producer's annual income in one area
Ph is the produced energy during hour h in one area
∆hP is the difference between the electricity price and the producer's marginal cost during hour
h.

The congestion revenue is an income arising from transmission to the TSO. The congestion revenue of
one connection is assumed to be divided into two between the connected areas as a simplification. Thus,
the congestion revenue in one area is calculated according to Equation (4.3)

CRB =

(

1 v 8736
∑∑ Th,x ⋅ ∆h,x
2 x=1 h=1

)

(4.3)

where
§
§
§
§
§

CRB is the annual congestion revenue in a certain area
x is order of interconnections related to a certain area
v is a number of interconnections connected to one area
Th,x is the average hourly transmitted power during hour h in a interconnection x
∆h,x is the electricity price difference between areas related to interconnection x during hour h.
The value is zero if the transmission capacity is not limiting the power transferred.

The value of losses represents the cost for the TSO. For example, in Finland the TSO must buy the lost
energy from the market. The cost of losses of an interconnector between two areas is divided equally
between the areas related to the interconnection. Here the value of losses can be calculated as
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8736

LC = ∑ (Eh ⋅ ph )

(4.4)

h=1

where
§
§
§

LC is the annual value of losses in one area
Eh is the energy loss during hour h
ph is the price of energy during hour h. Simulated electricity market price has been used as a
price of energy losses.

These values form a socio-economic benefit over one year for a certain scenario according to the
following equation:

Sa =

1 m y
∑∑ (I P,a ,g + I C,a ,g − LC,a ,g + CRB,a ,g )
y a =1 g =1

(4.5)

where
§
§
§
§
§
§
§
§
§

Sa is an annual socio-economic benefit in the studied region
y is the number of inflow years
a is the order of areas in the model
m is the number of areas in the model
g is the order of inflow year
IP is the producer's annual income in one area
IC is the consumer's annual income in one area
LC is the annual value of losses in one area
CRB is the annual congestion revenue in one area.

The marginal benefit method

In the marginal benefit method, the total benefit of transmission expansion is calculated by applying the
average marginal benefit to the whole transmission capacity. A marginal benefit of a transmission
expansion is the benefit of an incremental increase in transmission capacity. The average marginal
benefit is the average of the marginal benefits without and with the new transmission capacity.
The calculation of the marginal benefit is based on the information presented in (Sintef 2005, part 6,
item IV, pp. 11–12). However, the transmission losses are not taken into account in the calculation
presented here. The relation between congestion revenue and marginal benefit is derived here.
The marginal benefit of the first new capacity unit is calculated as follows: time weighted average of
price differences is multiplied by the number of congested hours. It can be calculated according to
following equation

8736

M first = ∑ ∆first,h ⋅ Q
h=1

where

(4.6)
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§
§
§
§

Mfirst is the marginal benefit of the first unit of the new transmission capacity between
modelled bidding zones
h is operating hour
∆first,h is the difference of prices between areas the studied areas during hour h without
expanded transmission capacity
Q is one hour, a constant multiplier.

A rough estimation of investment benefit is calculated by multiplying the marginal benefit of the first
new unit by the transmission capacity of the studied connection. This estimation assumes that the
marginal benefit remains the same and is independent of any increase to the transmission capacity. An
estimate can be calculated as follows.

8760

B first = M first ⋅ TR capacity = TR capacity ⋅ ∑ ∆ first , h ⋅ Q

(4.7)

h =1

where Bfirst is the benefit of the new transmission capacity according to the marginal benefit of the first
new unit and TRcapacity is the transmission capacity of the studied connection. The transmission capacity
is equal to the hourly energy of exchange via a new connection during congestion (MWh/h). The price
difference and the whole benefit are zero during the hours without congestions. The constant Q can be
moved to the front of the sum. Equation (4.7) can be simplified to the following form.

8736

Bfirst = ∑ ∆first,h ⋅ Eh,new

(4.8)

h=1

where Eh,new is the hourly energy of exchange on the new interconnector during hour h.
Better accuracy in for the benefit is achieved by calculating the average benefit of transmission
expansion instead of using the marginal benefit of the first incremental increase of capacity. The average
benefit can be calculated as follows.

Baverage =

8736
8736
1
[Bfirst + Blast ] = 1  ∑ ∆ first ,h ⋅ Eh,new + ∑ ∆ last ,h ⋅ Eh,new 
2
2  h=1
h=1


(4.9)

where
§
§
§
§
§
§
§

Baverage is the average benefit of the investment
Bfirst is the benefit of the new transmission capacity according to marginal benefit of the first
new capacity unit
Blast is the benefit of the new transmission capacity according to marginal benefit of the last
new capacity unit
h is operating hour
∆first,h is the difference of prices between the studied areas during hour h without expanded
transmission capacity
Eh,new is the hourly energy of exchange in the new interconnector during hour h.
∆last,h is the difference of prices between the studied areas during hour h with expanded
transmission capacity.

If the marginal benefit M with certain transmission capacity is known, the average benefit of the new
transmission capacity can be calculated as shown in Equation (4.10). Mfirst and Mlast are the marginal
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benefits without and with the new transmission capacity and TRcapacity is the transmission capacity of the
studied connection.

B average =

1
[M first + M last ]⋅ TR capacity
2

(4.10)

Comparison of the two methods

According to the marginal benefit method, the benefit of new transmission capacity is close to the
congestion revenue calculated in the socio-economic benefit method. This can be seen by comparing
equations (4.3) and (4.8). The former represents the congestion revenue of one connection and the latter
represents the transmission capacity benefit based on the marginal benefit method. Here, Equation 4.3
is converged into a simpler form because v (a number of interconnections connected to one area) has a
value of one.

(

8736

CRB = ∑ Th ⋅ ∆h
h=1

B first =

8736

∑

h =1

)

E h , new ⋅ ∆ first , h

(4.3)
(4.8)

where
§
§
§
§
§
§
§

CRB is the annual congestion revenue in a certain area
h is operating hour
Th is average hourly transmitted power during hour h in a studied interconnection
∆h is the electricity price difference between areas during hour h.
Bfirst is the benefit of the new transmission capacity according to marginal benefit of the first
new capacity unit
∆first,h is the difference of prices between areas during hour h without expanded transmission
capacity
Eh,new is the hourly energy of exchange on the new interconnector during hour h.

The only difference between Equation (4.3) and (4.8) is that Equation (4.8) represents the congestion
revenue of the new capacity on the connection while Equation (4.3) represents the congestion revenue
of the whole capacity on the connection. The average hourly transmitted power Th is equal to the
transmitted energy with full transmission of the connection during the hours when the price difference
occurs. The price differences ∆h and ∆first,h,ab are equal. Therefore, the benefit of new transmission
capacity calculated by the marginal benefit approach corresponds to the congestion revenue caused by
the new transmission capacity.

Utilisation of the methods in a power system planning

Compared with the marginal benefit approach, the socio-economic benefit method gives a wider
perspective on the benefits created by the investment in transmission capacity. The socio-economic
benefit method consists of the value of transmission losses and the values for consumer and producer in
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addition to the congestion revenue which is considered in both methods. A wide market perspective is
crucial in the planning of a power system where the functioning of the electricity market is one of the
main targets. Due to wide scope of benefits, the socio-economic benefit method suits well for the benefit
calculation although the congestion revenues would be ignored, as proposed in Section 4.4
However, the marginal benefit method is well suited to the scanning of needs for increased transmission
capacity because it is simple to calculate and it shows the severity of new transmission capacity need
(price difference). From the investment benefit point of view, the method does not directly take into
account consumer and producer aspects and the value of transmission grid losses is ignored.
Based on the comparison and conclusions made above, the socio-economic benefit method is
recommended to be used for the benefit analysis, and it is also selected as the basis for the detailed
profitability analysis presented in Section 4.2.

4.4

Factors affecting investment profitability

An extensive and systematic power system investment profitability analysis takes broadly into account
the benefits of an investment. To ensure adequate scope for the profitability analysis, the benefit factors
are selected based on one or several of the following principles: a) the factors are used in the investment
studies presented in the literature, for example (California ISO 2004; Damsgaard et al. 2008; ENTSOE 2015; L'Abbate et al. 2010; Nordel 2008a; Sulamaa & Honkatukia 2006), b) the factors can be
evaluated quantitatively (monetary value) with the tools currently available, and c) there are new factors
that highlight some benefits or costs not evaluated earlier, caused by the investment. The selected factors
are utilised simultaneously in this thesis, in order to enable a comprehensive profitability analysis to be
performed on both the transmission expansion and reserve power investments.
Typically, in the investment profitability analyses presented in the literature, there are two types of
shortcomings. First, some potential investment benefits that are relevant from the socio-economic
perspective (e.g., the value of system reliability) or from the transmission owner perspective (e.g., the
value of grid losses) are not both evaluated in the analyses. Second, some of the benefits are evaluated
only qualitatively, causing difficulties in the quantitative assessment of the total investment profitability.
The factors used in this study represent the costs or benefits for the transmission owner, for society, or
for both of them. The investment benefit factors for the transmission owner affect the income of the
TSO. The investment benefit factors for society affect costs or benefits to society, including reliability,
economy, and the environment, but exclude the factors that directly affect the transmission owner. Table
4.1 presents the factors involved in the investment profitability analysis proposed in this study. The table
classifies the factors according to their focus: transmission owner or socio-economic aspects and
transmission expansion or reserve power investments. Additionally, the principle used in selecting the
factors is shown.
Table 4.1 The selected factors of the comprehensive profitability analysis to be used in the
profitability analysis of a power system investment. The applicability of factors for different analyses
(transmission expansion, reserve capacity, or both) and for different aspects (transmission owner
benefit, socio-economic benefit, or both) are presented under the heading "Focus of the analysis".
In the column on the far right, the criteria for selecting the factors are presented. Factors not applied
in this study but recommended to be included in the future analysis are marked with a grey
background.
Factor
Explanation of the factor
Focus of the analysis
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Cost of
investment

Value of
system
reliability

Consumer
surplus
Producer
surplus
Congestion
revenue

Value of grid
losses
Value of
transit
compensation

Value of
investment
flexibility

Value of
market
distortion due
to exceptional
operational
situations
Value of CO2
emissions
Value of
market power

Transmission
owner (T),
society (S) or
both (B)

Transmission
expansion (E),
transmission
expansion and
reserve
capacity (B)

Fixed (e.g., cable or gas turbine) and variable costs
(e.g., maintenance or fuel for reserve power). In this
study, variable costs are ignored because they are
assumed to be insignificant compared to other factors.
Change in system reliability value as a result of an
investment (reserve power or transmission capacity).
The influence of the dynamic behaviour of the power
system on the system security is not included to the
value of reliability in this study.
Change in cost of electricity for consumers32

B

B

Criteria for
selecting
the factors:
a) existing;
b)
monetary
value; c)
new
a, b

S

B

a, b

S

B

a, b

Change in profit on energy sold (all producers) and
cost of water bypass (hydro power producers)
Change in income for the transmission owner. Hourly
income: price difference between the areas of
congested connection multiplied by the transmission
capacity. Congestion revenue is a transfer of income
between the electricity market players. The ways the
congestion revenue can be used, are regulated33.
Change in cost of losses of transmission grid

S

B

a, b

T

B

a, b

B

B

a, b

T

E

b, c

B

B

b, c

B

E

a, b

S

B

a, b

S

E

a, b

Change in transit compensation for TSO. The country
whose transmission grid will be utilised for power
flows between other countries will be compensated.
Transit compensation is a transfer of income between
TSOs.
Change in the value of investment as a result of
increased flexibility. In this study, flexibility includes
an improved method to take the correct timing of the
investment into account. The evaluation of the
investment flexibility is also a part of the investment's
risk management.
Change in consumer and producer surpluses,
congestion revenues and grid losses during planned and
forced outages of large generation units or transmission
lines. This value is caused by market distortion and it
should not be mixed with costs caused by electricity
supply interruption (i.e. value of system reliability).
Change in cost of emissions caused by power
generation. In this study, the influence of transmission
expansion on emissions is evaluated.
Change in cost of electricity generation if transmission
expansion increases the efficiency of electricity
markets and reduces the possibility of using market
power.

32

Here, it is assumed that all changes in the day-ahead market price also affect the electricity prices in bilateral
trade.
33

Any congestion revenue shall be used for one or more of the following purposes: (i) guaranteeing the actual
availability of the allocated capacity; (ii) network investments maintaining or increasing interconnection
capacity; (iii) as income to be taken into account for calculating network tariffs (ERGEG 2008).
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Value of right
of way - land
zone below
and beside the
overhead line
Value of
balancing
power

Value of other
grid
investments

Value of
indirect
factors

Change in the value of possibility to utilise the area for
flora and fauna, and for forest cultivation.

S

E

a

(i) A change in income for a balancing power provider
as a result of a change in the use of the balancing
power capacity
(ii) A change in balancing power costs for producers
(who have to buy balancing power) as a result of a
more effective balancing power market.
Change in the value of other investments caused or
avoided by the transmission or reserve power capacity
investment, for instance, a reserve power unit causes a
need for grid reinforcement, or transmission expansion
reduces the need for distribution grid investment.
Changes in different values as a result of changes in the
electricity price (value for consumers due to e.g., profit
of energy-intensive products), willingness to invest in
generation (value for society), employment (value for
society), etc.
Change in the value of the possibility to increase the
share of renewable energy sources (value for society).

S

E

b, c

S

B

a, b

S

E

a, b

Table 4.1 shows that the majority of the factors are focused on the socio-economic aspect and about half
of them can also be used for the transmission owner aspect. Furthermore, most of the factors can be used
both for transmission expansion and reserve power capacity analyses. The value of system reliability is
the only factor that directly represents the power system reliability view. The value of CO2 emissions
and the value of the right of ways represent the environmental view. The remaining factors represent the
direct influences on the economy. The factors with a grey background are not applied in this study
because their use would require further development of the evaluation methods and simulation models.
According to Table 4.1, the congestion revenues are used only when the analysis is focused on the
transmission owner aspect. This is because the congestion revenues do not change the total socioeconomic value: they are merely a transfer of income between the market players, including the
transmission owner. This is different from the current Nordic planning practice, where congestion
revenues have been taken into account in the socio-economic benefit analysis. However, the congestion
revenues should be included in the investment profitability analysis if: (a) the profitability of the
investment for the transmission owner is studied and (b) the distribution of benefits and costs among
the market players in different bidding zones is investigated. This is because congestion revenues are
income to the transmission owner and the distribution of revenues among transmission owners varies
depending on the adequacy of transmission capacity between the areas.
Furthermore, there are two factors in Table 4.1 that have not been used earlier in the benefit analysis as
part of the Nordic power system planning but which are used in this study. These factors are the value
of transit compensation and the value of investment flexibility. The importance of transit compensation
in the case of the Finnish transmission expansion analysis is relatively low but in the areas with high
transit levels (e.g., in Central Europe) the importance of the factor is higher. The value of investment
flexibility is not a direct benefit of the investment but the calculation of the value gives a structured way
to treat investment uncertainties.
As a conclusion, the factors affecting the profitability of the investment, presented in this section,
completes the traditional profitability analysis of transmission grid and includes new elements to take
into account in the power system planning. First, there are new investment benefits included to the
planning process. Second, the benefits of reserve power investments are integrated to the analysis. Third,
the selected benefit factors are allocated according to the aspect of analysis (transmission owner and
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socio-economic) and the type of investment (reserve power transmission) enabling their straightforward
utilisation. The proposed factors can also be applied in environments other than those in the Nordic area,
but the order of importance may vary, depending on the power system.

4.5

Value of power system reliability

Traditionally, investments that mainly improve the power system reliability are called system reliability
investments, and their feasibility has been based on technical instead of economic arguments. In some
cases lately, also monetary value of system reliability has been evaluated. The quantitative analysis of
the effect of investments on the reliability of the power system is typically based on two steps: (i) define
the effect of investment on the reliability and (ii) convert the change in reliability into a monetary value.
In the first step, the existing methods are often based on the calculation of different reliability indices,
such as loss-of-load probability (LOLP) or its derivative expected unsupplied energy (Pourbeik et al.
2010). However, in some power systems, for example in Finland, LOLP is too low (Nordel 2009b, p.
18) for practical evaluation of the value of reliability. In the second step, the monetary value of changed
reliability is typically, for instance in (L'Abbate et al. 2010), calculated from the expected unsupplied
energy by using the estimated value of lost energy. However, the determination of the value of lost
energy is not straightforward because the impact of an interruption is different for different loads (the
duration of interruption and the lost energy vary depending on the case) (Mäkinen et al. 2009). In
addition, the assessment of realised costs is difficult because there is no market where the value of supply
interruptions could be defined (L'Abbate et al. 2010, p. 30). The problem of too low LOLP and
difficulties in defining the monetary value for energy not supplied can be avoided with a new method
presented in this section.
The effect of investment on the reliability is evaluated on the basis of the change in the margin to (power)
system failure. System failure is a situation where the generation capacity or transmission capacity is
not adequate to meet the load. The margin to system failure is the extent to which the load in the (Finnish)
power system, dimensioned by the (N − 1) criterion, can be increased without causing a system failure.
The change of the margin to system failure is calculated with the MAPS model (Bitén & Lindh 1998)
and includes four steps:
1. calculate the margin to system failure in the power system without an investment. The margin
to system failure is the difference (MW) between the peak load and the load which leads to a
certain system failure probability34 (0.1% in this study on the basis of the value used in the
adequacy studies made by Nordic TSOs (Nordel 2008b));
2. add the investment being studied into the power system;
3. calculate the new margin to system failure with the same system failure probability as used in
step 1, and
4. define the effect of investment on the reliability; it is the change in the margin to system failure
(the difference in the margins between steps 3 and 1).
After defining the change in reliability as a result of investment, a monetary value for the change is
identified. Therefore, a method to convert the change in reliability (i.e. increased margin to system
failure) into a monetary value is described. First, the increased margin can be thought of as being
represented as an increase in the transfer reliability margin (TRM) of the interconnection between the
bidding zones. This is illustrated in Figure 4.3 (b). Now, the change in the reliability level can be
expressed as increased net transfer capacity (NTC), provided that the transfer reliability margin is
assumed to be constant regardless of the investment. In other words, instead of increasing the transfer
reliability margin we increase the net transfer capacity, as shown in Figure 4.3 (c). Therefore, the

34

System failure probability is here assumed to correspond to the loss-of-load probability.
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increase in reliability as a result of the investment is taken into account as a fictitious increase in the net
transfer capacity. Finally, the monetary value (socio-economic benefit) of the increase in NTC is here
evaluated with the Samlast model, in the same way as any transmission expansion. Now, the fictitious
NTC in the simulation model represents the expanded transmission capacity. The presented method
recovers the monetary valuation of change in reliability to the normal benefit analysis of transmission
expansion.

Figure 4.3 The principle of converting increased reliability (i.e. increased margin to system failure) to a fictitious
net transfer capacity (NTC). Original net transfer capacity and transmission reliability margin (TRM) (a), original
net transfer capacity and transfer reliability margin added by increased margin to system failure (b) and fictitious
net transfer capacity with original transfer reliability margin (c).

This method can be applied for the transmission capacity that is between the bidding zones, having a
value for the electricity market. Transmission investments inside a bidding zone do not necessary have
an impact on the net transfer capacity available for the market.
In the case of reserve (or balancing) power investment, the same method described above can also be
applied. Now, the increased margin to system failure is allocated to the increase in fictitious import
capacity from the surrounding areas to the area of reserve capacity investment. Increased NTC is applied
only for the import capacity because additional reserve power releases additional import capacity,
assuming that import capacity has been restricted due to reserve power import. The amount of fictitious
import capacity is equal to the change in the margin to system failure. The monetary value of the new
reserve power capacity for the reliability is again evaluated with the Samlast model in the same way as
any transmission expansion.
The limitation of the proposed method is that in the method, the net transfer capacity is assumed to be
based on a deterministic evaluation. If the net transfer capacity in this study was based on a probabilistic
rather than deterministic evaluation, no separate reliability evaluation would be needed in the investment
profitability analysis. This is because the increased reliability is taken into account in the net transfer
capacity in the case of probabilistic planning. Deterministic planning may result in a lower net transfer
capacity than probabilistic planning. This is the case for example when dynamic stability rather than
thermal capacity is the limiting factor for the increased net transfer capacity.

4.6

Alternatives to the investments

This section proposes a systematic procedure that takes options other than the investments into account
in the investment profitability analysis. The aim of including this action to the planning procedure is to
ensure an optimal solution for the needs that the future changes in a power system will cause. In most
cases, there is an alternative measure to investment, a measure which can be applied instead of investing
reserve power or transmission capacity.
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Section 4.6.1 shows the motivation for considering alternatives to (mainly) transmission capacity
investments in the profitability analysis. Section 4.6.2 presents the alternative measures that are
considered to be the most applicable for the Finnish power system. These are the control of existing
power generation to manage power flows, i.e. system protection, counter trading or redispatching,
curtailment of wind power generation, and the control (curtailment) of net transfer capacity. All these
methods can be used either to postpone or to avoid transmission capacity investments. Furthermore, new
alternative measures to be considered in the future are also discussed. Finally, Section 4.6.3 presents a
method to analyse the optimal combination of reserve power and transmission capacity. New local
reserve power capacity can be an alternative for new transmission capacity and vice versa.

Driver and benefits of considering alternatives to investments

The main driver for the increased need of alternative measures in transmission planning is different
utilisation of transmission capacity where wind power and other sources of fluctuating power may lead
to higher transmission capacity needs but lower utilisation ratio of transmission lines. Figure 4.4 shows
an example of the change in utilisation of transmission lines, due to wind power. Under these new
circumstances, the traditional capacity-based planning of new lines, according to peak loading of lines,
is no longer the most optimal planning method.
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Figure 4.4 Duration curves of power exports from Denmark during two years with different generation structures.
The red curves represents the year 2001, with 12% of wind power and 88% of thermal power generation. The
percentages are shares of annual consumption energy. The blue curves represent the year 2008, with 19% of wind
power and 81% of thermal power generation respectively. The exports are presented for the whole year (a) and
for the 300 highest export hours (b). (Nord Pool Spot 2011b) The total transmission capacity from Denmark
(export) is almost equal in years 2001 and 2008 but the capacity towards Norway and Sweden is 320 MW lower
in 2008 than in 2001 (Nordel 2009a).

A systematic procedure to take the alternative measures (to avoid investments) into account provides
higher flexibility when creating the investment plan. For instance, the use of system protection may be
faster or more cost-efficient to implement in some cases than an investment for a new overhead line due
to slow environmental impact assessment process for the new line and to relatively large capacity of a
new line investment. Furthermore, it is possible to have a combination of an investment and an
alternative measure, rather than the alternative totally replacing the investment.
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Control of electricity generation and net transfer capacity
System protection35 is designed to detect abnormal system conditions and take predetermined corrective
steps in order to preserve system integrity and provide acceptable system performance (Van Acker et al.
2001). System protection can be used to increase transmission capacity, the security of the power system,
or the two in combination (Bertsch et al. 2005; Nordel 2007,). In this study, the focus is on the use of
system protection to increase transmission capacity without diminishing the system security. The
increase in net transfer capacity (NTC) by the system protection is possible because it mitigates the
increase in power flows during and after disturbances. The system protection can increase the NTC
(especially in certain cross-sections in Finland) because the stability of the power system after the
disturbances restricts the available transmission capacity.
A transmission capacity investment can sometimes be avoided or delayed by counter trading or
redispatching. The purpose is to reduce power flow over congested interconnection(s). In counter
trading, the TSO performs a purchase of energy in the deficit bidding zone and a corresponding sale in
the surplus bidding zone. In redispatching, the procedure is the same as in counter trading, but
redispatching can also be performed inside a bidding zone. The prerequisite for counter trading and
redispatching is that there are enough adjustable generation resources available for the control of the
power flow on both sides of the interconnection. Counter trading or redispatching cannot be used to
control sudden power flow changes caused, for instance, by disturbances. However, they can be used to
manage power flows in post-fault situations.
Curtailment of wind power generation can, in some cases, reduce the transmission or reserve power
capacity needed. The power flows and the need for reserve power can be controlled by adapting the
wind power generation. Curtailment of wind power should be based on the forecasts of power flows,
power balance, and wind power generation.
Curtailment of the net transfer capacity by increasing the transfer reliability margin36 (TRM) enables
higher reserve power import and reduces the need for domestic reserve power capacity (assuming there
is enough reserve power to import). In the profitability evaluation of this measure, costs due to reduced
net transfer capacity for the market players should be compared with the benefits of avoiding a reserve
power investment.
The development of technology and electricity market will bring new alternatives to transmission
capacity and reserve power investments. For example, different energy storages such as batteries and
compressed air energy storages can be an alternative for traditional reserve power capacity investment.
Furthermore, a market-based demand response may decrease the investment need for reserve power and
even transmission capacity. However, from the power system planning perspective, the process remains
the same: these are alternatives for investments and their profitability (benefits minus costs) should be
compared against the investment profitability as any other alternative.

Optimal combination of reserve power and transmission capacities

Strong coordination between reserve capacity planning and transmission capacity planning is required
when there is a link between reserve power and transmission capacity needs. The link exists if
transmission capacity is used to import reserve power. This means that part of the local reserve power

35

Wide-area protection, Network Protection, the System Protection Scheme, the Special Protection Scheme,
and the Remedial Action Scheme are also used as synonyms for System Protection (Bertsch et al. 2005;
Karlsson & Waymel 2001; Nordel 2007).
36

A margin that covers the forecast uncertainties of power flows on an interconnection as a result of imperfect
information from market players and unexpected real-time events
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requirement can be replaced by importing reserve power and part of the transmission capacity should
be allocated for reserve power. Furthermore, reserve power capacity can also be used for power flow
management. This may reduce the need for new transmission capacity.
This section presents a new concept for identifying the optimal reserve power and transmission capacity.
In the optimisation, new transmission capacity can be an alternative to reserve power investment and
vice versa. The concept takes the socio-economic aspect into account and it can be applied for a large
region such as a synchronous power system. Therefore, it optimises reserve power and transmission
capacities globally instead of investigating one area at once. The application of this concept would widen
the planning from grid optimisation towards power system optimisation.
In order to identify the optimal reserve power and transmission capacity, three options are considered:
(i) to invest in new transmission capacity, (ii) to build new reserve power capacity, (iii) to reduce the
net transfer capacity in order to save transmission capacity for reserve power import. Furthermore, it is
possible (iv) to combine the previous options. The optimal solution can be found by minimising the cost
of reserve power investment37 and its use, taking into account the costs of the four options and the need
to transfer reserve power between the areas.
First, the need to transfer reserve power can be evaluated by simulation. In the simulation, the cost of
reserve power use in the fictitious reserve power market is based on cost minimisation where (a) the bid
curve of reserve power is based on the marginal costs of reserve power capacity and (b) the net transfer
capacities are unlimited between the regions. In addition (c), the demand curve of reserve power in each
region is based on the variation of the load, on the wind power forecast errors (or sudden changes in
wind power generation) and on the forced outages of power plants and lines affecting the power system
frequency. Here the focus is on the simulation of the generated reserve power over time, not on the
analysis of required reserve power capacity as discussed in Chapter 3. However, the reserve power
capacity used in the simulation should be based on the methods presented in Chapter 3.
Second, the need for additional transmission capacity can be calculated on the basis of the simulation
results by subtracting the transfer reliability margin from the highest simulated reserve power flow in
each investigated line. Third, the three components of socio-economic cost to cover the global reserve
power need are defined separately. The components are the cost of the additional transmission capacity,
the cost of reduced net transfer capacity (due to the needed increase in the transfer reliability margin)
and the cost of new reserve power capacity (corresponding to the amount of reserve power imported).
Fourth, the optimal combination to cover the reserve power need is achieved by minimising the costs
caused from different combinations of new transmission capacity, new reserve power capacity and the
reduced NTC capacity.
Finally, the costs of a possible decrease in reliability as a result of the higher use of reserves (more
frequent use, higher power needed, or both) due to optimisation is evaluated with a probabilistic method
that yields a change in the expected unsupplied energy. If the monetary unit value of lost energy is
known, the cost of change in reliability can be calculated. An example of taking the costs of changed
reliability into account in reserve power optimisation is presented in (Ortega-Vazquez & Kirschen
2009).
This concept results in the investment plan for reserve power and transmission capacity. Also, the
reduced net transfer capacity can be part of the solution. The plan is based on the reserve power need.
These investment need has to be integrated with other transmission capacity and reserve power needs

37

According to (Van Hulle 2009, p. 78), the main benefit of sharing reserve power capacity within larger region,
for example in a synchronous region (i.e. exchanging reserve power between areas) could consist of reserve
capacity savings.
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(e.g. transmission capacity need due to power flows in a day-ahead market) in order to form the complete
power system investment plan.
The presented concept is a central part of combining the two traditional planning methods, grid planning
and reserve capacity planning, into one power system planning process. The usefulness of this method
increases when the region to be planned is large; this provides more possibilities to replace a part of the
reserve capacity with the adequate transmission capacity and better utilisation of it. However, further
work is required before the concept can be utilised in practice. Interestingly, the idea of simulating the
reserve or balancing power market to investigate the utilisation of transmission capacity for reserve
power, presented in this thesis, has also been presented in (Frontier Economics 2009) but in a different
context.

4.7

Concluding remarks

The power system plan is mainly a plan for required investments in order to maintain adequate
transmission capacity as well as reserve power and generation capacity. The profitability of investment
has to be positive in order to justify the investment. Insufficient profitability (cost-benefit) analysis may
lead to over- or underinvestments incurring additional costs for society. Therefore, comprehensive
profitability analysis is a crucial part of the power system planning. This chapter brings wider and a
systematic approach to a profitability analysis by i) describing the step-by-step procedure for the
analysis, ii) studying the relevant benefit factors both from the TSO and also the socio-economic points
of view and iii) integrating the analysis of measures to avoid investment (i.e. alternatives) into the
profitability analysis.
The inclusion of the reserve power investments in the profitability analysis both as individual investment
and as an alternative to transmission capacity investment is important especially when the power system
has large-scale wind power and the reserve power need is increasing.
A higher transparency for investment decisions is achieved when the profitability analysis is divided
into two parallel analyses (profitability for society and for the transmission owner). The socio-economic
aspect is needed for investment feasibility evaluation and the transmission owner aspect for keeping
company's income between the regulated maximum and required minimum. However, as more
electricity markets become integrated in the whole European area, the more relevant the socio-economic
aspect will be in the profitability analysis.
Finally, a method to evaluate the monetary value of investment due to its ability to increase the power
system reliability integrates one important benefit factor to a quantitative profitability analysis. The more
the advantages of an investment's can be quantified (in terms of monetary value), the easier is the
decision-making for the investment feasibility. However, further research is needed to develop the
profitability analysis so, that as many factors as possible could be monetized. Then, it is possible to
make a full cost-benefit analysis that includes investment's value on the environment, power system
reliability and the whole society. Although quantitative analysis may lead complex calculations, its
advantages are that it is comparable between different analyses and subjective evaluation (required in
qualitative analysis) can be avoided.
The value of the Chapter 4 results can be evaluated by comparing them with other research in the field.
The comparison of the two methods related to the benefit of investment, presented in Section 4.3, is
interesting especially in the Nordic area, where those methods are widely utilised. Neither of the
methods (marginal benefit and socio-economic benefit) is new, and they are based on well-known
principles of market benefits arising from changes in electricity price in different bidding zones. No
research making comparisons between those two methods has been found. Comparison of two
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corresponding methods related to transmission capacity investment benefit is presented in (ENTSO-E
2015, Appendix 2). However, only one of those methods is among those compared in Section 4.3.
The contribution of Sections 4.4 and 4.6 is that they both integrate a set of separate issues into a single
systematic planning process rather than present new methods of analysis. Section 4.4 collects the
relevant benefit factors for an investment analysis while Section 4.4 collects relevant alternative
measures (to infrastructure investments) to be considered in the investment analysis. In addition, Section
4.4 also presents a new concept for analysing reserve capacity investment as alternative to transmission
capacity. Research done in this field consists mainly of new methods to analyse certain benefit factors
or to avoid infrastructure investments, rather than of methods analysing how to take these factors and
measures into account in power system planning. However, there is some published work focusing on
the system planning aspect. For example, (ENTSO-E 2015) presents relevant benefit factors for
transmission investment analyses and (California ISO 2004) recommends alternative measures for
infrastructure investments in the planning process.
The value of power system reliability has been widely investigated. Often it has been connected to the
loss, due to power system disturbance, experienced by the electricity consumer. Typically, indicators
such as loss-of-load-probability, loss-of-energy-expectation and loss-of-load expectation are utilised in
order to quantify the level of reliability. Less research has been published on the methods to monetise
the value of an infrastructure investment (e.g. transmission capacity) in terms of the change in power
system reliability. Examples of methods monetising the value of reliability are presented in (L'Abbate
et al. 2010) and, in a more general level, in (ENTSO-E 2015). The challenge of utilising those methods
in practice is related to a very low probability of events that can cause significant harm to electricity
consumers. The method presented in Section 4.5 provides a new approach to monetise the value of
reliability increase, taking into account the power systems with high reliability.
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5 Uncertainty in investment benefit analysis
5.1

Introduction

This chapter presents a new method to apply real-option theory to power system planning for managing
the risk38 to investment profitability caused by uncertainty. The contribution here is the description of
how real option theory can be applied in a liberalised electricity market for transmission investment
analysis so that the socio-economic aspect is kept systematically within the analysis. The application of
real-option theory is not new in power generation investment analysis (see e.g. Botterud 2003 and Hundt
& Sun 2009). However, the real option theory is seldom applied for the transmission investment analysis
where the methods used for generation investments can be poorly applicable for transmission
investments. Furthermore, the method presented here focuses on transmission capacity investment
because a longer planning horizon is needed and more uncertainties exist with transmission capacity
than e.g. with reserve power capacity investments. The socio-economic aspect is ensured by calculating
the socio-economic benefit for the investment in each analysed scenario.
The traditional methods used for taking uncertainty into account in the transmission investment analysis
are the use of scenarios, sensitivity analyses, and a higher interest rate as the risk premium for the
investment. Hedging39 is recognised as risk management method for the planning in (Sandrin et al.
2000). However, the description of how hedging is carried out in practice remains at a general level.
Furthermore, there are some studies where real-option theory has been used for transmission expansion
planning, for example (Damsgaard et al. 2008; Hedman et al. 2005; Ming & Kuo 2008; Pringles et al.
2015; Ramanathan & Varadan 2006; Van der Weide & Hobbs 2010) but not with the same
comprehensiveness as proposed here.
This chapter first describes the concept of real option and how it is used in the power system analysis
(Section 5.2). Then, the method used in the transmission investment analysis (Section 5.3) and its
application in this thesis (Section 5.3) are presented. Concluding remarks are presented in Section 5.5.
Generally, the chapter describes a method to evaluate the uncertainty and mitigate the risk in investment
analysis. This chapter completes the investment profitability analysis presented in the previous chapter.

5.2

Real options and their use in power system investment
analysis

A real option is the right, not an obligation, to take a business decision, typically an option to make a
capital investment. The word "real" in the concept of "real option" refers to fixed, permanent or
immovable things, for instance strategic investments (Brach 2003). The possibility to choose between
alternatives includes a certain economic value to the company. The more uncertainty there is in the
future and the more the risk can be reduced by postponing the decision, the higher the value of the option
is. (Copeland & Keenan 1998; Pirilä 2004) In this study, the value of the option is equal to the value of
keeping the investment flexible.

38

In this study, the difference between the concepts "risk" and "uncertainty" is that risk is something that can
be managed or reduced while uncertainty is something that exists and cannot be decreased. Uncertainty can
only be estimated. Risk management means being prepared for uncertainties.
39

According to (Sandrin et al. 2000), hedging in power system planning is a process where the power system
planner can improve his solution by reducing risk through generating new alternatives.
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The utilisation of real options has several advantages compared with traditional methods (e.g., the use
of an increased interest rate in the net present value method) when the uncertainty of the profitability of
the investment is to be taken into account. First, the real-option method enables the changes in
uncertainty between the planning and implementation phases to be considered. Second, increasing
uncertainty increases the value of the option, while it reduces the value of a project based on the net
present value method. This is because the real-option method enables future positive possibilities to be
utilised or negative impacts to be avoided by not reclaiming the option. Third, by having an option one
can maintain more possibilities than by fixing the same resources to one or a few projects. Additionally,
the decision to invest must be taken at the present time with the traditional NPV method, while the realoption method allows flexible time to make a decision. (Sandström 2006 citing Ståhle et al. 2002)
In power system planning, real-option analysis enables a monetary value for investment flexibility to be
defined. This can be used as a tool to manage risks. The value of investment flexibility increases
traditional profitability (net present value, NPV) of the investment. The sum of the traditional net present
value and the value of flexibility is called the strategic net present value of the investment (e.g.
Sandström 2006 citing Ståhle et al. 2002).
Options can be divided into put options and call options, and, in addition to these, to American and
European options. In this study, American call options are applied with the power system investments
because the American options can be exercised at any time between the day of purchase and the day of
expiry (Damodaran 2005). A call option means that one has the right but not an obligation to buy a
certain commodity or prowess (Sandström 2006 citing Ståhle et al. 2002).
Deferring option, phasing option, and option to abandon, together with compound option, are the realoption types that are well suited to large infrastructure investments because they increase the flexibility
of investment. Deferring option (also called the option to delay) is the option applied in this study
because the timing of an investment is one of the most difficult issues to be decided due to the uncertain
future. In this study, deferring option is applied as an American call option. With the deferring option it
is possible to define the value of investment flexibility but also to determine the optimal timing of the
investment.
According to (Sandstöm 2006 citing Amram & Kulatilaka 1999) real-option valuation is worth using
when at least one of the following is true in relation to the investment project being investigated: 1) the
project is related to other projects; 2) the uncertainty related to the project is so significant that it is worth
providing new information; 3) the value of the project comes from the future possibilities rather than
the income from the project under study, or 4) the uncertainty in the future is so great that it is beneficial
to have flexibility in the project.

5.3

Methods to determine the value of real option

In this study, the binomial tree method has been selected to define the value of a real option. A method
which is often used in real-option analysis is the Black Scholes 40 equation, although there are some
examples where the binomial tree method is used in transmission capacity investment analysis, for
example, (Ramanathan 2006) and (Damsgaard 2008). The binomial tree method has several advantages
compared to the Black Scholes method when considering infrastructural power system investments.
First, the changes in the cash flow of transmission capacity investment are often discrete (caused by a
large industrial load, new power plant, etc.). The discrete nature of uncertainty limits the use of BlackScholes-type methods where the variation in the uncertainty factor is assumed to be distributed
according to some distribution function. Second, in Black-Scholes-type methods only the European
option can be used, i.e. the option can be exercised only at its expiry date. This feature limits also the
use of the Black Scholes methods in transmission expansion projects. Third, Black-Scholes-type
40

According to (Damodaran 2005), the Black Scholes equation is one limiting case of the binomial methods.

68
methods assume stable volatility of cash flow over the period being investigated, while the volatility of
profit may change in the case of transmission capacity investment. Therefore, the binomial tree method
is more suitable for transmission investment studies than Black-Scholes-type methods.

5.4

Application of binomial tree method in investment analysis

In this study, the binomial tree method is utilised to calculate the value of the option to delay, in order
to apply the real-option theory for the analysis of investment in transmission capacity. The value of the
option shows if it is worth delaying the investment decision.
The binomial tree method is based on the stepwise procedure to define different possible future states.
Each branch in the tree represents a possible future path. A binomial tree refers to that in the end of each
branch there are exactly two alternative paths to continue. These two alternatives represent the
uncertainty in a simplified form. In each calculation step of the binomial tree method, all future scenarios
with occurrences affecting the profitability of the investment are estimated. The scenarios producing a
negative cash flow are ignored. The calculation is typically, and also in this study, performed backwards
by starting from a far future and ending up in the present. In the case of an option to delay, the binomial
tree method results in the value of the option to delay the investment decision. If the present value of
the option is higher than the net present value of the investment decided at the present time (taking into
account uncertainty of profitability), it is wise to postpone the investment decision.
In the binomial tree method, the major uncertainties affecting the value of an option are defined prior to
application of the method. In this study, the development of generation capacity and transmission
capacities are the primary sources for uncertainty in the cash flow of transmission capacity investment.
The development of consumption and the stochastic nature of wind and hydro power generation are
taken into account in the calculation of the socio-economic benefit for the investment being studied, and
they are not included in the real-option analysis as primary sources of uncertainty. Other minor factors
of uncertainty ignored in this analysis are duration (time for environmental impact assessment, lack of
project resources, etc.) and the cost of the investment project (technology, market situation, price of land
for overhead line, etc.).
In this study, the value of a real option is calculated manually with a method called dynamic
programming41 on the basis of the binomial tree method. The time span of the study is four years,
corresponding to the expiry period of the real option. The period for the investment profitability
evaluation is the lifetime of the investment. The calculation step is one year, corresponding to the
possibility of exercising the option once a year (American-type option). In dynamic programming the
same procedure is repeated in each calculation step (Brandao et al. 2005; Damodaran 2005).
The procedure used in this study to define the value of the option and the time of the investment decision
(now or later and, if later, when?) by applying the binomial tree method is presented in the following
steps and in Figure 5.1.
1. Define all costs and benefits affecting the cash flow of the investment. The benefits increasing
the cash flow of the investment are, in this study, understood as the socio-economic benefits of
the investment. (However, in this method, the benefits can also be defined from the transmission
owner viewpoint only.)

41

Dynamic programming is a method used for solving large problems by breaking them down into simpler
steps. An example of applying dynamic programming with the binomial tree method is presented in (Brandao
et al. 2005).
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2. Choose the time span and length of the calculation step (In Figure 5.1, a three-year time span
with a one-year calculation step is shown).
3. Define the independent factors of uncertainty (No. 1 and No. 2 in Figure 5.1), different possible
chains of occurrences at each point (A–F in Figure 5.1), the probability of each chain of
occurrences, and the probabilities (a and b in Figure 5.1) for the defined uncertainties. The
robustness of the option value has to be checked as a function of probabilities of the different
occurrence chains (Miranda & Proenca 1998).
4. Form the binomial tree according to Figure 5.1 to visualise the problem. (This is not needed if
the process is automated.)
5. Calculate the discounted cash flow for alternative realisations presented at different points of
the binomial tree (points A, C, E, and F in Figure 5.1) including costs and benefits discounted
to the present time. The cash flows are discounted to the present time which is the first possible
year in which the investment decision can be made. The cash flow is calculated as probabilityweighted expected value based on the cash flow of both parallel branches and the probabilities
of branches at each point of decision. The expected value takes into account the uncertainty but
not the flexibility.
6. Calculate the option value for each year (points D and B in Figure 5.1), starting from the final
period and ending with the first period being studied. The value of the option is based on the
selection of the profitable alternatives only at each step. For example, the higher values from
the pairs, C1 and D1, and C2 and D2 are selected. The value of the option in Year 1 (point B) is
then the probability-weighted value of the selected values in Year 2. The costs 42 of delaying the
project and possible embedded costs (e.g., cost of environmental impact analysis) are also
included in the value of the option. The value of the option corresponds to the value of the
investment flexibility.
7. a) Compare the option value at point B with the value of an immediate decision (point A). If the
value of the option is greater than the decision to invest now (value in B is greater than value in
A in Figure 5.1), then it is worth postponing the time of the investment decision. b) Compare
the values of investment at different steps (A, C, E, and F in Figure 5.1). The period with the
highest value defines the optimal timing of the investment on the basis of the available
information. The optimal timing of the investment decision should, naturally, be recalculated if
there is new information available that affects the profitability of the investment.

42

For example, the cost of losing income that the investment would incur and the cost of studies conducted
in order to have more information related to the project. Additionally, the benefits of saving on the costs of
financing the project should be taken into account.
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Year 1

Year 2
Decide

A

Year 3
C1
E
Yes (Probability b)

Yes (Probability a)

D1
Wait

B

Will uncertainty No 2 be
realised?

Will uncertainty No 1 be
realised?

F
C2

No (Probability 1-b)
E and F: Discounted profits
of investment if decision is
taken in Year 3

No (Probability 1-a)
A: Discounted profit of
investment if decision is
taken in Year 1

E

B: Discounted value of
waiting in Year 1
C: Discounted profit of
investment if decision is
taken in Year 2
D: Discounted value of
waiting in Year 2

Yes (Probability b)

D2
Will uncertainty No 2 be
realised?

F
No (Probability 1-b)

Figure 5.1 An example of applying the binomial tree method for defining the value of option to delay the
investment.

Furthermore, the following remarks related to the calculation of cash flow (Step 5 in the procedure
described above) are presented in order to clarify the calculation process. First, the calculation of
discounted cash flow at each point (A, C, E and F in Figure 5.1) is based on different combinations of
possible chains of occurrences. The combinations of chains depend on the amount of information
available for the decisions at that point. The points representing later years have less uncertainties left
because some of the uncertainties have (or have not) been realised. Second, in the calculation of the cash
flow for one combination of the chains of occurrences, the cash flow of each chain of occurrences is
weighted by the probability of each chain of occurrence. Third, in the calculation of cash flow for one
point, the cash flows of combinations of different chains are weighted by the probability of selected
uncertain occurrence in each branch. Fourth, in one chain the individual occurrences can be dependent
on each other. The individual occurrences are, for example, new generation capacity in the Year 2 and
increased import capacity in the Year 5. Fifth, in this study, the probability of chains and the probabilities
of individual occurrences are based on expert estimation. Finally, when calculating the present value of
cash flow, the time from the investment decision to the commission is considered by setting constant
the last year when the costs and benefits are considered. Thus, in the case of a later investment decision,
there are fewer years in which to earn benefits compared with a decision made in the first year and also
some residual value of costs has to be subtracted from the cash flow.

5.5

Concluding remarks

A real-option analysis gives a tool to quantitatively take the uncertainties into account in the power
system planning and especially in the transmission investment analysis. It improves the risk management
by producing a monetary value for investment flexibility in its timing. In the real-option-based method,
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the value of reduced risk in investment profitability is evaluated by studying the effect of timing of
investment decision on the profitability. The use of real options in the investment profitability analysis
contributes to identifying the most important uncertainties and to quantifying their impact on
profitability. The method enables risk in power system planning to be managed in a systematic way.
The method also helps to quantify the amount of flexibility needed (value of option). On the other hand,
many assumptions are needed to be able to apply the method and the results are dependent on the
assumptions. Some assumptions are based on subjective expert opinions that affect the modelling of
uncertainty. Subjective "best estimates" may vary from analysis to analysis. An automated uncertainty
modelling may not be so sensitive to individual expert opinions. However, automated modelling also
relies on assumptions, and the correctness of those assumptions should be verified. In any case, the more
uncertain is the future, the more beneficial it is to utilise real-option analysis for the decision making.
The value of the method compared to others presented in the literature lies on its detailed level to capture
the benefits and costs of the planned investment. Other methods have been simplified in order to enable
automated analysis. For example in (Pringles et al. 2015), the analysis is fully based on automatic
calculation of real option value. Furthermore, some other methods presented in the literature, e.g.
(Damsgaard et al. 2008), are based on a similar "manual" binomial tree method as the one presented in
this thesis, but they still do not have the details required to achieve the comprehensiveness shown in this
work.
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6 The electricity market model in investment benefit
analysis
6.1

Introduction

This chapter proposes new and improved methods to utilise the electricity market simulation model in
the investment benefit analysis. The aim is to take better into account the effects of variable wind power
and the special features of the hydro power modelling in the benefit analysis. Also, a different modelling
of transmission capacity for different planning purposes is presented. In the planning process, this
chapter belongs to Block 4a in Figure 1.2.
Electricity market simulation is required when planning a power system in an environment where power
generation and power flows are based on a market-based solution. By market simulation, it is possible
to define the electricity price, which again defines the market benefits for different market players. This
forms the basis for a market-based investment benefit analysis.
In this study, Samlast is selected for the market and power flow simulations although there are several
market models that have been developed for the planning of power systems, as presented e.g. in (Fosso
2010, pp. 27-30). The Samlast software (Hornnes et al. 2000; Husom & Hornnes 2009) combines the
day-ahead market simulation and the simulation of the physical power flows. Appendix B presents a
general description of Samlast. The key reasons for selecting Samlast for this study are the detailed
enough hydro power model for investigating a system dominated by hydro power, the experience of
using the software among the Nordic TSOs and the joint (software provider and TSOs) development
already done for the software to improve its capability for system planning. Also, the model contains
detailed data for the Nordic transmission grid, including the market data for the Nordic and Baltic
countries and Poland. Furthermore, many generating companies in the Nordic electricity market utilise
the same software for the planning of hydro power operation and market analyses. In this chapter, some
of the ideas are strictly connected to the features of Samlast while others can be utilised in the wide
range of electricity market models.
The chapter is organised as follows. Section 6.2 discusses the modelling of hydro power. The focus is
on the calculation and use of the water values43 in the power system planning. The proposed principles
are general and they can be used to other market simulation software where hydro power modelling is
based on the water value calculation. Section 6.3 presents improvements to the modelling of wind power,
including a higher time resolution and the hydro power producers' response to wind power generation.
These are more Samlast specific improvements. Section 6.4 focuses on the modelling of transmission
capacity. It presents different modelling methods possible in Samlast and proposes how different
methods should be used for power system planning. Section 6.5 presents a proposal on how to take
possible negative electricity prices into account in the simulation. This proposal can be applied to any
other market simulation software where the electricity price is formed as an intersection of demand
curve and bidding curve. Finally, Section 6.6 ends the chapter with concluding remarks.

43

Water value is the opportunity cost of hydro power that arises when the generator has an option to postpone
generation, requiring the generator to have unexploited reservoir capacity. (Scott & Read 1996).

73

6.2

Hydro power modelling

This section proposes methods to model hydro power so that typical problems in investment benefit
analysis, such as instability of simulation results and negative market benefits, could be avoided. These
issues are discussed in Sections 6.2.1 and 6.2.2. In addition, Section 6.2.3 presents a simple method to
model the market power of hydro power producers by tuning the modelling of hydro power. The aim is
to include the effect of market power into the analysis of investment benefit.
The modelling of hydro power with reservoirs is a complex simulation task. If hydro power dominates
the power system, the modelling of the hydro power has a major impact on the simulation results,
including the market benefits for the investments. Therefore, it is essential to utilise hydro power
modelling in a feasible way in power system planning.

Use of water values in benefit analysis

The benefit of investment is defined as the difference in socio-economic welfare between the two
situations: without and with new investment. Here, the investment is a new transmission capacity.
Ideally, separate water value calculations for both simulations are performed to allow hydro power to
react to the increased transmission capacity. However, in the Nordic planning studies, the water value
calculation in both simulations have caused some (likely mathematical) instability in the simulation
results because of their complexity and high sensitivity to small deviations. This has been a problem,
especially in the investment benefit analysis, where relatively small (investment) benefits are calculated
from large absolute socio-economic welfare. In this section, three alternative ways to solve the problem
are compared and the most appropriate one for the investment analysis is selected for use in this study.
These three alternative ways to minimise the influence of instability on benefit calculation are: (i) to
calculate water values only for the planning case without investment and also use the same water values
for simulation with investment; (ii) to calculate water values only for the planning case with investment
and also use the same water values for simulation without investment, and (iii) to calculate water values
for both cases (without and with investment) and use the water values that yield the highest socioeconomic welfare in both cases.
In the first alternative, the hydro power producer behaves as if a new transmission capacity did not exist
in post-investment simulation, resulting in lower utilisation of transmission capacity than the modelled
capacity would enable. In the second alternative, the hydro power producer behaves as if the
transmission capacity also existed in pre-investment simulation, resulting in higher utilisation of the
transmission capacity than the modelled capacity would enable. Therefore, alternative (i) may
underestimate the profitability of investment, but it is better than alternative (ii) because it is more
realistic. Alternative (i) is more realistic because, in that case, hydro power producers would tend to
utilise the expected transmission capacity less than the modelled maximum capacity, while in alternative
(ii) they would tend to utilise the expected transmission capacity over its modelled capacity.
Consequently, alternatives (i) and (ii) are compromises where the hydro power producer cannot change
the operation as a result of the new transmission capacity.
The third alternative takes into account the changing operation of hydro power as a result of the new
transmission capacity. In this alternative the water value calculation and the market simulation are first
repeated until the socio-economic welfare does not increase any more. (Samlast typically yields slightly
different socio-economic welfares when repeating the calculation.) This procedure is performed for both
cases: without and with investment in transmission capacity. Second, socio-economic welfare is
calculated for both cases (without and with investment) with the water values that lead to the highest
socio-economic benefit. Finally, the benefit of investment in transmission capacity is a difference
between the two welfares calculated in the previous phase. This alternative is recommended for use for
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the benefit analysis because it is the most realistic method, enabling all the producers to react to the new
transmission capacity.

Negative investment benefits
The socio-economic gross44 benefit of any increase in transmission capacity should be positive in an
electricity market with a perfect competition. This is because the new transmission capacity creates an
opportunity for market players to utilise the electricity market more efficiently, but this opportunity does
not have to be used if it does not improve socio-economic welfare. In some investment benefit analyses
performed by the Finnish TSO, however, the Samlast model has generated a negative socio-economic
gross benefit of transmission capacity investment.
This section examines possible reasons for the negative benefits in order to either being able to avoid
negative benefits in simulations or at least to understand better the reason for the unreasonable results.
In this study, the problem has not been fully solved but some sources of problem have been excluded
and some suggestions for further work are presented.

Market price of electricity

First, the socio-economic benefit of transmission capacity investment is examined with a simple
graphical example (Figure 6.1). Here, the socio-economic benefit includes the same components as used
widely in the Nordic investment analyses: consumer's and producer's benefits, and the congestion
revenue for a TSO. The aim is to show that negative benefits are not possible under certain
circumstances. The figure shows an example of two-area market where the investigated interconnection
has congestions before and after a new transmission capacity. In this simplified example, the bidding
curve is assumed to stay unchanged in spite of the new transmission capacity and the cost of transmission
grid losses is not included. Furthermore, the amount of demand differs in both areas giving rise to a
price difference and a need for transmission.

pA,original

A1
Combined bid curve
of both areas

C2 or A3
A2
pA,expanded
C1

C4

D

pB,expanded
C3 or B3

B2

pB,original
B1

coriginal

cexpanded

Transmission capacity

Figure 6.1 The change of socio-economic welfare in a two-area system when transmission capacity is increased.
Coriginal is the original transmission capacity and Cexpanded is the increased transmission capacity between areas A
and B. pA is the price in area A and pB is the price in area B. The subindices "original" and "expand" refer to
transmission capacity. A1 and A2 are the consumer surpluses in the area A, and B1 and B2 are the producer
surpluses in the area B. C1 and C4 represent the congestion revenues received by TSO. C2 represents the congestion
revenue with original transmission capacity and A3 the consumer surplus in area A in case of expanded
transmission capacity. C3 represents the congestion revenue with original transmission capacity and B3 the

44

Gross benefit is the benefit without the cost of investment.
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producer surplus in area B in case of expanded transmission capacity. A triangle D represents the additional cost
after transmission expansion to reach the situation without congestions. The trapezoidal area marked with red
line represents the socio-economic benefit of the new transmission capacity (Cexpanded - Coriginal).

The socio-economic benefit can be formed graphically (Figure 6.1) as follows:
• Consumer surplus for both areas is A1 with original transmission capacity (Rest of the
consumer surplus (C1+C2+C3) is allocated to the congestion revenues). Consumer surplus
for both areas is A1+A2+A3 with expanded capacity.
• Producer surplus for both areas is B1 with original transmission capacity (Rest of the
producer surplus (C1+C2+C3) is spent on the congestion revenues). Producer surplus for both
areas is B1+B2+B3 with expanded capacity.
• TSO surplus (congestion revenue) is C1+C2+C3 with original transmission capacity and
C1+C4 with expanded capacity.
• The socio-economic welfare in the two investigated areas is A1+B1+C1+C2+C3 with original
transmission capacity and A1+A2+A3+B1+B2+B3+C1+C4 with expanded capacity.
The benefit of new transmission capacity (Cexpanded−Coriginal) is the change of consumer, producer and
TSO surpluses. The total change of congestion revenue is C4−C2−C3, the total change of producer
surplus is B2+B3 and the total change of consumer surplus is A2+A3. Note, that the total change of
congestion revenue can be positive or negative. The change of socio-economic welfare is
C4−C2−C3+B2+B3+A2+A3. By knowing that C2 = A3 and C3 = B3 the socio-economic benefit of the new
transmission capacity is equal to C4+B2+A2 where C4 represents the congestion revenue, B2 the producer
surplus and A2 the consumer surplus due to the increase of transmission capacity.
The example shows that the socio-economic gross benefit resulting from increased transmission
capacity is always zero or higher than zero. The total change of congestion revenue due to increased
capacity can be negative, but the increase of producer and consumer surpluses must always be higher or
equal than the decrease of congestion revenue. The example is based on the calculation of the market
benefits in a case where the transmission capacity is increased between congested areas (Damsgaard et
al. 2008, p. 20, ERGEG 2009). The conclusion of non-negative benefits is valid under the following
assumptions: (i) the demand curve in the electricity market is always descending; (ii) the bid curve in
the electricity market is ascending and does not change as a result of investment, and (iii) the socioeconomic benefit comprises not more benefit components than consumer benefit, producer benefit, and
congestion revenue for the TSO.
Second, a simple two-area model45 for Samlast is used in the simulations in order to define the reason
for unreasonable results. The benefit of additional transmission capacity between the two modelled areas
is calculated. In one area, only thermal generation capacity is modelled and the other area consists of
one hydro power plant with one water reservoir. In the simulation, the water values of the hydro power
reservoir were recalculated after the new transmission capacity in order to enable hydro power producers
to react on the additional transmission capacity. However, for the sake of simplicity, no new water value
calibration46 was performed to follow new transmission capacity. These simulations did not provide
negative benefits for additional transmission capacity in any case. Although the number of simulations
was not high, one can conclude that Samlast likely yields reasonable results at least with simple
calculation tasks; even water values are recalculated after adding new transmission capacity. This result
can be expected because the optimisation task with one hydro power plant together with thermal power
is relative simple.

45
The simplified Samlast model including two modelled bidding areas and one transmission line between the
areas.
46

Calibration is automated or manual action in Samlast, where the parameters affecting the calculation of
water values can be adjusted in order to achieve realistic modelling of hydro power generation.
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Third, additional simulation tests are performed with the same two-area model as in the previous case
except that the hydro power now contains several reservoirs, water ways and hydro power plants. In this
case, the simulations yielded negative gross benefits for the studied transmission capacity. Therefore,
the problem of negative benefits seems to be connected with the simulation of hydro power with several
reservoirs. During the water value calculation, several hydro power reservoirs are aggregated to one
representative reservoir and, in the simulation, a generation of individual hydro power plants is
calculated based on a separate draw-down algorithm. This complicated procedure may cause erroneous
behaviour of the hydro power producer, which again may result in negative benefits.
Fourth, further simulations are performed, now, by using the four-area model. One area has only thermal
power generation while the remaining three areas have hydro power generation. However, each area of
hydro power generation includes only a single hydro power plant with one water reservoir. Therefore,
no aggregation of water reservoirs into an equivalent water reservoir is needed. In case of having water
reservoirs in several bidding zones, Samlast calculates the water values in one area at once, keeping the
water values in other areas fixed. This inherent simplification requires that the water value calibration
is performed in order to achieve reasonable behaviour of the hydro power producer in a certain area.
This feature in water value calculation may also lead to unrealistic behaviour of the hydro power
producer, depending on how the calibration is performed. These tests showed that a poor water value
calibration can cause negative benefits in some cases. Especially in case of small reservoirs, reasonable
water value calibration is difficult.
An important difference between the graphical two-area example and the Samlast model is that in the
Samlast model the bidding curve (hydro power bids) can be changed after the investment as a result of
recalculated water values. A change of bids after a new transmission capacity is possible and even likely
in the real market, but the key issue in the modelling is how the bids are changed. Erroneously
(unrealistically) calculated water values make the hydro producer behave unrealistically, which might
lead to a negative socio-economic benefit for the investment. It seems that there are at least two sources
for erroneous water value calculation: one is related to simplification (aggregation) of hydro power
reservoirs during water value calculation and another is related to inherent simplification of water value
calculation in case of several bidding zones. As a conclusion, the problem of negative investment benefit
has not been solved yet but the cause of possible negative benefits has been limited into the
simplifications made in hydro power modelling. However, when using Samlast in benefit analysis as it
is now, one has to take into account the risk of negative benefits especially when analysing a hydro
power (with reservoirs) dominated power system. In the case study of this thesis, however, the
investment benefit was positive.
Further work is needed for developing an optimisation where water values are defined for individual
hydro power reservoirs instead for an aggregated reservoir. Another interesting area would be to develop
an algorithm where the water values in all biding areas could be calculated simultaneously. Third, the
criterion of (automatic) water value calibration can be further developed. One example is to replace the
current criterion of automatic calibration (maximising the socio-economic benefit) by the criterion of
minimising the cost of purchasing electricity (consumer cost). Maximisation of the socio-economic
benefit in water value calibration leads inherently to maximisation of congestion revenue, which is not
the aim for an effective market.

Water value calibration to investigate market power

According to (Bowker & Cruickshank 2014), inadequate transmission capacity is the most common
factor that gives rise to market power. Also, (Førsund 2007) states that hydro power with a water
reservoir have better possibilities for exercising market power compared to other forms of generation.
Therefore, when planning new transmission capacity investments, the value that new capacity could
bring to the market by mitigating the risk of market power (and its effect on the electricity price), should
be analysed, especially in a hydro power dominant power system. Furthermore, (Bowker & Cruickshank
2014) states that investigation of market power is a complex task. The complexity of market power
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analysis with hydro power in the system has also shown in (Førsund 2007). Therefore, it is not worth of
doing an extensive analysis of market power in long-term power system planning. Rather, the idea is to
include a simple method for the system planning purposes to give a rough estimation of the monetary
benefits that a new investment, by mitigating the risk of market power, may bring to society.
This section presents a method to simulate the use of market power by utilising the features of hydro
power modelling and simulation. The method aims to improve the analysis of investment benefit by
enabling to quantify the effect of new transmission capacity on the possibility to use market power.
The use of market power can be seen in the electricity market when one or a few major producers limit
their power generation to increase the price of electricity and the company’s profit. An altered market
solution resulting from the use of market power lead to changes in electricity prices but also possibly in
power flows and transmission capacity needs. The analysis of market power with the presented method
is limited to hydro power producers because the method is based on water value calibration. The method
can be used in regions where hydro power forms a major portion of power generation.
In the investment benefit analysis, electricity market simulation is required. Furthermore, in the
simulation of hydro power generation, the value of water in the reservoirs are calculated in order to
define the value of hydro power generation in the market. Due to simplifications in the modelling of
hydro power, calibration of certain parameters affecting the water values can be done. The method of
analysing the use of market power is based on the insight that the market power of hydro power
producers can, in some extent, be simulated by calibrating the water values based on a new criterion. In
this new criterion, hydro power producers’ benefit is maximised instead of traditional criterion to
maximise the socio-economic (consumer, producer and TSO) benefit. In practice, parameters affecting
the water values are adjusted (manually or through the automatic algorithm) as long as the profit of
hydro power producers in the electricity market increases. In each iteration step, one of the calibration
parameters are slightly changed, the water values are calculated and then the electricity market
simulation is performed. The resulted profit of hydro power producer is compared to the profit from
previous step and this is continued for each calibration factor until the criterion of maximum producer
profit is fulfilled.
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Figure 6.2 graphs the simulation results in both ways to calibrate water values; the one leading to the
use of market power and the other leading to perfect competition. Figure 6.2(a) presents the water level
in hydro power reservoirs and Figure 6.2(b) annual hydro power generation and the market benefit to
the hydro power producers. Figure 6.2 shows that the modelling of market power leads to a market
solution where the hydro power producers’ income is higher with less generation.

Hydro producers

(b)

Figure 6.2 Average water levels in certain Norwegian reservoirs during a year as potential hydro power
generation energy (a) and, annual generation and producer's income in the Nordic region (b) with two different
water value calibration methods. Calibration based on the benefit to the hydro producers represents the market
involving market power while calibration based on the benefit to society represents the market involving perfect
competition.
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The method developed here is applied in the case study (Chapter 7) to estimate the value of transmission
investment for decreasing the market power. The value of investment is calculated as follows. First, the
values of market power are evaluated in two situations: with and without the investment candidates. The
(maximum) value of market power in one situation is the difference between the following values: socioeconomic market value with full use of hydro power producers' market power and socio-economic
market value with perfect market without any market power. Second, the difference of values of market
power between the two situations (with and without investment) indicates the effect of investment on
the use of market power. The results of the case study analysis are presented in Appendix C.
Although there is a method to simulate market power, it is justified to base market simulations on a
perfect market in the power system planning. Assuming perfect market, the simulation results yields a
higher socio-economic benefit and lead to a more effective use of generation resources, which is also
among the objectives of a well-functioning electricity market.

6.3

Wind power modelling

The way wind power is modelled has an effect on other generation and electricity prices in the
simulation. Especially, the effect of wind power on the hydro power generation is clearly dependent on
the modelling method of wind power generation. Therefore, wind power modelling affects also the
market benefits analysed in the power system planning.
This section presents an existing, widely used method to model wind power and proposes a new,
improved method to be used e.g. in the investment benefit analysis. The new method is developed during
the research of this study. The existing method used in Samlast is called the run-of-river method and the
new method is called the multi-period method (Matilainen & Haarla 2008). In the multi-period method,
higher time resolution enables variations in wind power to be better modelled. Both methods have their
advantages in the power system planning and the applicability of the methods are also presented.
In addition, this section proposes that the level of hydro power producer participating to the smoothing
of wind power variations, can and should be taken into account in the simulations. Three alternative
methods to take the level of integration of wind and hydro power into account are presented. The
smoothing of variations in wind power is based on hydro power's ability to storage water in reservoirs
when excess of wind power generation and utilise reservoirs for hydro power generation when lack of
wind power generation.

Run-of-river method

Originally, the term ‘run-of-river’ was used in the context of hydro power generation, where the power
plant must be run according to the water flow of a river without any notable possibility of controlling
the generation. Similarly, wind power, when modelled with the run-of-river method in Samlast, is
assumed to be ‘run’ without any possibility of controlling the generation.
In the run-of-river method, the variation in wind power is modelled as energy series with 52 values for
annual wind power generation. Each value represents weekly energy of modelled wind power generation
in one bidding zone. The method allows defining several different energy series in one area.
Furthermore, wind power generation in one area is allocated to the modelled nodes that represent
substations with one or more connected wind turbines. The energy series for wind power generation
typically consist of several years (36 years in this study) and there are different series for different
locations (four series for Finland in this study). Therefore, it is possible to model different variations in
wind power and different annual generation energy for different years. This method results in wind
power generation with weekly variation. In this method, wind power is considered as a must-run unit
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and no marginal cost is included. The advantage of this method is to have a realistic variation in the
annual wind power level and the drawback is that variations within a week are lost, since weekly wind
energy values are used.
In this study, the Finnish wind energy series used for the traditional run-of-river method are based on
wind speed and wind power data processed by the VTT Technical Research Centre of Finland (Holttinen
& Kiviluoma 2005). The wind power measurements are from the time period of 2000–2002 and the
wind speed data covers the last 50 years. Four different energy series were produced: onshore and
offshore series for the two modelled Finnish bidding zones, Northern and Southern Finland. Therefore,
36 × 4 (years and locations) different annual wind power series have been utilised.
Figure 6.3 represents the wind power generation when wind power is modelled in the Samlast model
with the run-of-river method. The figure shows examples of different annual energy series and the
typical ranges of variations in wind power. The figure shows also the level of wind power generation
during the dry and wet hydrological years.
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Figure 6.3 The modelled wind power generation, based on the run-of-river method is presented for different wind
years according to annual generation energy. The different years of wind power generation were reproduced from
the statistical wind speed and wind power data (Holttinen & Kiviluoma 2005).

Multi-period method

The proposed method for modelling wind power in Samlast increases the resolution of the modelled
wind power generation from one week to few hours. The higher resolution of the modelled wind power
generation gives more realistic simulation results, which is important when the power system has a
higher wind power capacity. The method is based on the utilisation of the features of thermal power
modelling. However, the marginal generation costs for wind power are set to zero.
In this new method, known as the multi-period method, wind power is modelled as a thermal power
plant in order to enable higher resolution for modelling variations in wind power. First, energy series
with weekly resolution for one-year wind power generation is created. The energy series is created by
modelling 52 power plants so that each of them is generating a specific amount of wind power energy
only during one individual week and having zero generation during rest of the year (51 weeks). Next,
different wind power generation levels for different weeks are modelled. The modelling capacity of 52
separate power plants is required in the software to allow the modelling of different wind power
variations within each week (in Samlast, only one series of variations can be modelled for one power
plant). The traditional Nordic way to model series of variations within a week includes five periods (i.e.
five different generation levels during a week). In the proposed method, the number of periods within a
week is increased from five to ten. Therefore, this multi-period method can have 520 different wind
power generation values in a year compared to 52 values with the run-of-river method. However, the
multi-period method uses the same annual wind profile for all different (hydrological) years.
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In the multi-period method, the energy of each wind period within a week is obtained by selecting a
representative day of the week and assuming that the daily variation is similar for all representative days.
For this study, the hourly variation of Tuesdays (in 2005) is chosen to represent the variation during
working days. Respectively, hourly variations from Saturday nights and Saturday daytimes represent
the variations in wind power of all nights and weekend days. The selected days have the highest standard
deviation in wind power generation. Chronological order is not necessary here because the solution for
each period within a week is calculated separately in a simulation. The aim here is to investigate the
effects of different levels of wind power generation on the simulation results (power flows, thermal
power generation, market benefits etc.). Table 6.1 presents the selected wind periods within a week.
Table 6.1 Wind periods and their time of occurrence during a week and a day. The wind power
variation during a week is presented with ten weighting factors which represent the average wind
power generation during the wind periods stated in the table.
Wind
period
1
2
3
4
5
6
7
8
9
10

Time
period
8–11
11–13
13–17
17–20
6–8
20–23
23–06
06–11
11–17
17–23

Description
5 days, before noon
5 days, at noon
5 days, in the afternoon
5 days, in the early evening
5 days, in the morning
5 days, in the late evening
7 nights
2 days before noon, weekend
2 days in the afternoon, weekend
2 days in the evening, weekend

Number of
hours
15
10
20
15
10
15
49
10
12
12

Representative
resolution (hours)
3
2
4
3
2
3
7
5
6
6

The wind series data for 52 weeks and ten periods in a week used in Samlast is based on the hourly wind
power measurements for the year 2005 in Finland. The measurements were received from existing
onshore wind turbines and scaled by VTT47 to situations where the installed wind power capacity in
Finland would be 4 GW. If the measurements were upscaled directly to values corresponding to 4 GW
of wind power capacity, the peak power would sometimes be higher than the installed capacity. This is
because the relative variations in wind power are typically higher and annual generation energy
relatively lower in case of a lower wind power capacity. Therefore, the upscaling is based on the multiturbine power curve approach of (Nørgaard & Holttinen 2004).
Two different series of wind power variation were used for the multi-period method: one for Northern
Finland area and one for Southern Finland area. By modelling different variations in different areas, it
is possible to take into account the fact that the longer the distance between wind turbines, the more
uncorrelated the variations in wind power. Inside smaller areas, the modelled variations in wind power
are similar and they occur at the same time. Furthermore, the wind power generation inside an area is
allocated to each modelled node (substation) with connected wind turbines.
Figure 6.4 has a comparison between the upscaled hourly wind power generation based on
measurements and the modelled wind power generation based on the multi-period method. The figure
shows that generation based on the multi-period method corresponds well with the measured hourly
generation. The upscaled generation used in the multi-period method has the highest generation of about
95% of installed capacity in one modelled area (e.g., in Northern Finland), which is close to the measured
peak value of generation in the corresponding area.
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Figure 6.4 Simulated annual wind power generation with multi-period method (solid line) and upscaled hourly
wind power generation based on measurements (dashed line).

The greatest benefit from the multi-period method is achieved by applying the same accuracy (ten
periods per week) also for the modelling of consumption. In this study, the modelling of consumption
with ten periods in a week is utilised for Finland. The modelling of consumption to ten periods per week
is based on the measured hourly load data.

Integration of wind power and hydro power

Large-scale wind power may affect the behaviour of hydro power producers in the electricity markets
(Ohrvall 2007; Vogstad 2000). Hydro power reservoirs can provide energy storages for variable wind
power generation (Matevosyan & Söder 2007), although the relatively small hydro reservoirs in Finland
reduce that possibility. Therefore, in the power system planning and investment benefit analysis, there
is a need to model different usages of hydro power reservoirs taking into account the effect of wind
power on the electricity market. This is called an integration of hydro and wind power generation. The
proposed methods to model the integration of hydro and wind power generation arise from the different
ways to calculate the value of water in a hydro reservoir. The proposed methods are: (i) modelling wind
power with the multi-period method when calculating the water values, (ii) modelling wind power with
the run-of-river method when calculating the water values, or (iii) not using wind power in the model
when calculating the water values.
The water values and filling levels of one hydro power reservoir calculated with the three methods are
presented in Figures 6.5(a) and 6.5(b) respectively. The influence of the water values on the use of hydro
power reservoir can clearly be seen in Figure 6.5(a); the higher the water values, the higher the filling
level of the reservoir after the simulation. The effects of the three methods on the hydro power generation
and on the use of water reservoirs are analysed more in detail in the following.
First, wind power modelled with the multi-period method is seen as a thermal power resource without
any marginal cost during the calculation of the water value. When the multi-period method is used, the
water values become low because the cost of alternative generation, including wind power, is low.
Second, wind power modelled with the run-of-river method is a hydro power kind of resource where
controlling the generation is not possible. Thus, wind power is seen as non-controllable hydro power by
the model, and the relative share of controllable hydro power is smaller in the run-of-river method than
in the multi-period method. In the run-of-river method, the lower possibility to control generation leads
to a higher risk of empty or full hydro power reservoirs. The producer’s loss of profit is higher in the
case of an empty reservoir than in the case of water overflow, because the water value is higher with
low reservoir levels than with high levels. Thus, maximisation of hydro producer's profit in water value
calculation with the run-of-river method leads to higher water values compared to the multi-period
method because high water values reduce the risk of empty reservoirs Figure 6.5).
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Third, if water values are calculated without wind power in the power system, the cost of alternative
generation possibilities (i.e. water value) becomes higher than in the case where there is wind power in
the power system. This leads to higher water values than when using any method where wind power is
included in the power system during the calculation of the water value (Figure 6.5(a)). This method
simulates the situation where hydro power producers do not take wind power generation into account in
their generation optimisation.
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Figure 6.5 Calculated water values (a) and simulated weekly average hydro reservoir levels (b) in Northern
Finland. The water values are presented for the first week of the year as a function of the reservoir filling level.
The share of wind power in Finland is 20% of annual demand.

The water value calculation with the multi-period method assumes the highest degree of integration of
wind power and hydro power while the water value calculation without wind power assumes the lowest
degree of integration. Furthermore, the water value calculation with the run-of-river method assumes a
degree of integration between those of the two other methods. The correlations between changes in
hydro and wind power generation (multi-period method: −74%, run-of-river method: −34%, the method
without wind power: −24%) confirm the conclusion that the method without wind power leads to the
weakest dependence between wind power and hydro power generation. The lower the correlation
between the changes in wind power and hydro power generation, the greater is the change in power in
the opposite direction between the generations.
Different strategies to operate hydro power lead to different relations between bypassed and generated
energy, even if no water value calibration (adjust of simulation parameters) is used for the water value
calculation. The long-term total average energy of water (hydro power generation + bypassed water)
remains the same. However, the higher the degree of integration, the better hydro power generation is
adjusted for balancing the variations in wind power and the lower the amount of lost hydro power energy
(bypassed water). According to Samlast simulations with 4000 MW of wind power in Finland, the
annual socio-economic benefit (consumer and producer surplus, and congestion revenue) for the Nordic
electricity market would be 10 M€ higher if hydro power plants were run in a manner that took wind
power generation fully into consideration compared to hydro power plants without any attention being
paid to wind power generation.
As a conclusion, different levels of wind and hydro power integration should be considered in the
investment benefit analyses as well as in other electricity market simulations. This improves the reality
of the simulation results and enables to investigate influence of different strategies to run hydro power
plants. In Samlast, this is executed by using different methods to model wind power. The method to be
used depends on the assumptions made for the real actions of the market players in relation to the level
of integration. In the simulations, different assumptions can be used for different areas. In this study,
both medium and high levels of integration are used in Finland; medium-level integration is used for the
other Nordic areas.
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Use of wind power models in the planning

The purpose of the analysis and the aimed level of integration of wind power and hydro power define
the most suitable modelling method of wind power. The advantage of the run-of-river method is the
possibility of modelling different annual generation levels for different years. It is also easy to model
several wind farms within one area and use different wind profiles for different wind farms. The run-ofriver method is most applicable in analysis where the focus is on energy issues and where some
cooperation between wind power and hydro power producers is assumed. On the other hand, the
advantage of the multi-period method is its improved resolution, which makes it possible to have more
wind power generation levels, also including peak values. Furthermore, the method has an inherent
feature for operating wind power in a technique that is highly integrated with hydro power generation.
The multi-period method is best suited to detailed power-based analysis where peak values are also
investigated and extreme but nevertheless market-based situations are objects of interest. In an
investment benefit analysis, the multi-period method better takes the possible price peaks and their effect
on the benefit into account.
In this study, the multi-period method is used for a detailed case study (Chapter 7), which includes the
investment benefit analysis.

6.4

Transmission capacity modelling

Transmission capacity can be modelled several ways in the power system planning, depending on the
aim of the analysis. In the investment benefit analysis, the net transfer capacities available for the market
should be modelled. On the other hand, in the analysis of transmission capacity need, the investigated
transmission path should not be limited. Furthermore, the effect of grid limitations inside a bidding zone
on the net transfer capacities should be taken into account in the analyses (as well as the effect of limited
net transfer capacities on the power flows inside a bidding zone). The way the above mentioned
modelling issues are taken into account in different analyses affects the simulation results. Although
large-scale wind power is not the main driver for studying these modelling issues, it has still the effect
on different analyses: i.e. wind power may give rise to more power flow peaks, and for this reason the
capacity of transmission grid should be properly modelled.
This section presents four methods which take transmission capacity into account in power system
planning and proposes the most suitable methods for transmission adequacy analysis, investment benefit
analysis and analysis of wind power effects. In Samlast, it is possible to limit the transmission capacity
to the net transfer capacity in the market model or in the power flow model, or in both models. Also, it
is possible to decide whether there is a feedback between the market and power flow analyses with
restricted transmission capacities or whether they are calculated independently. In the following, the
influence of each feature of transmission capacity modelling is investigated.
In transmission adequacy analysis, the highest potential power flow is the focus of our interest. Here,
the highest potential power flow in a normal operation can be equated with the maximum need of
transmission from the electricity market. On the other hand, the net transfer capacity seen by the
electricity market is the target of interest when analysing the market benefits of a transmission
investment. Net transfer capacity corresponds to the maximum allowed power flow in a normal
operation and it takes into account the increase of power flows during and after disturbances. Finally, in
case of wind power analysis, the physical peak values of power flows are the values of interest.
Samlast combines the traditional power flow analysis (based on the ohmic law) and the analysis of
power flows based on market needs. Therefore, two separate capacity restrictions have to be taken into
account: one in the traditional power flow calculation and another in the market-based power flow
calculation. Both restrictions are based on the physical power system features and the restricted capacity
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equals the net transfer capacity. If power flow exceeds the restricted capacity in a market-based power
flow calculation, generation is dispatched in order to adjust the power flow according to capacity limit.
If power flow exceeds the restricted capacity in the traditional power flow calculation, load is gradually
decreased until transmission capacity limits are met. In addition, feedback from the grid model to the
market model means that the generation and load values from the power flow solution are transferred
into the market model where the market solution is recalculated. On the other hand, feedback from the
market model to the grid model means that the power flow solution is recalculated based on new load
and generation values from the market model. Let us call this two-way feedback as the ‘mutual coupling’
method, where both market-based and physical limitations are taken into account.
Table 6.2 shows combinations of transmission capacity modelling that are analysed in this section.
Table 6.2 Various methods to model transmission capacity in this study.

Modelling Power flow
methods
limitation is applied
in...
...market
model

...power
flow
model

Mutual
coupling
between the
market and
power flow
models is
applied

A

Yes

Yes

Yes

B

Yes

Yes

No1)

C

No2)

Yes

No1)

D

No2)

Yes

Yes

Remarks

1) Physical power flows are calculated once
in each time step but the power flow
restrictions in the grid model are not taken
into account in the market-based analysis.
2) Power flow is limited in both models,
except the transmission path being studied,
where an unlimited power flow through a
defined transmission path in the market
model is allowed.

Figure 6.6 shows the simulated market-based power flow with different methods in the AC cross-section
between Northern Finland and Northern Sweden during an average hydrological year.
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Figure 6.6 The comparison of the simulated power flows between Finland and Sweden assuming 4000 MW of wind
power capacity and annual consumption of 98 TWh in Finland. Wind power is modelled with a multi-period
method.

Figure 6.6 shows that methods A and B yield the lowest peak values for power flows. This is natural as
a result of power flow restrictions in the grid model and in the market model. It also shows that at an
annual level, the differences between all the methods are small. The influence of mutual coupling
between the market and grid models can be seen as a difference in the results between methods A and
B and also between methods C and D. Method with a mutual coupling typically results in lower peak
values because power flow restrictions in AC lines are taken into account. However, when importing
power from Sweden, the mutual coupling does not restrict the power flows the most likely because
transmission capacity is higher towards Finland than towards Sweden. This explains why methods with
a mutual coupling can give higher peak values when importing power from Sweden. The methods with
infinite transmission capacity in the market model yield the highest power flows, expressing the marketbased need of transmission. The divergence of calculation is most probable in method D because the
power flow calculation has exceptional requirements from the market model as a result of the infinite
transmission possibilities.
The Samlast-specific advantage of methods B and C is that without mutual coupling between the market
model and the grid model, the limitation of power flow below the net transfer capacity due to the
feedback algorithm48 used in the software can be avoided.
Method C is recommended for transmission adequacy analysis because it shows power flow needs
related to the electricity market and it has no limitations due to the feedback algorithm. Method C is also
used in this study for the analysis transmission capacity need. Generally, method A is recommended for
transmission capacity benefit analysis because it takes the physical restrictions of the transmission grid
into account. However, in this study, method B is applied for the investment benefit analysis, in order

48 The reduction in power flows in the market model as a result of technical limitations in the grid model is
based on the following principle (Husom & Hornnes 2009): certain user-defined cross-sections participate in
the reduction of power flow in the cross-section that is investigated. The transmission capacities of these predefined cross-sections are reduced automatically by the feedback algorithm in order to provide price signals
to power plants. New bidding area prices due to automatic transmission capacity reduction result in a decrease
in generation in the low price area and generation in the high price area, leading to the desired level of power
flow in the cross-section being investigated. Thus, the feedback algorithm may produce lower transmission
capacity in the market model than was given to the model as input data.
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to avoid the possible inconsistencies the Samlast model may cause to the power flows during
congestions.
As a conclusion, a relevant method to model transmission capacity depends on the analysis if combined
market and power flow simulation model is utilised. In a transmission adequacy analysis, the infinite
transmission capacity in the studied interconnection allows to investigate the market-based need of
power flows while in the analysis of transmission investment benefit, it is reasonable to use a net transfer
capacity that is possible to give into a market taken the power system limitations into account. When
planning a power system with large-scale wind power, it is important to ensure that peak power flows
are taken into account properly.

6.5

Consideration of negative electricity prices in benefit
analysis

The Nordic power exchange operator (Nord Pool) has set the minimum (negative) price of −200€/MWh
for the day-ahead market (Nord Pool Spot 2009) to increase the (thermal power) producers’ incentive
to shut down their power plants, if needed. During the hours when there is a negative market price the
producers are paying for the generation and the consumers are receiving incomes. Most of the current
market models cannot form negative electricity prices because the price formation is based on the
positive marginal costs of power plants and a positive demand curve. The negative electricity prices are
neither considered in the Samlast analyses nor performed in this study. This does not harm the benefit
analyses made in this study because the probability of negative prices in Finland is low; a relatively low
share of annual wind power generation (12%) compared with annual consumption and high export
capacity from Finland (106% of assumed wind power capacity) is expected.
However, in the Nordic region it is important to take negative market prices into account in the planning
of a power system since large-scale wind power or any other priority dispatch generation can give rise
to negative market prices. This study proposes the modifications to the Samlast model in order to take
possible negative market prices into account in the investment benefit analysis. The same principle could
be utilised in any electricity market model that is based on the similar method to form the electricity
market price.
Figure 6.7 shows a principle of considering the negative electricity price in a calculation of socioeconomic benefit. The negative prices occur in an area where the generation exceeds consumption
(without price elasticity) and the export capacity. First, negative electricity rice is calculated based on
the generated surplus energy. The highest negative price corresponds with the highest possible generated
surplus energy after full export and minimum consumption. Other negative prices are modelled linearly
as a function of surplus energy. Second, the consumption with the negative price is defined according
to the demand curve. Finally, according to Figure 6.7, the benefit to the producers (negative value) is
area A and the benefit to the consumers (positive value) is the sum of areas A and B. Therefore, the
socio-economic welfare (without congestion revenue) in the figure is equal to area B.
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Price

Demand curve incl. export

Surplus generation that is covered by additional
demand and/or export that exceeds NTC

Bid curve

Area B

Electricity price
according to marginal
cost of renewable energy

0

Energy

Area A
Negative electricity price
when generation is too high

Demand with full export

Demand + export in a situation of
excess generation

Figure 6.7 Consideration of negative electricity price in a calculation of socio-economic benefit. During an hour
of negative area price the producers’ negative benefit is denoted as area A and the benefit gained by the consumer
is the sum of areas A and B. The socio-economic welfare corresponds to the area B.

6.6

Concluding remarks

Simulation of electricity market enables us to study possible power flows in the transmission grid. It
also results in, which of the power plants, how much and in what price they have generated electricity
to cover electricity demand in each moment of time. In the power system planning, simulation results
are used to evaluate the required transmission capacity in the future power systems and the socioeconomic benefit of reserve power and transmission capacity investments. In this chapter, benefit
analysis is further developed by improving the modelling of wind power, hydro power and transmission
capacity. Additionally, a concept for taking into account the negative electricity prices in the modelling
is proposed in this chapter.
Improved modelling of wind power is required in order to take better into account the variability of wind
power. This is the case especially with the simulation software (Samlast) used in this thesis. Also, the
simulation results are very sensitive to the way hydro power is modelled. Therefore, improvements to
the hydro power modelling are required in order to avoid the unrealistic behaviour of hydro power
producers. In addition, the possibility of using hydro power reservoirs for the balancing of wind power
variation should be and is taken into account in the development of modelling. Different levels of
collaboration between wind and hydro power producers exist since hydro power producers take the wind
power generation into account in different ways in the electricity market depending on the capacity of
hydro reservoirs and on the economic incentives to smooth the wind power variations with hydro
reservoirs.
A modelling of transmission capacity is mainly related to the simulations with Samlast-type software
where the transmission capacities are defined separately for the market simulation and for the power
flow calculation. Furthermore, there is a more general question of how to simulate the market-based
need of transmission capacity, if the pre-defined net transfer capacities limit power flows? A conclusion
regarding the modelling of transmission capacity is that different modelling methods are needed
depending on the target of the analyses.
Furthermore, negative electricity prices in the day-ahead market are already now reality. Negative prices
are typical in the situations where large amount of renewable generation with insignificant marginal cost
exists, electricity consumption is low and there are limited electricity export possibilities from the area.
These situations should also be able to simulate in the power system planning in order to analyse their
impacts on the electricity market and on the benefits of the power system investments. A simple method
to take the negative market prices into account in the investment benefit analysis has been presented in
this chapter.

88
Table 6.3 summarises the recommendations related to the utilisation of electricity market simulation in
the power system planning, especially in the investment benefit analysis. Recommendations are
separated according to its applicability (general or Samlast-specific).
Table 6.3 Recommendations for the utilisation of electricity market simulation in the investment
benefit analysis.
Issue
Hydro power
modelling

Wind power
modelling

Transmission
capacity modelling

Modelling of
negative electricity
prices

Recommendation (applicability: General or Samlast-specific)
- In investment benefit analysis, calculate the water values separately for the two
situations; without the studied investment (e.g. new transmission capacity) and when
the investment is in the power system. Presented in Section 6.2.1 (General for systems
with large-scale hydro power)
- Pay special attention on reasonable water value calibration because a poor calibration
may lead to unreasonable market benefits for investments; Section 6.2.2 (Samlastspecific)
- Utilise the modified water value calibration to investigate the effect of investment on
the use market power; Section 6.2.3 (Samlast-specific).
- Use the run-of-river method for modelling wind power when energy rather than power
is in the focus and where the annual variation of generated wind power is in the focus;
Section 6.3.1 (Samlast-specific).
- Use the multi-period method to increase the resolution of the simulated wind power
generation; Section 6.3.2 (Samlast-specific).
- Take the different levels of integrated operation of hydro power and wind power into
account in the simulation; Section 6.3.3 (General).
- Allow the unlimited transmission capacity in the market model for the connection
where the market-based capacity need is studied, apply the net transfer capacities in the
market model when the socio-economic benefit is analysed; Section 6.4 (Samlastspecific).
- Take the possibility of having negative day-ahead market prices into account in the
investment profitability analysis; Section 6.5 (General).

The value of the work done in thesis related to electricity market modelling comes from the insights on
the way the models are utilised when planning a power system and performing the investment analyses.
The contributions here are mainly focused on the new ways to utilise the existing models, not on creation
of new mathematical algorithms or modelling methods. The aim of this chapter has been to develop the
use of the existing models so that wind power generation is better considered and that market simulation
results in a credible view on investment benefits despite of the complexity of hydro power and
transmission capacity modelling. A lot of research has been done on electricity market modelling and
modelling of wind power generation. However, less research has been published in relation to the
development of simulation models which combine load flow analysis and market simulation and have
a detailed description of hydro power generation. In Sintef Energy Research (Norway), some research
has been done to develop market modelling in a hydro-dominated power system. The research is mainly
related to the simulation software used in this thesis. In (Mo et al. 2012), the Samlast model has been
further developed in order to improve the interaction between the market and the physical properties of
the power system. In (Wolfgang & Jaehnert 2013), an investment analysis tool was developed for the
EMPS model. The tool optimises transmission capacity and generation investments in a given scenario
based on profitability of investments. Finally, in an ongoing research project, a new simulation model
with an improved hydro power modelling is to be developed (Helseth et al. 2014).
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7 A case study: Creating a power system investment
plan for Finland with 4000 MW of wind power
7.1

Introduction

The background for this thesis is TSOs' need to study the effects of wind power on the power system
and electricity market. This necessitated a comprehensively quantitative analysis with detailed planning
data. The comprehensive analysis with detailed data (a case study) ensures that practical aspects are
included in the development of the planning process.
The aim of the chapter is to verify the applicability of the proposed planning process with a real planning
case in Finland. The detailed planning methods may vary depending on the power system, but the
planning process is general for the power systems in the electricity market environment. The electricity
market in Finland belongs to the Nordic Electricity market, which is again close to the harmonised
European electricity market design aimed at.
The improvements of the planning process are qualitatively evaluated in each section of this chapter.
The quantitative results of planning process are evaluated in the end of this chapter. In addition, some
calculation examples have already been presented in the previous chapters with the introduction of the
method. The evaluation of the planning process is performed by comparing the process and its results
with the reference planning process, i.e. the present Nordic planning process. This case study presents
only the parts of the process where new improvements are proposed. However, for the sake of clarity,
all steps of the whole planning process are presented in Section 7.2.
After the introduction and the description of the practical planning process, the structure of this chapter
follows the main steps of the planning process as presented in Figure 7.1. Finally, concluding remarks
are made in Section 7.9.

Section 7.3

Reference scenario and power system changes (Blocks 1-2 in Figure 1.2)

Section 7.4

Analyses of power system, electricity market and
wind power (Blocks 3-4 in Figure 1.2)

Section 7.5

Generation, reserve power and transmission
capacity needs (Block 6 in Figure 1.2)

Section 7.7

Profitability analysis (Block 7 in Figure 1.2)

Section 7.8

Planning criteria
(Block 5 Figure 1.2)

Section 7.6

Management of
uncertainty in
profitability analysis

Investment plan (Block 8 in Figure 1.2)

Figure 7.1 The planning steps investigated in the case study and their connection to the flow chart of the improved
planning process (Figure 1.2).
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7.2

Planning procedure in practice

The improved power system planning process is shown in Figure 7.2. The improvements consist
of new blocks in the planning process and new methods inside the blocks. The contributions are
marked with a blue colour.
Block 1

Reference scenario for the
power system
Block 2b

Block 2a

Additional requirements for
thermal and hydro power
capacity due to unfeasible
results of the analyses

Changes in generation and
transmission capacity, and
consumption (In this study,
large amount of wind power)
Block 5a

Requirements for the power
system reliability
Block 4b

Analysis of
Analysis of variations in wind
power system power (improved method to define
inertia
reserve power)

Block 4a

Analysis of electricity market and
power flows (improvements in using
the simulation software)

Block 3

Analysis of dimensioning
contingences and stability

Block 5b

Requirements for the functioning
of electricity markets

Block 6c

Block 6b

Amount of required generation capacity
Amount of required
- Generation capacity for peak load
reserve capacity
- Adjustable generation capacity
- Balancing energy

Block 6a

Amount of required
transmission capacity

Block 7

Profitability analysis of reserve power
and transmission capacity investments
Block 8
Analysis and results based on the
statistics (Chapter 2, excl. 2.3)
Analysis and results based on the
simulations (Chapters 3–5)

Investment plan:
- Reserve power capacity
- Transmission capacity
- Alternatives to investments
- Schedule for investments

Figure 7.2 The power system planning process and the improvements developed for it. The blocks are located
according to the chronological order (top down) of the planning process. The contributions are in blue colour and
in italics. The planning work has been divided into the statistical analyses (green frame with a dashed line) and
the simulation-based analyses (yellow frame with a dashed line).

The power system planning starts by defining the reference scenario for the power system. This is shown
in Block 1 in Figure 7.2. Typically, the reference scenario represents the existing power system or the
future power system with known changes (e.g., generation investments decided). The reference scenario
is used as a reference power system when the effects of changes (e.g. increased wind power capacity)
on the power system are studied. Furthermore, the reference scenario defines a reference point for a
transmission capacity to be used in a profitability analysis of transmission investments. Block 2a
represents a scenario with changes in the power system concerned. The changes are typically based on
storylines for the studied region. Due to the uncertainty of these changes, usually several scenarios,
which represent different possible future developments, are created for the target situations. Iteration
between the analysis of effects and the scenario definition is sometimes needed to create credible
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scenarios and, on the other hand, to select the scenarios that are the most critical from the power system
adequacy49 point-of-view. This iteration leads to the adjustment of scenarios, shown in Block 2b.
The next planning step is the analysis of the effects of changes in the power system (generation,
consumption, etc.) on the power system and electricity market. This analysis is performed with the
scenarios that contain the changes in the power system to be studied. Block 3 represents a power system
analysis in selected market situations. The analysis in Block 3 aims to investigate the effect of
dimensioning contingencies (N − 1) and stability on power system adequacy. The power system analysis
is typically performed with advanced simulation software, such as PSSE (Siemens PTI 2009), which is
capable for power flow and dynamic simulations. Block 3 defines the net transfer capacity50 of the crosssections for the market simulations. Then, the selected market situations are created by market
simulations in Block 4a. Iteration between the combined market and power flow analysis and the power
system analyses might be needed. Furthermore, Block 4a performs a combined market and load flow
analysis to investigate the effects of the electricity market and wind power generation on the power
flows and the transmission adequacy. Block 4b performs an analysis of wind power variations and
analysis of system inertia to define the need for reserve power, balancing energy and generation
capacity.
The required transmission and reserve power capacities are based on the planning criteria, presented in
Blocks 5a and 5b in Figure 7.2. The (N − 1) criterion defines the contingencies that the power system
must withstand. Therefore, it also defines the reliability of power system (Block 5a). The criterion is
used in the analysis of dimensioning contingencies and power system stability (Block 3). The aim is to
define the required transmission capacity from the power system reliability point of view. The criterion
of electricity market in Block 5b defines the required transmission capacity needed to keep the
congestion time below a limit. This criterion is used when analysing the required transmission capacity
from the electricity market point of view.
Blocks 6a, 6b and 6c represent the outcome of the analyses performed in the previous parallel planning
steps, including the required capacity for transmission (6a), reserve power (6b) and generation (6c).
Required generation and reserve power capacity is mainly based on the analysis of variations in wind
power and load. Only the analysis of system inertia is based on the physical features of generators
connected to the power system. The required transmission capacity is a result from the analyses of
market-based power flows, dimensioning contingencies in the power system and the power system
stability. Adjustable generation capacity in Block 6c means a generation capacity available in the
electricity market, which is capable of adjusting power on an hourly basis but which is not allocated for
the reserve power use. The capacities applied in the investment profitability analysis may slightly differ
from the resulted capacity requirements due to the practical unit sizes of the generation, reserve power
and transmission capacity investments.
The last analysis in the planning process is the profitability analysis of the reserve power and
transmission capacity investments (Block 7). The profitability analysis includes also the analysis of
alternatives to investments and the analysis of optimal investment timing under the uncertain future.
Electricity market simulation (Block 4a) is used in the profitability analysis to define the socio-economic
benefit of investment.
Finally, Block 8 represents the investment plan which is the result of the planning process.

49

The ability of the power system to supply the aggregate electric power and energy requirements of the
customer at all times, taking into account planned and unplanned system component outages. (Kundur et al.
2004)
50

The power system analysis may also be needed to define net transfer capacity for the new transmission
capacity investment if the transmission capacity is stability-constrained (not thermally constrained).
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7.3

Reference scenario and power system changes

The reference scenario for the case study describes annual electricity demand, power generation capacity
and transmission grid capacity for a time where it is credible to assume 4000 MW wind power capacity
in Finland. The scenario consists of assumptions for the Finnish power system but also for the
surrounding areas, i.e. Nordic and Baltic countries as well as for Germany, Poland and the Netherlands.
The assumptions made for the reference scenario are based on the public reports and the studies done
before the case study was performed in 2008–2009.
The Finnish annual consumption of 97.5 TWh (is assumed. That was near the official Finnish
consumption scenario from 2008. The Finnish generation capacity is assumed to be 17200 MW with 0
MW wind power (in reality wind power capacity was below 150 MW during a study). Finnish generation
capacity includes five nuclear power plants, totalling 4300 MW. The generation capacity is based on the
aim to increase the domestic part of power generation in the future and to satisfy the EU's emission
targets. (Pekkarinen et al. 2008)
Generation capacity and annual consumption in Denmark, Norway, Sweden, The Netherlands, Germany
and Poland are set according to Nordel's scenario “Business as usual 2025” (Nordel 2008a). Generation
capacity and annual consumption in the Baltic countries are based on the bilateral Estlink2-study with
the Estonian TSO (Kuronen et al. 2007). Wind power capacity in Denmark, Norway and Sweden is
10500 MW total having 30.7 TWh annual generation energy.
The Nordic transmission grid used in the study is based on the 2010 dataset updated with the five planned
cross-sections in the Nordic area. (Nordel 2008a) The modelled transmission capacity in Finland in the
scenario studied here includes the most probable investments by 2020. Table 7.1 gives more details of
the transmission capacities used in the study.
Table 7.1 Main transmission capacities used in the case-study
Finland-Sweden Capacity between modelled bidding
2000 MW to Finland
AC
zones (available for the market)
Fenno-Skan I+II Capacity between Southern Finland
1350 MW to Finland
and Sweden
North-South AC Capacity between Northern Finland
2000 MW
and Sweden
southwards
Finland-Sweden Sum of the capacities of Fenno-Skan 3350 MW to Finland
total
and Finland-Sweden AC
Finland-Estonia
1000 MW to Finland
Finland-Russia
1400 MW to Finland
Finland-Norway
100 MW to Finland

1800 MW to Sweden
1350 MW to Sweden
1800 MW northwards
3150 MW to Sweden
1000 MW to Estonia
0 MW to Russia
100 MW to Norway

The studied power system change is to add 4000 MW wind power capacity to Finland. Wind power
capacity, its energy, location, type and full-load hours in the scenario are presented in Table 7.2.
Table 7.2 The modelled wind power capacity in Finland in the scenario used in the case-study.
Location

Capacity
(MW)

Annual energy
(GWh)

Full load
hours (h)

Tuovila
Kristiina
Meripori

355
383
186

1053
1134
533

2966
2961
2866

Type:
off=offshore
wind turbines
on=onshore
wind turbines
off/on
off/on
off

Area: South/North
from cross-section
North-South AC

South
South
South
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Kristiina
Olkiluoto
Inkoo
Espoo
Loviisa
Kymi
Vajukoski
Sellee
Raasakka
Leväsuo
Pikkarala
Pyhäkoski
Total

164
164
426
410
27
27
82
246
219
546
546
219
4000

470
470
1142
1098
47
52
157
659
669
1673
1673
670
11500

2866
2866
2681
2678
1741
1926
1915
2679
3055
3064
3064
3059
-

off
off
off
off
on
on
on
off
off
off
off
off
-

The locations of the studied wind power capacities are presented in Figure 7.3.

South
South
South
South
South
South
North
North
North
North
North
North
-
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Figure 7.3 Distribution of wind power capacity in the scenario of 4 GW wind power in Finland.

In this study, all wind power plants are assumed to be connected to a 400 kV transmission grid, although
part of the wind power has been, and will be, connected to the distribution grid. However, this difference
between modelled and real wind power capacity does not cause significant inaccuracy in the results.

7.4

Analyses of power system, electricity market and wind power

The power system, electricity market and wind power analyses aim to define the volume and duration
of power flows in the transmission grid as well as the magnitude and probability of variations in wind
power. This information is needed when defining the investment needs. This section shortly describes
different analyses applied in this study and explains how the transmission capacity need is defined in
the case study.
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The analysis of adjustable generation capacity is not presented in this case study because transmission
system operator is not typically responsible for the adequacy of generation capacity. However, the same
planning steps could be utilised for the generation capacity investments as for the reserve power or
transmission capacity investments. Wind power generation is modelled with the multi-period method
(Section 6.3.2) and the modelling of hydro power takes into account the possibility to store wind energy
into the hydro power reservoirs (Section 6.3.3).
The analysis of wind power and its influence on the reserve power need is based on two areas; reserve
power for balancing wind power variations in normal operation (Section 3.2) and reserve power for
compensating decreased power system inertia (Section 3.3). The reserve power analyses were presented
when the methods were introduced. The analysis of electricity market is based on the electricity market
and power flow simulation by the Samlast model. The resulted market-based power flows are utilised
in the analysis of transmission capacity need as explained in the following paragraphs.
This study proposes different transmission capacity modelling methods depending on the focus of the
analysis. In this case study, the aim is to investigate the market-based need of transmission capacity.
Therefore, transmission capacity is modelled according to net transfer capacity in electricity market
simulation and according to thermal capacity in power flow calculation. Only exception is the
transmission path being studied, where unlimited power flow through a defined transmission is allowed.
This modelling method is called Method C (Section 6.4).
In this case study, the transmission capacity needs of main cross-sections are analysed. The main crosssections are between Northern Finland and Sweden, Southern Finland and Sweden, and between
Northern and Southern Finland. After calculating the power flow in each cross-section, the analysis of
congestion time is analysed. The duration of congestion in a certain cross-section is calculated as a
number of hours during a year when the power flow is equal to or exceeds the net transfer capacity. In
the following, an example of an analysis is shown with 4000 MW wind power capacity for the crosssection between Finland and Sweden.
Figure 7.4 presents the time without congestion as a function of additional transmission capacity for the
cross-section Finland-Sweden (including Northern and Southern cross-sections). As shown in Figure
7.4(a), the duration of congestion towards Sweden would be 100%−70% = 30% of the time with a wind
power capacity of 4000 MW. In this example, the additional transmission capacity (export) of 1700 MW
would be needed for 4000 MW of wind power capacity if congestions 5% of time were allowed. Figure
7.4(b) shows that there is no need for additional transmission capacity from Sweden to Finland despite
of 4000 MW wind power capacity.

Annual share of time without congestions

Transmission capacity from Sweden to Finland and congestions
100 %
99 %
98 %
97 %
96 %

Reference case: no wind power in Finland

95 %

Wind case: 4000 MW wind power in Finland

94 %
93 %
92 %
91 %
90 %
0

500

1000

1500

2000

2500

3000

3500

Additional transmission capacity (MW)

(a)

(b)

Figure 7.4 Influence of wind power on the need for additional transmission capacity between Finland and Sweden
is presented. The transmission capacity is presented as a function of time without congestions towards Sweden (a)
and towards Finland (b).

The amount of hours with fully used transmission capacity but without any price difference between the
areas is small; in the Nordic electricity market it is typically below 1% of the time (Nord Pool Spot
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2011b). Therefore, analysed congestions may be slightly overestimated due to the fact that during some
hours the transmission capacity can be fully used but no congestion (no price difference) exists.

7.5

Generation, reserve power and transmission capacity needs

Criteria for capacity need

There are two planning criteria presented in this study: a criterion for the system reliability and a criterion
for the electricity market. The system reliability criterion is applied for the reserve power and generation
capacity. The transmission capacity need is evaluated according to electricity market criterion in this
case study. However, the reliability criterion is taken indirectly into account in transmission capacity
analysis by applying constant net transfer capacities defined by the Nordic TSOs. The net transfer
capacities used in this case study are based on the results from other studies (Fingrid 2010; Fingrid &
Svenska Kraftnät 2009).
The need for generation capacity is based on the need for adjustable generation (from electricity market)
and on the need for balancing power (from the balancing power market). The system reliability criterion
here is that there must be enough generation capacity to provide the required balancing energy and to
avoid the use of power system reserves for slow power changes.
The (N − 1) criterion is used for the reserve power capacity as a power system reliability criterion. In
case of wind power in a power system, it means that there must be separate reserve power capacity for
normal operation variations that is adequate to balance possible variations caused by wind power
generation. Therefore, traditional reserve power can still be used to manage all (N − 1) situations, and
the power system reliability can be maintained. The method to define the reserve power capacity for
balancing wind power variations is described in Section 3.2. Furthermore, the (N − 1) criterion can be
applied when the effect of decreased inertia is studied (Section 3.3).
The required transmission capacity is based on the maximum allowed congestion time between bidding
zones as a criterion for the electricity market. The electricity market criterion is based on the market
players' expectation on congestion time. In this study, to meet better the expectations of market players,
the criterion of the maximum congestion time between Finland and Sweden was selected to be clearly
less than the time given by statistics (around 10 %).

Capacity need based on analyses

Generation, reserve power and transmission capacity needs due to increase of 4000 MW of wind power
in Finland are presented in this section. Note that these results are meant only to demonstrate the
application of the improved planning process and they are based only one hypothetical power system
scenario in the future.
The adjustable generation capacity should be adequate to increase its generation about 6–13 GWh in six
hours and 13–22 GWh in 12 hours depending on the method and on the area size of wind power
generation. This capacity must be available according to schedule of day-ahead market. In addition, the
generation capacity should be capable to produce 4 GWh of balancing energy (up- or downwards) in
five hours and 20 GWh in 14 hours due to wind power forecast error. This balancing capacity should be
available in 15 minutes.
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The required reserve power capacity for balancing wind power variations in normal operation is 440
MW. Furthermore, the reserve power capacity for compensating decreased power system inertia is 60170 MW in a Nordic synchronous system depending on the possibility to synthetically utilize the inertia
of wind turbines. Here, it is assumed that only the additional wind power in Finland decreases the system
inertia.
Transmission capacity requirements with 4 GW of wind power in Finland for the three main crosssections are presented in Table 7.3. For example, the required transmission capacity from Southern
Finland to Southern Sweden is 2550 MW and the original capacity (Table 7.1) without wind power is
1350 MW. Therefore, the additional capacity need is 1200 MW.
Table 7.3 The market-based need for transmission capacity with 4000 MW of wind power capacity.
The cross-section "Finland–Sweden AC" stands for the 400 kV AC line between Northern Finland
and Northern Sweden, "North–South AC" refers to the 400 kV AC lines between Northern and
Southern Finland, and "Fenno-Skan" represents the HVDC cables between Southern Finland and
Southern Sweden.
Cross-section
Required capacity with 4000 MW of wind power
Export from Finland or southwards Import to Finland or northwards in Finland
in Finland (MW)
(MW)
Finland–Sweden AC
1900
2000
North–South AC
2150
1800
Fenno-Skan
2550
1350

Balancing energy capability

This section shortly presents the analysis of balancing energy capability in the studied power system.
This capability analysis forms a reference case for the analysis of the generation capacity need. The
investments for the new capacity are required if the balancing energy need in the studied scenario is
higher than the balancing energy capability of the analysed power system (the reference case). By
contrast, in case of analysis of the reserve capacity need, the estimation of reserve power capacity in the
reference case is more straightforward because existing reserve power capacity is well known (unlike
existing balancing energy capability).
First, an electricity market simulation is performed in order to evaluate the amount of thermal generation
capacity that is capable to generate enough balancing energy. The evaluation is based on the assumption
that certain minimum of running hours per annum are required in order to maintain the market-based
profitability of the power plants. Second, the balancing energy capability of the existing hydro power
generation is evaluated based on the expert analysis. The capability of hydro power plant to produce
balancing energy may be limited especially in the case where the majority of hydro power are run-ofriver type power plants.
In the analysis of thermal power capacity, a usage of conventional condensing power capacity in
Southern Finland has been simulated with and without 4000 MW of wind power capacity. Figure 7.5
shows a significant decrease in condensing power generation, due to wind power. According to the
simulation, a generation capacity larger than 850 MW is needed below 5% of time, the full-load hours
of condensing power are decreased from 1 219 to 140 hours and the time of zero generation is increased
from 60% to about 95% of the time. Therefore, it is presumable that there is no profitable market for
such an adjustable thermal power capacity. This case study does not investigate the impacts of possible
capacity remuneration mechanisms on the profitability of thermal power capacity.
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Simulated generation of condensing power in Finland
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Figure 7.5 The annual duration curve of condensing power generation with and without 4000 MW of wind power
in Finland.

In the analysis of the balancing energy potential of the Finnish hydro power, the Finnish water systems
are divided into three groups according to their regulation potential. For each water system, the
balancing energy (in MWh/h) and its maximum duration (in hours per week) are estimated. The
balancing power is calculated by summing up the maximum short term potential from each of the water
systems. The potential of the remaining water systems in the same group is then calculated based on the
potential of the analysed water system in relation to the generation capacity of the power system. The
evaluation of balancing power of hydro power capacity and its dependence on time is based on expert
estimation (Korva, H., Laukamo, J., Jouhten, T., Ylisaukko-oja, B., Laaksonen, H., Luopajärvi, L.,
Tuominen, A., Vesala, R. pers. comm., July 2008–March 2009). As a result of the analysis, the shortterm up-regulation capability of the Finnish hydro power generation is clearly lower during the day than
during the night. This is due to the level of generation during day and during night: during day-time the
generation level is higher enabling more down-regulation, while at night-time the situation is the
opposite. Furthermore, due to the limited reservoir capacity, the continuous balancing capability of the
Finnish hydro power generation decreases significantly after approximately three hours of continuous
up-regulation or down-regulation.

Selection of investment candidates for profitability analysis

In this section, the feasible investment candidates are selected for the profitability analysis. The selection
of candidates is based on analysed capacity requirements. When creating the investment candidates,
possible unit size of the different capacities (e.g. overhead line), combinations of possible alternative
actions and investments, cost of proposed solutions as well as their impact on the aimed power system
reliability and electricity market have to be taken into account.
In the selection of investment candidates, the investments that have already been planned to implement
around 2020 (for instance, the third 400 kV AC line between Northern Finland and Northern Sweden)
are taken into account in the analysis. In addition, the possibility of replacing reserve power investment
by a transmission capacity investment (i.e. importing reserve power from Sweden) is taken into account.
The reserve power capacity for balancing wind power variations (Section 3.2) is utilised in the case
study as an example of reserve capacity investment. Here, it is assumed that this reserve capacity can
also be replaced by a transmission capacity investment as discussed in Section 4.6.3. The need for
reserve power capacity for balancing the variations of 4000 MW of wind power in normal operation in
Finland is 440 MW which is rounded to 500 MW in this case study.
For the simplicity, the investment candidates for the reserve power for compensating decreased power
system inertia (Section 3.3) is excluded from the case study. However, it would be treated as any other
reserve capacity in the investment analysis: after defining the need of reserve capacity, the cost of
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different candidates to fulfil the capacity need are analysed and the best candidate is selected for the
investment profitability analysis.
The investment candidates for the profitability analysis are selected on the basis of transmission
adequacy, reserve capacity need and the cost of the investment. The transmission adequacy after the
investment is tested51 by Samlast simulations. The possible difference between the simulated congestion
time after the investment and the allowed maximum congestion time (below 10% of time) is assumed
to be managed by operational actions (e.g. counter trading). This possible cost of keeping congestion
time within acceptable limits is also taken into account when the candidates are selected. Table 7.4
presents the investment candidates. Furthermore, the table shows the duration of congestion of the
investigated cross-section after the investment and the cost of investment. The investments selected for
the profitability analysis amongst the candidates are marked with a blue background.
Table 7.4 Four investment candidates for 4000 MW of wind power capacity in Finland and the
selected two candidates with a blue background. The two main criteria for the investment selection
are allowed duration of congestion and the cost of investment. A factor of 14.56 (interest rate of
5.5% and lifetime of 30 years) is used for the transmission capacity investment and 13.41 (interest
rate of 5.5% and lifetime of 25 years) for the reserve power capacity investment, e.g., open cycle
gas turbines, to annualise the total costs.
No.

Transmission capacity (length of
200 km)

(1)

Fenno-Skan 3: 1 × 800 MW
HVDC
Fenno-Skan 3: 1 × 600 MW
HVDC
Finland-Sweden AC : 1 × 800 MW
Fenno-Skan 1 replaced by 800
MW HVDC link and Fenno-Skan
3: 1 × 800 MW HVDC cable. The
result will be 1050 MW of new
capacity
Fenno-Skan 3&4: 2 × 600 MW
HVDC

(2)

(3)

(4)

Reserve power
capacity
(activated
within 15 min)
500 MW

Duration of
congestions
towards Sweden
after the investment
(% of time)
13.6

Annual cost of
investments
(M€/a)

0 MW

5.5

500 MW

8.5

Transmission: 46
Reserve power: 19

500 MW

8.2

Transmission: 42
Reserve power: 19

Transmission: 23*
Reserve power: 19
Transmission: 28
Reserve power: 0

*) Additional cost as a result of counter trading is 3.3 M€/a, if the congestion time is reduced from 13.6% to 8.2% (less
or equal than congestion time of candidate no. 3 and 4). The cost of counter trading is assumed to be 38 €/MWh.

Table 7.4 shows that Candidate (2) (third HVDC link and fourth 400 kV AC line between Finland and
Sweden) has the lowest investment costs, and the congestions are the lowest after the investments. In
the case of Candidate (2), no investment in reserve power capacity is needed because the required reserve
power is assumed to be imported from Sweden to Northern Finland via the proposed AC transmission
line. Although the investments for a third HVDC link between Finland and Sweden and for 500 MW of
reserve power capacity (Candidate (1)) leave the highest congestion time once the investments have
been made, they are also selected for the case study because they have the second lowest investment
costs. Additionally, the difference in the cost of the counter trading needed between Candidate (1) and
the investment package of two new HVDC links between Finland and Sweden (Candidate (4)) is clearly
lower (3 M€) than the difference in the investment cost between Candidates (1) and (4) (19 M€). The
congestions in the internal cross-section between Northern and Southern Finland would remain below
5% of the time with all of the candidates.

51
In this case study, the adequacy can be tested by Samlast because the investment need is assumed to be
related to congestions in normal operation. If the adequacy is related to post-fault situations, a contingency
analysis and dynamic studies are also needed.
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The analyses of different alternative actions to investments (e.g. the use of system protection instead of
transmission capacity investments) are presented in Section 7.7.1 as part of the investment profitability
analysis.

7.6

Management of uncertainty in profitability analysis

Here, the method presented in Chapter 5 is applied for transmission capacity investment. In this case,
the uncertainty of investment benefit is managed by having flexibility in timing of investment. The aim
of this section is to demonstrate a new way to apply the binomial tree method in a real-option (option to
delay) analysis. This section represents part of the profitability analysis as shown in Figure 4.1, Step (v).
The relevance of applying real-option analysis to the investment under study here is tested by checking
the following statements. Answers are in italics after the questions.
1. The project is related to other projects (such as a power plant investment): true
2. The uncertainty related to the project is so significant that it is worth providing new information
regarding options to manage the risks: true
3. The value of the project comes from future possibilities rather than the income of the project
under study: false
4. The uncertainty in the future is so high that it is beneficial to have flexibility in the project: true.
As stated in Section 5.2, real-option analysis is worth utilising when at least one answer related to the
project being investigated is true in the previous question list. The questions resulted in three positive
answers out of four questions. Therefore, it is beneficial to apply real-option analysis to the transmission
capacity investment candidate, which is the 400 kV AC transmission line between Northern Finland and
Northern Sweden. The proposed investment is part of the investment candidate (2) as described in
Section 7.5.4.
In the real-option analysis presented here, the following assumptions are made.
• Transmission capacity in the cross-section under study will be increased from 1300 MW to
2100 MW towards Northern Finland and from 1300 MW to 1800 MW towards Sweden as
a result of the new AC line.
• The time needed to implement the new investment is 7 years from the decision, which can
be made in 2009–201252. Thus, the commissioning of the connection will take place in 2016–
2019. The benefits and costs are considered until 2040.
• The measures to improve the flexibility of investment, such as the environmental impact
assessment of a new AC line, are to be performed prior to the investment decision. This
value will be lost if the decision is not to invest at all. Other corresponding embedded costs
(the costs of land use planning, the costs of electricity market studies, etc.) are assumed to
be so low compared to the value of investment (~0.5% of investment cost) that they are not
included in the study.
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This analysis was performed in 2008.
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Here, some more detailed descriptions related to the procedure of the real-option analysis (Section 5.4)
are made in order to clarify the application of real-option analysis.
First, six chains of occurrences for the future (2009–2040), with ten different occurrences each, are
created for the real option analysis. These chains (identified in Step 3, Section 5.4) are represented as
Chain 1 – Chain 6 in Table 7.5. The chains are selected in such a way that the probabilities of all chains
are of the same order of magnitude (except chain 1, which represents the best estimate). In the event of
a relatively even distribution of the probabilities of chains, the benefit of real-option analysis becomes
relatively high (this is also the fourth question in the list of questions testing the relevance of the
analysis), which is shown in this real-option analysis. Respectively, if the probability of one chain of
occurrences is high compared to the other probabilities, the value of the real option will be low because
there is less uncertainty.
Table 7.5 The chains of occurrences and their probabilities used in the real-option analysis. The
occurrences marked in white italics in the table are uncertainties that are studied, and their
realisation affects the value of the real option. Each occurrence is marked in its own background
colour. The acronymic sentences in the occurrences of each chain should be interpreted as follows:
‘300 MW to RUS’ means 300 MW of transmission capacity towards Russia (in reference scenario,
there is only the possibility of importing); ‘800 MW HVDC FIN–SWE’ is 800 MW of additional HVDC
transmission capacity between Southern Finland and Southern Sweden; ‘1.6 GW 5th NP’ means
a fifth nuclear power plant with a capacity of 1600 MW; Sixth and seventh nuclear power plants
are named respectively; ‘650 MW FIN–EST’ means 650 MW of additional HVDC transmission
capacity between Finland and Estonia; ‘1 GW WP’ is 1000 MW of additional wind power capacity
in Finland; ‘1.1 GW TO RUS’ means 1100 MW of additional transmission capacity towards Russia;
‘2 GW WP’ means 2000 MW of additional wind power capacity in Finland, and finally, '− 550 MW
HVDC FIN–SWE' is a 550 MW decrease in transmission capacity between Southern Finland and
Southern Sweden as a result of the unloading of the first HVDC link.
Year
2010

Consumption
(TWh)
94.2

2011

94.2

2012

95.8

2014

95.8

2015

97.6

2016
2018

97.6
97.6

1 GW WP
1.1 GW to
RUS

1 GW WP
1.1 GW to
RUS

2019

97.6

2020
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1.6 GW 6th
NP
1 GW WP

1.6 GW 6th
NP
1 GW WP

2021

103

2025
2026–
2040
Probability

Chain 1

Chain 2

300 MW to
RUS
800 MW
HVDC
FIN–SWE
1.6 GW
5th NP
650 MW
FIN–EST

300 MW to
RUS
800 MW
HVDC
FIN–SWE
1.6 GW
5th NP
650 MW
FIN–EST

Chain 3

800 MW
HVDC
FIN–SWE
1.6 GW
5th NP
650 MW
FIN–EST
300 MW
to RUS
1 GW WP
1.1 GW to
RUS

1 GW WP

1.6 GW
7th NP
103
2 GW WP
No further occurrences assumed
32%

18%

18%

Chain 4

Chain 5

Chain 6

300 MW to
RUS
800 MW
HVDC
FIN–SWE
1.6 GW
5th NP

300 MW to
RUS
800 MW
HVDC
FIN–SWE
1.6 GW
5th NP

800 MW
HVDC
FIN–SWE
1.6 GW
5th NP

1 GW WP
1.1 GW to
RUS

1.6 GW 6th
NP
1 GW WP
− 550 MW
HVDC
FIN–SWE
1.6 GW
7th NP
2 GW WP

12%

1 GW WP
1.1 GW to
RUS

1 GW WP

12%

300 MW
to RUS
1 GW WP
1.1 GW to
RUS + 650
MW FIN–
EST
1.6 GW 6th
NP
1 GW WP
− 550 MW
HVDC
FIN–SWE
1.6 GW
7th NP
2 GW WP

8%
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Second, three uncertainties for the analysis are selected (in Step 3, Section 5.4) based on their level of
uncertainty and effect on the value of the real option (cash flow). The selected uncertainties are
articulated in the following questions: Will the transmission capacity of 300 MW towards Russia be in
use in 2010? Will there be 650 MW of additional transmission capacity between Finland and Estonia in
2014? Will the sixth nuclear power plant be built in Finland? It is assumed that the answer to the first
question is known in 2010, to the second question in 2011, and to the third in 2012, respectively. This
real-option analysis was performed in 2009.
Third, the cash flow of the investment (calculated in Step 5, Section 5.4) includes different combinations
of chains, depending on the year of the realisation (of the investment decision). The combinations of
chains are presented in Table 7.6. The benefit in the cash flow is formed by the socio-economic benefit,
including the congestion revenue and surpluses for the producer and consumer.
Table 7.6 Possible combinations of the chains for different years of the investment decisions. Chain
1 is marked as S1, Chain 2 as S2 etc.
Year of investment
decision
2009
2010
2011
2012

All
occurrences
are possible
S1-S6

If 300 MW TO RUS was
true in 2010?

If 650 MW FIN–
EST was true in
2014?

If it was decided
to build a 1.6 GW
6th NP?

S1,S2,S4,S5 or S3,S6
S1-S3 or S4-S6
S1,S2,S4,S6 or
S3,S5

The results of the quantitative analysis are presented in the decision tree in Figure 7.6. Here, the binomial
tree method is applied for the calculation of real-option (option to delay) value in the case of the
transmission capacity investment. Figure 7.6 shows the socio-economic cash flows of different states
for different years and the probabilities of different alternatives. All the monetary values are net present
values including costs and benefits. The costs include also the lost benefits due to delay of investment.
The value of postponing the investment decision (the real-option value) is 11.5 M€. The strategic net
present value of the investment is 10.5 M€.
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2009

2010
-1.0

-9.8

Decide

Yes (0.4)

Wait

+11.5

2011
Yes (0.25)

2012
-23.0

Yes (0.7)

-10.0

6th NPP will be built?
+9.9

350 MW transmission capacity
towards Russia in 2010?

Estlink2 implemented in
2014?
No (0.75)

-10.6
No (0.3)

-11.8

+16.8
Yes (0.7)

+12.5

-10.0

6th NPP will be built?

No (0.6)

-10.6
No (0.3)
Yes (0.25)

-11.8

-23.0
Yes (0.7)

+9.9

-10.0

th

Estlink2 implemented in
2014?
No (0.75)

6 NPP will be built?
-10.6
No (0.3)

+16.8

Yes (0.7)

-11.8

-10.0

th

6 NPP will be built?
-10.6
No (0.3)

-11.8

Figure 7.6 The binomial decision tree for the real-option analysis in the case study. The negative and positive
values are discounted total cash flows due to investment (M€). The values in the brackets are the assumed
probabilities for the realisation of the presented uncertainty. The cash flows inside a rectangle represents the
selected options (invest or wait) in each point of time.

According to the real-option analysis, the value of the real option is about 15% of the investment cost.
The analysis shows that it is more profitable to wait at least one year than to make an investment decision
immediately (2009, in this case). In this real-option analysis, the investment would not be profitable
when applying the direct NPV method but, when taking the value of the investment flexibility into
account, the strategic net present value of the investment is positive. In addition, on the basis of the
available information at the time when the analysis is performed, the optimal timing for the investment
would have been in 2010. In 2010, the highest profit for the investment can be achieved. However, the
investment profit is sensitive to the probability of the chain of occurrences. Furthermore, new
information regarding future occurrences might change the optimal timing of the investment decision.
If there were a need to make a decision for the new reserve power capacity, the decision could be made
later than the decision to invest in new transmission capacity. The reason is that the implementation of
a new reserve power is faster than the implementation of a new transmission line. If it was found later
that it would be more reasonable to limit net transfer capacity with the new transmission capacity
investment than to build new reserve power, the reduction of net transfer capacity would be done without
additional investments. On the other hand, if it was found later that it would be more reasonable to build
new reserve power than to limit net transfer capacity, there would still be some time to implement new
reserve power.
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Finally, based on the experience of applying the method in practice, a broader analysis with the binomial
tree method requires some numerical computer-aided solution. Otherwise, the method may be too
laborious to apply in the investment analysis.

7.7

Profitability analysis

The quantitative profitability analysis is performed thoroughly for the two investment candidates,
applying the calculation methods proposed in this thesis. The section starts with the analysis of the
alternative measures to the proposed power system investments.

Alternatives to power system investments

In this case study, additional transmission capacity is needed to reduce the time when the capacity is
inadequate. However, the need of additional capacity exists so seldom, that it is worth of analysing the
alternative methods to decrease the congestion time. Here, the transmission capacity investment (800
MW overhead line) is compared to the alternative measures, such as system protection, redispatching,
and restriction of wind power generation. The requirement for transmission adequacy is to reduce the
congestion time by 1.3 percent units in the cross-section between Northern and Southern Finland.
According to the simulations, this reduction corresponds to transmission energy of 7.8 GWh. The
principles of using these alternatives in the power system are described in Section 4.6.
The feasibility of the alternatives (redispatching, system protection, etc.) to investments is based on the
comparison of costs. The benefits of all the alternatives are assumed to be equal because the capacity
achieved with the different alternatives is equal. The costs of applying the alternative measures are
compared with the cost of investment. The alternative with the lowest cost is selected if the cost of the
alternative measure is lower than the cost of investment.
The cost of system protection for reducing the congestion time is evaluated on the basis of the simulated
power flow, the number of activated system protection occurrences, and their duration. According to the
case study, the annual cost of using system protection would be 5.7 M€. The system protection is
assumed to be active for an average of two hours after each system protection occurrence. The costs of
the system protection consist of the fixed annual fee per available shedding load needed (120 MW), the
fee for use of the system protection per disconnected load (averaging 58 MW), and the fee for
disconnected energy (annual cumulative energy 7.8 GWh). The maximum and average needs of
disconnected loads and the average annual energy not supplied as a result of the system protection are
simulated with Samlast. The cost of the system protection is based on the 2009 prices of shedding loads
agreed in (Fingrid 2005). The fixed costs of implementing the system protection are assumed to be
negligible on an annual level.
The cost of redispatching is calculated by multiplying the unit cost of redispatching by the energy needed
for redispatching. In this case study, the unit cost for redispatching, 38€/MWh, is based on the real
average unit cost of redispatching from the years 2002–2006. The energy required for redispatching, 7.8
GWh, is evaluated with Samlast. The energy to be counter-traded is equal to the energy needed to limit
the power flow to a level of net transfer capacity. Thus, the calculated annual cost of redispatching would
be 0.3 M€.
The cost of curtailing wind power generation is calculated by multiplying the assumed level of
guaranteed price for wind power generation (83.5€/MWh) by the restricted annual energy (7.8 GWh) to
maintain an acceptable congestion time. Thus, the annual cost of wind power curtailment is 0.7 M€.
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Table 7.7 presents the costs of measures to satisfy the required transmission adequacy and the remaining
congestion time after the measure is applied. The table also shows the additional transmission capacity
gained after each alternative. The costs of alternative measures are calculated in a situation where it is
required to have the congestion time between Finland and Sweden (towards Sweden) significantly less
than 10% of time. The criterion of congestion time on cross-section Finland–Sweden can be satisfied by
preventing power flows between Northern and Southern Finland to exceed the constant transmission
capacity. According to simulations, without the alternative measures power flows between Northern and
Southern Finland would exceed the maximum value 1.3% of time. Without limiting power flows
between Northern and Southern Finland (or investing in new transmission capacity in the cross-section
Finland-Sweden), the congestion time of cross-section Finland–Sweden would be higher than 5.5% of
time.
Table 7.7 shows that all the alternative options have lower annual costs than the transmission capacity
investment in this case although the unit cost of some alternatives is higher than the unit cost of
investment. The low use of the new transmission capacity makes the investment unfeasible. In this case
study, redispatching is the best option to alleviate the missing transmission capacity because it has the
lowest annual cost, and the power flow changes are assumed to be so slow that they can be managed
with the redispatching. If sudden system changes resulting e.g. from a fault caused a need for additional
transmission capacity, system protection would be the only feasible alternative to investment.
Table 7.7 The comparison of the costs of satisfying the transmission adequacy for the cross-section
Finland-Sweden after the implementation of Candidate (2) (600 MW HVDC and 800 MW HVAC
connections). In order to satisfy the transmission adequacy for the cross-section Finland-Sweden,
the congestion time between Northern and Southern Finland has to be reduced by 1.3%-units in
addition to the implementation of the Candidate (2) in the cross-section Finland-Sweden. The
remaining congestion time and the additional transmission capacity in the cross-section FinlandSweden after the implementation of alternative measures and additional investment are also
presented.
Method/investment
Unit cost
Annual cost
Additional
Congestion
(k€/MW,year)
(M€)
transmission time after
capacity
the measure
(MW)
(% of time)
System protection
48
5.7
0
5.5
Redispatching
2.6
0.3
0
5.5
Wind power curtailment
5.5
0.7
0
5.5
800 MW HVAC line
8.1
6.5*
800
0
*) Annual cost corresponds to a total cost of 94 M€ for a 200 km connection

In addition to being a complementary measure to Candidate (2), the lowest cost alternative in Table 7.7
(redispatching) is also applied in the case of investments in the HVDC link and new reserve power
capacity (Candidate (1) in Table 7.4). In the case of Candidate (1), an 8.6% reduction in the congestion
time between Finland and Sweden is needed. The reduction of congestion time would now cause 4.6
M€ annual cost of redispatching, corresponding to 120 GWh annual need for transmitted energy.

Criteria for profitable investment

This section describes the criteria for profitable investment (Step (v) in Figure 4.1) applied in this study.
Profitable investment means that the benefit of the investment should be equal to, or higher than, the
minimum acceptable benefit. First, the minimum acceptable benefit of investment for the transmission
owner is equal to the annualised fixed53 cost of investment, with the yield expectation being taken into
account. The yield expectation is assumed to be equal to the Weighted Average Cost of Capital
(WACC). In this study, a WACC of 5.5% is applied. Second, in the analysis of the socio-economic
profitability of the investment, a real social discount rate is used instead of the WACC, because socioeconomic benefits, such as producer surplus or a consumer surplus, have only a weak link to the capital
53

The variable costs of investment are taken into account in the profitability analysis as negative benefits.
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market, which is the basis for WACC. According to a European Commission guide (Florio et al. 2008,
p. 57), a real social discount rate of 3.5% should be used in Finland. This value is also used in this study.

Profitability of the selected investments

The profitability of an investment is defined for the transmission owner and for society. The aim of the
analysis is to test the methods and planning process in practice and to compare the results of the proposed
method to the results of the traditional Nordic method. The profitability analysis is based on the scenario
of 4000 MW of wind power in Finland (presented in Section 7.3) which is used through this case study.
The two selected Candidates, shown in Table 7.4 are: (1) an 800 MW HVDC link between Southern
Finland and Southern Sweden with 500 MW of reserve power capacity, and (2) a 600 MW HVDC link
between Southern Finland and Southern Sweden and an 800 MW AC line between Northern Finland
and Northern Sweden.
Furthermore, the results of two additional methods to calculate the benefit of investment (in addition to
the selected socio-economic benefit approach) are presented in order to compare the results of those
methods with the results of the selected method. The additional methods are based on the marginal
benefit approach (Section 4.3.2) and the benefit for the consumer. Marginal benefit has sometimes been
used as a benefit for society (Nordel 2008a). Additionally, the minimisation of consumer costs (or the
maximisation of consumer benefit) could be seen as the object of the overall optimisation. In the latter
case, it is assumed that, in the end, all costs are allocated to the consumers. The use of several approaches
to evaluate the benefits gives a wider perspective for the profitability analysis.
Table 7.8 summarizes the profitability of the two selected investment candidates. The detailed results
are in Appendix C.
Table 7.8 Annual net profitability of the two selected investment candidates. The profitability are
presented from the points of view of the transmission owner, consumer, and society and calculated
in the case of 4000 MW of wind power in Finland. Candidate (1) has one 800 MW HVDC link
between Southern Finland and Southern Sweden and 500 MW of reserve power capacity in
Finland. Candidate (2) has one 600 MW HVDC link between Southern Finland and Southern
Sweden and one 800 MW AC line between Northern Finland and Northern Sweden. In the yellow
lines (1, 4, 8, and 12) the profitability are based on the Nordic methods (Marginal benefit and socioeconomic benefit according to (Nordel 2007)). The green lines (2, 5, 6, 9, 10 and 13) presents the
profitability that are based on the method proposed in this study and the orange lines (3, 7 and 11)
show the profitability for consumer as a result of a change in electricity market price.
Profitability of the transmission capacity investment

1
2
3
4
5

Marginal benefit aspect (Nordic)
Transmission owner aspect
Consumer aspect
Socio-economic aspect (Nordic)
Socio-economic aspect

Profitability of the reserve power capacity investment

6
7
8
9

Transmission owner aspect
Consumer aspect
Socio-economic aspect (Nordic)
Socio-economic aspect

Candidate (1): 800
MW HVDC link
(M€/a)
-5
-41
+25
-12
+38

Candidate (2): 600 MW
HVDC link and 400 kV
AC line (800 MW) (M€/a)
-5
-53
+30
-19
+41

Candidate (1): 500
MW reserve
power (M€/a)
-24
+2
-24
-5.8

Candidate (2): 0 MW
reserve power

n.a.
n.a.
n.a.
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Total profitability of the investments
10 Transmission owner aspect
11 Consumer aspect
12 Socio-economic aspect (Nordic)
13 Socio-economic aspect

Candidate (1)
-65
+27
-36
+32

Candidate (2)
-53
+30
-19
+41

Table 7.8 shows that Candidate (2) is more profitable than Candidate (1) from the socio-economic aspect
calculated with the method proposed in this study. The consumer aspect gives the same result: Candidate
(2) is more profitable. The Candidate (2) is more profitable although the negative profitability of reserve
power investment for Candidate (1) would be ignored. Both candidates yield a negative profit from the
purely transmission owner aspect. Therefore, both candidates would lead to increased transmission fees.
Additionally, both Nordic methods (socio-economic and marginal benefit) to calculate profitability lead
to negative profitability.
The most significant difference between the Nordic method (rows 4, 8 and 12 in Table 7.8) and the
proposed method (rows 5, 9 and 13 in Table 7.8) are the congestion revenues and the value of the system
reliability. Congestion revenues are included in the analysis only in the Nordic method and the value of
investment due to increased system reliability is included only in the new, proposed method.
Furthermore, the interest rate used in the analysis of socio-economic profitability (for discounting the
costs and benefits) is 5.5% in the Nordic method while it is 3.5% in the proposed method. Only the
method proposed in this thesis uses so called social discount rate instead of the traditional interest rate.
The profitability analysis, presented in this case study, does not take into account indirect socioeconomic factors or other effects, such as the indirect benefits of achieving the EU targets for renewable
energy. The analysis captures only the benefits of power system reliability and the electricity market. If
the indirect socio-economic benefit factors were taken into account, the socio-economic profitability of
the investment would be higher. According to (Sulamaa & Honkatukia 2006), indirect socio-economic
benefits could be about three times higher than direct socio-economic benefits for the consumer,
producer, and transmission owner.
In addition to the implementation of the investment candidates, additional measure is needed in order to
satisfy the market criterion (the maximum allowed congestion time clearly less than 10%). Costs,
benefits and the profitability of the required measure, redispatching, are presented in Table 7.9.
Table 7.9 The net value of additional costs and benefits of maintaining acceptable congestion time
(max 5% of time) after the implementation of the Candidates. Redispatching has been used as a
complement to the Candidates (or as an alternative to additional transmission capacity investment).
Redispatching
Candidate (1) in Table 7.4
Candidate (2) in Table 7.4
M€/a
M€/a
Cost of redispatching
-4.6
-0.3
Socio-economic benefit of redispatching
+3.4
+1.0
Profitability of redispatching
-1.2
+0.7

Finally, the sensitivities of profitability analyses are studied in terms of the methods used to define the
value of reliability and the timing of line or power plant outages within a simulated year.
First, the value of reliability due to the investment is compared between the new method developed in
this study (based on the increased margin to system failure) and the traditional method. The traditional
method is based on the energy not supplied (ENS) and on the value of unsupplied energy. ENS is based
on the simulations with the MAPS model performed in this study, and the value of unsupplied energy is
based on the report (Mäkinen et al. 2009). As a result of this sensitivity study, the effect of the investment
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(800 MW HVDC cable) on the reliability was about two times higher with the new method than with
the traditional method.
Second, the benefits for the investment vary during a simulated year because of different market
situations. When applying line or generation outages in the analysis, it is important to be aware of the
period of time (e.g., winter, spring, summer) for which the outages are applied because the benefits are
generally higher during outages and the magnitude of the benefit depends significantly on the period of
time.

Observations concerning the profitability analysis

The quantitative analyses give a view on the significance of different factors in investment profitability.
For example, the effect of the congestion revenues on the investment profitability is significant.
Furthermore, the value of reliability is increased more by a reserve power investment than a transmission
capacity investment (Section 4.5 and Appendix C). The value of reliability as a result of investment is
about four times higher during an outage of the Fenno-Skan HVDC link than when the grid is intact.
Furthermore, the timing of the modelled outages during a year has a clear effect on the overall
investment profitability. Finally, the analysis shows that the monetary value of the flexibility of the
investment can be relatively high (in this case study, 15% of the fixed investment costs).
Intuitively, it seems some quantitative results are contradictory although a logical explanation can be
found. First, in the case study, the transmission capacity investment (800 MW HVDC cable) increases
the total amount of bypassed water in the hydro power plants of all regions. Intuitively, the increased
transmission capacity should enable better possibilities to export hydro power and decrease the water
bypass. The probable explanation for the opposite effect of transmission capacity is that hydro power
generation is partly replaced by wind power generation in hydro power-dominated areas as a result of
increased transmission capacity, leading to an increase in bypassed energy during wet seasons. Second,
the transmission capacity investment increases the CO2 emissions by 0.5 M€ in the case study although
opposite impact could be expected. This is mainly because price elastic demand increases in Norway
and Sweden causing additional need for generation. The increased demand is partly covered by thermal
power generation in Southern Finland and in the Baltic area.

7.8

The power system investment plan

This section shows how a power system investment plan is created on the basis of the results calculated
in the case study.
The final selection of investments and alternatives to investments in the power system plan is based on
the results presented in Sections 7.7.1 and 7.7.3. On the basis of the results of the socio-economic
profitability, the investment plan in the case of 4000 MW of wind power in Finland would include two
transmission capacity investments: a 600 MW HVDC cable between Southern Finland and Southern
Sweden and an 800 MW AC line between Northern Finland and Northern Sweden. Furthermore, there
would be annual costs for the transmission owner caused by redispatching. The choice of this investment
package is based on the socio-economic profitability. Table 7.10 presents both investment packages and
their advantages.
Table 7.10 The comparison of the two investment packages. The advantages of both options,
Candidates (1) and (2), are presented.
(1): 800 MW HVDC connection (Finland–
Sweden) + 500 MW reserve power in Finland

(2): 600 MW HVDC + 800 MW AC connections (Finland–
Sweden)
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+ reserve power capacity increases the socioeconomic benefit resulting from improved
reliability
+ adequacy of reserve power capacity is not
dependent on the neighbouring countries
+ only one transmission capacity investment
needed

+ less costs for TSO compared with proposal (1)

+ higher consumer benefit compared with proposal (1)
+ no need for domestic reserve power capacity
+ lower costs of additional measures for maintaining the
congestion time below 5% of time compared with proposal (1)
+ socio-economic profitability ~11 M€/a higher than with
proposal (1) (also includes costs and benefits of redispatching)

Additionally, the analysis of the real-option value (of postponing the investment decision) proposes that
the decision on the 800 MW AC line investment should be postponed for one year to acquire more
information related to the feasibility of the investment. However, the results of the real-option analysis
are not fully comparable with the results of the profitability analysis performed in this study because
several scenarios (the chains of occurrences) are used in the real-option analysis while the profitability
analysis is based on one scenario only.
The comparison of the results of the investment analyses between the two planning processes (the
present Nordic one and the new one developed in this study) shows the following differences in the
results. First, the traditional grid planning leads to lower socio-economic benefits and sub-optimal
investment solutions compared to the proposed power system planning process. The traditional process
would lead to overinvestment in reserve power capacity in the case of investment in two connections
because the possibility of utilising transmission capacity for the reserve power need is ignored. Second,
an optimal timing of investment under uncertainty and the value of investment flexibility would not be
analysed in the traditional planning process. This might also lead to additional costs for society in terms
of wrong investment decisions in case of the traditional Nordic planning. Third, there is a risk of
overinvestment and the use of non-optimal alternatives in the traditional planning process because there
is no procedure for taking the alternative measures systematically into account in the investment
profitability analysis.
Finally, the evaluation of the following sensitivities would make the final investment decisions even
more consistent.
• Transmission capacity investment between Southern Finland and Sweden: are there
possibilities for reducing the investment cost, for instance by locating the connection in such
a way that the length of the connection was shorter? In this analysis, the costs of other grid
reinforcements needed should also be taken into consideration.
• Domestic reserve power capacity investment: could the balancing power market be liquid
enough to be able to provide the needed reserve power? What are the costs of the following
alternatives to reserve capacity investment: increased use of hydro power, increased
flexibility of the power system (demand response, energy storages and adjustable
generation)? The simulation model used in this study already assumes some flexibility for
demand, combined heat and power, and nuclear power generation.

7.9

Concluding remarks

In this case study, a power system investment plan for 4000 MW of wind power capacity in Finland was
created. This case study was undertaken to verify the applicability of an improved planning process for
a real planning case. The case study also can be used to indicate the effects of the planning process on
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the results compared with the traditional Nordic planning process. The data used in this case study is
based on real planning data used among the Nordic TSOs.
Based on the case study, it is feasible to apply the improved power system planning process in practice,
even with large planning cases – cases with an integrated electricity market and several TSOs. The
process is applicable at least in the power systems functioning in the electricity markets similar to the
Nordic electricity market. However, some parts of the process should be further automated in order to
improve its applicability. The results of the case study show that the improved planning process leads
to power system investments that are better optimised than in the traditional Nordic planning process.
These better optimised investments in turn lead to lower socio-economic costs without mitigating the
planning criteria.
The key findings from the case study related to the proposed planning process are stated below.
• The Samlast model is well suited for the planning of a power system because it can be
utilised for most of the analyses proposed in this thesis, especially after the improvements
presented in Chapter 6 have been implemented. However, the assumptions and
simplifications necessary to perform the simulations hide, to a certain extent, the complexity
of reality. This must be kept in mind when creating an investment plan.
• Real-option analysis for risk management can be implemented in the power system planning
process. Computer-aided calculation would improve the applicability of the analysis.
Furthermore, flexibility of investment might significantly affect its profitability.
• Profitability analysis at several points in time is important in order to capture the variability
of benefits accruing from the investment as a function of time (Section 7.6).
• The value of the power system reliability is estimated on the basis of two methods: the
method developed in this thesis (the analysis is based on the value of the margin to system
failure) and the method that is based on the value of energy not supplied. The former method
is more suitable in power systems with an extremely low loss-of-load probability where the
value of energy not supplied is insignificant.
• The proposed planning process could be improved by further developing the method for
selecting the investment candidates.
• The benefit of alternatives (redispatching, system protection, etc.) to transmission capacity
investment increases where there is an asymmetric need for capacity because it is possible
to apply the alternative measures in one direction only. Transmission capacity investment,
on the other hand, always covers both directions.
• Changes in consumer surplus, congestion revenue, and producer surplus are the factors
which have the greatest influence on the profitability of transmission capacity investment in
this case study. On the other hand, transit compensation (transmission owner aspect), the
possibility of importing reserve power and the use of market power have the lowest
influence, respectively. The planning process, proposed here, ensures that all factors and
aspects are taken into account, although not all the factors are necessarily relevant in all
cases.

111

8 Discussion and conclusions
This chapter discusses and concludes the results of this thesis in a more general level, leaving the detailed
conclusions to the last sections of chapters 3–7. Section 8.1 discusses the credibility, validity and
applicability of the results achieved and gives recommendations for further work. Section 8.2 presents
the overall conclusions and highlights the special issues related to wind power generation and costefficiency of investments that should be taken into account in power system planning.

8.1

Discussion

General assessment of the scope and work done in the thesis
The aim of this thesis is to develop a power system planning process in such a way that the reliability of
a power system would not be compromised and the investments to the power system would be socioeconomically cost-efficient despite an increased amount of wind power.
Power system planning incorporates a wide area of research topics. Integrating wind power to a power
system, as part of the power system planning, has been a very active area of research during the last two
decades. This thesis includes several improvements to the different parts of the planning process. The
study covers a wide planning perspective: in addition to studying how a certain planning step should be
performed (methods), the thesis investigates what should be improved and what should be included in
the planning process (framework).

The proposed planning process
The applicability of the power system planning process improved in this thesis was tested in the Nordic
planning environment and with a planning case. The test case in Chapter 7 shows that the proposed
planning process can be utilised in practice, provided that the required data is available for analysing
wind power variations and market and power flows. The proposed planning process is applicable in
regions where electricity markets exist. Furthermore, the process is feasible with a planning region of
several countries, such as the region of the Nordic and Baltic countries. According to the Nordic test
case, the planning results (e.g. profitability of capacity investment) based on the simulations are sensitive
to the ability of the simulation software to simulate the variability of wind power and the strategic
behaviour of hydro power producers. Therefore, it is always important to use simulation software that
is capable of taking the local conditions into account in the planning. A well-defined planning process
ensures a systematic way to take into account all relevant issues possibly affecting the need for power
system investments. The proposed planning process suits especially well for the hydro power dominant
power system, where advanced modelling of hydro power is required.
In the proposed planning process, the variability of wind power is not only taken into account in the
market and power flow simulations but also included by statistically analysing the need of the reserve
power investments. Furthermore, the effect of large-scale wind power on the power system inertia and
on the need of balancing energy has been considered. Therefore, wind power affects not only the
methods of analysing e.g. investment needs but it also brings new issues for study in the planning phase.
The proposed planning process could also be applied at the European level although the process
development is based on the Nordic power system. Successful use of the proposed planning process at
the European level requires that there are harmonised planning rules (European Commission 2010) and
European-wide electricity markets. Also, the features of different power systems (e.g., hydro or thermal
power dominated system) should be taken into account in the simulation models. Additionally, local
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regulations, rules, and legislation related to TSOs (the transmission owner's aspect) should be taken into
consideration in the profitability analysis of an investment. The need for joint planning of power systems
at the European level (i.e. the planning of the main transmission paths between countries and market
regions) increases if the targets for renewable energy sources, set by the European Commission (2010),
are realised.
Furthermore, the proposed planning process is applicable in countries where the power system planner
has the opportunity to plan not only the grid and reserve capacity but also the generation capacity
(typically in vertically integrated utilities). In such cases, generation capacity is a tool of the power
system planner for achieving the planning targets (e.g. reliable power system). However, this thesis
applies the planning process for the liberalised electricity market, where new generation capacity is a
source of uncertainty. In the liberalised market, the power system planner cannot determine the amount,
type or location of the new generation capacity. The planner can, however, be proactive by informing,
at an early stage, the authorities responsible for generation adequacy if some (political) target scenarios
are technically or economic unreasonable.
The planning process proposed in this thesis applies to both deterministic and probabilistic methods.
The effects of wind power on the adequacies of reserve power represent the new probabilistic method
proposed in this thesis. Combined planning with both deterministic and probabilistic features has
advantages compared to purely probabilistic planning; deterministic methods are well known and often
robust whereas probabilistic features are better in taking the probability of different risks into account.
According to (Migliavacca et al. 2009, p. 56), power system planning in Europe is based mainly on
deterministic planning approaches. Despite some progress towards probabilistic planning, such as
described by some authors (Manso & da Silva 2004; Li & Choudhury 2008), the deterministic (N − 1)
criterion still has a clear role in the planning. The increasing need to plan and use the power system even
closer to its physical limits calls for further development in probabilistic planning.
The planning process presented in this thesis uses a planning approach where several separate analyses
and simulations, with possibly separate simulation software, are performed. This approach is flexible
and therefore applicable for different power systems. The advantage that the approach used in this thesis
has is that, in modelling, fewer simplifications are needed and the features specific to the power system
can be taken into account in adequate detail. Credible results cannot be achieved if hydro power is not
correctly included in the model; too simple hydro power modelling, for instance, would be a critical
drawback in the planning of the Nordic power system. Furthermore, it is easier to solve complex
problems when the problems can be divided into separate sub-problems that can be solved with separate
simulation models, if needed. The restrictions of the approach used in this thesis are that the working
time required for the analyses is relatively high and data conversion between different simulation models
may be challenging. An alternative planning approach would be to solve the whole planning problem
within one simulation task, but this solution would always be a compromise.

Methods for reserve and adjustable power analyses
The new method used to define normal operation reserve capacity due to variations in wind power
generation (in Section 3.2) is based on the probability of reserve power being needed. The larger a
change in wind power is, the less probable is the occurrence. The method quantitatively takes into
account the reliability of the power system, which is a key issue TSOs are responsible for. The method
results in reserve capacity that maintains the existing system reliability with sufficient reserve
investments. The method is practical to apply in the planning because it results in a reserve need in
megawatts allocated to the existing reserve type: a reserve for normal operation rather than a reserve
type left undefined. The key point in defining the reserve power need is to link the reserve power
requirement to the power system reliability. This also implies that disturbance reserves should be used
only for disturbances, and wind power variations should be balanced by the normal operation reserve,
not by the disturbance reserve. A weak point of this method is that in the short run, i.e. less than 10
years, if the load pattern remains unchanged, it may slightly overestimate the total need of normal
operation reserve because the reserve needs for load and wind power variations are calculated separately.
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The methods to evaluate the generation energy requirement for balancing wind power variations
(Section 3.4) are for the planning of power systems with a limited capacity to adjust power for several
hours. Conventional power plants, such as coal, gas and oil fired power plants, can easily control their
generation as required. However, in a power system with large-scale wind power (and possibly other
renewables), the generation capacity capable for large power ramps which are controlled for several
hours may be limited. For example in Finland, major part of generation consist of nuclear power
generation, run-of-river type hydro power generation, combined heat and power generation and
renewable generation. The previously mentioned generation mix is not well suited for balancing large
and slow uncontrolled wind power ramps. The use of these methods in power system planning ensures
that also the adequacy of balancing energy is taken into account.

Methods for investments benefit analysis
The method to treat uncertainty in investment benefit analysis (Chapter 5) takes into account the value
of postponing the investment decision due to uncertainty (value of investment flexibility). However, in
the real-option analysis, which is used to calculate the value of investment flexibility, a full analysis
would require the automation of simulations in order to speed up the analyses to a feasible level. Also,
an expert opinion is needed in the real-option analysis to estimate the probability of different risks.
Expert opinion increases the complexity of analysis and makes the results dependent on subjective
opinion.
The new methods to use market simulation tool (e.g. hydro power modelling in Section 6.2 and wind
power modelling in Section 6.3) improve the credibility of the simulation results and better allow wind
power generation and its effect on the electricity market to be taken into account. Especially the way
hydro power is treated in the simulation has a significant effect on the simulation results in a power
system with large-scale hydro power generation.

Simulation of electricity market in a power system planning
In this thesis, the Samlast model has been utilised for transmission adequacy analyses and for investment
profitability analyses. The main simplifications in the Samlast model are related to market modelling
(perfect market assumed, only day-ahead electricity market modelled) and to modelling of load and
wind power (variation is based on historical data). First, the future variation in the system load may
change drastically compared to historical variations. Due to high uncertainty in load (both in volume
and variations) and central role of the load in the simulations, special attention has to be paid on the
simplifications and assumptions made for the modelling. Second, the simplifications in the modelling
of electricity market mainly reduce needs for transmission and also the benefit of investments when
compared to the results without simplifications.
The relevance of assumptions and modelling methods used in power system planning presented in this
thesis can be benchmarked against the assumptions and methods proposed in (Söder & Holttinen 2008).
According to the benchmarking, the majority of the assumptions and methods used in this thesis are in
line with (Söder & Holttinen 2008) although some differences can also be found. Most of the differences
between the methods proposed in (Söder & Holttinen 2008) and the methods used in this thesis are due
to differences in the study objectives: in (Söder & Holttinen 2008) the objective is to study wind
integration costs for the society, while in this thesis the objectives of the simulation are to study effects
of wind power on the power system and to study the effects of investments on socio-economic benefits.
Therefore, wind integration costs are just one factor to take into account in power system planning. The
differences in the assumptions and methods between (Söder & Holttinen 2008) and this thesis are
discussed below.
According to (Söder & Holttinen 2008), the error in the wind power forecast should be included in the
analyses of wind power effects in order to model the uncertainty of wind power generation. In this thesis,
forecast error is not modelled for the reserve power analyses. The modelling is not necessary because
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TSOs have to plan their reserve power capacity according to real power changes in the space of an hour,
and wind power forecast is assumed to be within hourly resolution. However, the error in the wind power
forecast is included in the analysis of required balancing energy, where wind power variations of several
hours are analysed.
According to (Söder & Holttinen 2008), ramp rates, varying efficiency, and the start-up costs of thermal
power plants should be modelled. In this thesis, the above-mentioned properties are not modelled. The
modelling of ramp rates can improve, to some extent, the investment profitability analysis. The
modelling of varying efficiency and the start-up costs of thermal power plants is more relevant in the
wind integration studies where the focus might also be in costs incurred by wind power due to the
different operation of thermal power.
According to (Söder & Holttinen 2008), the intra-day market should be modelled in system simulations.
In this thesis, only the day-ahead market is modelled. The lack of intra-day market is not critical in a
power system planning where the main focus is on the simulation of day-ahead market in order to
analyse power flows and investment benefits. However, the modelling of intra-day market can improve
the accuracy of results and is especially important in wind integration studies where for instance the
balancing costs for the wind power producer are the object of interests.
According to (Söder & Holttinen 2008), other market players apart from the wind power producer should
let themselves become adapted to the circumstances created by wind power. This approach would lead
to an optimised transmission grid, new market rules, etc. This is understandable in studies where the
objective is successful wind integration. However, this is not necessarily the best approach in power
system planning where the optimisation of a new wind power capacity connection to the grid is just one
objective among others.

The case study results
The investment plan for the Finnish power system is carried out with the improved planning process in
the case study. According to the quantitative analysis, the resulting investment plan by the improved
process is more optimal than the one by the present Nordic planning process. The plan is more optimal
in terms of cost-efficiency without compromising the planning criteria. Although the planning process
yields an optimal investment plan, the plan is based on certain assumptions, which include uncertainty.
Therefore, the investment plan has to be updated always when new information is available. Last but
not least, the plan should be understood as a support tool for final decision making, where also other
factors, not included into the planning process, are considered.
The quantitative results of the analyses of wind power effects are relevant only for Finland since the
results, especially in Chapter 3, are based on the Finnish wind power measurements, which are sensitive
to the weather conditions that dominate in Finland. The main source of uncertainty in these analyses is
that wind power measurement data is limited to a time period of four years. Furthermore, high resolution
(10 min) wind power measurements represent only five different locations. However, these five
locations cover well the geographical area where the most of the wind power capacity will likely be
installed.
In addition, the case study confirms that the improved planning process and its methods are applicable
in practice and are feasible to use with the real planning data.

Recommendations for further work
Recommendations for further work regarding the development of the planning methods are: (i) to
develop a quantitative evaluation for the indirect benefits of investment (the larger the investment
packages analysed, the higher the importance of indirect benefits, such as employment, competitiveness,
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etc.); (ii) to automate real-option analyses (Chapter 5); (iii) to further develop the method of reserve
power and transmission capacity optimisation for a large region, such as a synchronous area (the method
described in Section 4.6.3); (iv) to develop a new simulation tool for power system planning, including
a simulation of day-ahead and intra-day electricity markets, simulation of power flows, high simulation
resolution (at least 15-minute resolution), and (v) to develop system reliability simulation so that marketbased power flows and dynamic contingencies can be included to this system reliability analysis.
Furthermore, the applicability of a new margin (balancing margin) for transmission capacity between
the bidding zones could be studied. The aim is to reduce the need for reserve power capacity without
reducing the reliability. The balancing margin would improve the possibilities of balancing regional
imbalances between the areas. The (dynamic) balancing margin could be based on the power system
analyses and wind power forecasts.
Finally, a development of the investment profitability analysis to better consider the timing of future
changes in the power system would enable even better optimisation of investments. Currently, the
benefits in the profitability analysis are calculated in one point of time ignoring the influence of different
timing of different power system changes (e.g. new generation capacity) on the benefits. However, the
application of real option theory for the investment flexibility analysis already takes partly the timing
aspect into account in the profitability analysis.

8.2

Conclusions

Developing power system planning
The objective of this thesis is to improve the existing power system planning process in such a way that
the process would take into account the requirements that wind power sets to the power system.
Furthermore, the aim is to create a process that would better optimise the investments. Better
optimisation would lead to lower socio-economic costs without decreasing the power system reliability.
The thesis shows that exploitation of large-scale wind power in a power system requires improved
planning methods and modifications for the traditional grid planning process. It is important to define
more exactly the power system investment needs in order to ensure the adequate preconditions for the
aimed power system reliability. This thesis also has discovered that optimisation of power system
investments can be improved by further developing the investment benefit analysis and electricity
market simulations. Therefore, the requirement for a cost-efficient investment plan set for this thesis is
taken into account. Finally, the applicability of the improved planning process is completed and verified
by a real case study.
Furthermore, the thesis shows that the existing methods for defining the reserve power and adjustable
generation capacity, and the profitability of investment are not sufficient. Reserve power analysis is
improved by developing probabilistic methods that take the variability of wind power generation into
account. The main improvements in the profitability analysis are the method to take the investment risk
into account and the improved way to perform electricity market simulation.
The research also shows that the planning process can be improved by adding the planning of the reserve
capacity to the traditional grid planning process. This kind of combined planning produce a better and
more optimised investment plan since it takes into account the mutual dependences between the
transmission capacity and reserve power capacity.
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Wind power modifies power system planning
The results of this research show that the variability of wind power generation has several effects on
power system planning. First, the changed utilisation of reserve power and transmission grid due to wind
power increases the importance of profitability analysis of investments.
Second, in the planning of new reserve power capacity for wind power variations, the current level of
the power system reliability should not be decreased despite the large-scale wind power generation.
Therefore, in the proposed method of defining the reserve requirement for normal operation, the
probability of forced load shedding is taken into account by evaluating the effect of simultaneous
disturbance and wind power change on the probability of forced load shedding. The probability of forced
load shedding is the link between the reserve power requirement and the power system reliability. The
requirement for a normal operation reserve due to wind power variations, defined by the method, cannot
be covered by the disturbance reserve without endangering the power system reliability. Therefore, in
the planning of reserve capacity, it is important to clearly define the purpose of the reserve power
capacity (for disturbances and, for normal operation) and whether wind power variations have been
taken into account. Furthermore, the distinction of the reserve types improves the applicability of the
method because the existing reserve capacity is also allocated to disturbances and normal operation.
Third, wind power may affect the amount of rotational inertia in the power system. The decrease of
inertia has to be minimised or compensated in order to maintain acceptable frequency quality and system
reliability. This can be achieved by operational actions (e.g. demand response), by investing on devices
capable to provide fast power control (e.g. reserve power from battery storages), or by a combination of
those. This thesis proposes a systematic procedure to investigate whether investments are needed to
manage the effects of decreasing inertia. Then, the feasibility and profitability of possible investment
needs are evaluated together with other investment needs. This way, the optimal power system plan can
be achieved. In case there are effective markets also for ancillary services, it is possible that enough
market-based reserve capacity will be on place and TSOs do not have to invest on reserve power
capacity. However, the key point is to be prepared well in time for different needs.
Finally, the increased need for balancing energy due to wind power has to be taken into account already
at the power system planning stage in order to ensure enough time for building possible new generation
capacity for the need of balancing energy. The variability of wind power creates a need to operate other
generation forms in the system in a more flexible way and possibly use them as a balancing energy
source. There can be an increased need for balancing energy even though the wind power forecast were
perfect, because the net load (load minus wind) may vary more than the load alone. The analysis of
balancing energy need is important especially in areas with limited balancing energy capacity. Finland
is an example of such an area because hydro power is mostly run-of-river type and therefore not well
suited for balancing purposes. Furthermore, according to the planning case in this thesis, large-scale
wind power leads to situation where thermal power generation will adjust its power more often but the
annual utilisation time will be lower. Therefore, in the long run, there is a risk that thermal power
capacity, which is perfect for balancing purposes, will no longer be profitable and will disappear from
the areas of high wind power capacity.

Optimal investment plan requires comprehensive benefit analysis with socioeconomic aspect and realistic market simulations
In this thesis, a cost-efficient investment plan for the power system means that the investments are socioeconomically optimised. This thesis shows that an optimal investment plan can be ensured by
comprehensive investment benefit analyses where credible electricity market simulations are utilised.
First, the comprehensive benefit analysis proposed in this thesis consists of an analysis of both reserve
power and transmission capacities. Furthermore, the benefit analysis should include a systematic
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analysis of different alternatives to replace (partly or fully) the power system investment. Such an
analysis includes for example the study of optimal combination of reserve power and transmission
capacity and investigation of counter trading and system protection as alternatives to the new
transmission capacity investment. These analyses ensure an optimal investment plan to satisfy the
adequacy needs for transmission and reserve power capacity. Second, the real-option-based method to
calculate the optimal timing of investment and the value of investment flexibility in timing of investment
enables better risk management in the planning of investments. Third, this thesis defines relevant benefit
factors mainly from consumer, producer and transmission owner points-of-view and forms a socioeconomic approach for the comprehensive benefit analysis. The defined set of benefits to be studied and
their implementation in power system planning enable benefit analysis which evaluates benefits from a
broader area and in a more specific way than in the existing Nordic planning process.
Furthermore, more realistic market simulations are mainly achieved by improving the modelling of
hydro and wind power generation. Improved hydro power modelling means different options to model
the behaviour of a hydro power producer depending on a situation (e.g. perfect competition, use of
market power, integrated operation of wind and hydro power, new transmission capacity). In a hydro
power dominated power system, the way hydro power is modelled affects significantly the simulation
and planning results.
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Appendix A: Wind power data used in analyses
Wind power data
The measurements used for reserve power and adjustable generation capacity analyses are presented in
Table A.1.
Table A.1 The wind power measurements used in this study. The resolution is one hour.
Use of the measurement
Section 3.2: Reserve power for wind power variations
Section 3.4.1: Adjustable generation energy (a method of
net energy and a method of worst case)
Section 3.4.2: Balancing energy
Section 3.2: Reserve power for wind power variations
Section 3.4.1: Balancing energy (a method of worst case)

Period of
measurement
1.1.2005–
31.1.2009

Location and generation
capacity
Finland (largest distance
about1000 km), 80–143
MW

1.1.2007–
31.1.2009

Western Coast of Finland
(all wind turbines between
Tahkoluoto and Vihreäsaari,
largest distance 430 km),
49–56 MW

The power variation is calculated

Pvar =

Pb − Pb−1
Pinstalled

(A.1)

where Pvar is the relative variation from period to period, Pb is the average wind power generation during
the period b, Pb-1 is the average power during the previous period b−1 and Pinstalled is the installed wind
power capacity.

Representativeness of limited data
Here, it is shown that the use of the hourly measurements instead of ten-minute values is adequate when
investigating the probabilities and magnitudes of wind power variations within an hour. The reason to
use hourly data is that there was limited amount of high resolution data (< 1 hour average values)
available during the study.
First, hourly data is reproduced from ten-minute data by calculating the average hourly values. The tenminute data consists of six wind turbines located along Western Coast of Finland having 10 MW of
generation capacity. The measurements are from the year 2007. In the ten-minute data, there were
measurements with zero power that were ignored. Only data where all investigated wind turbines were
running simultaneously was used in the analysis. This was done because the cause of zero generation
was unknown. It could have been due to no wind or to measurement error.
The locations of six wind turbines with ten-minute average measurements are in Vihreäsaari, Oulunsalo,
Kokkola, Kristiina and Tahkoluoto. They are shown in Figure A.1. The locations of wind turbines in the
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measurement correspond well with the planned locations of new wind turbines. Figure A.1 also shows
the location of the most distant measurements of the hourly average generation data.

Figure A.1 The location and size of wind turbines used in the analysis of Finnish wind power generation data. The
locations of 10-minute measurements are shown in red spots and the location of the most distant hourly
measurements in yellow spots.

The representativeness of (reproduced) hourly values is verified by comparing the probability
distribution of power changes between sequential one hour and ten-minute periods (Figure A.2). The
figure shows that small hourly downward wind power changes (from −0.1% to −14% of installed
capacity) are more frequent than the equal changes of ten-minute periods. On the other hand, large tenminute changes are more frequent than large one hour changes. This might be due to the possibility to
have six separate ten-minute periods inside an hour. Also, the maximum decrease of wind power
generation is larger with ten-minute changes than with one hour changes according to Figure A.2. This
might be due to fast malfunctions of certain 3 MW wind turbine during one ten-minute period. The
measurements with four 1 MW wind turbines support the explanation of having malfunctions in 3 MW
turbines: 1 MW wind turbines have been resulting in the higher hourly variation than 10 minutes
variation. According to other studies (Holttinen et al. 2009), large and slow variations are more probable
than large and rapid and in most but not in all cases. In this study, it is assumed that a ten-minute
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maximum wind power decrease appears as frequently as an hourly maximum decrease (with an equal
size of change).

Wind power variation in Finland

Probability of occurrence

60 %
50 %
40 %
1 h variations

30 %

10 min variations

20 %
10 %
0%
-40 %

-30 %

-20 %

-10 %

0%

10 %

20 %

30 %

40 %

Wind power change between average values (% of installed capacity)

Figure A.2 Wind power changes and their probability between ten minutes (blue) and one hour (red) average
values. One hour changes are reproduced from the ten-minute data. The measured values come from six wind
turbines located on the Western Coast of Finland, totalling 10 MW of capacity. Negative power change indicates
a decrease of wind power and positive an increase of wind power, respectively. The length of the data cleaned
from the zero values corresponds to 43 days but represents different times of a year.

Hourly data used in the reserve power analysis (Section 3.2)
The representative hourly data is presented in Figure A.3. The data contains measured hourly variations
of existing wind power generation (capacity 49–56 MW) from 1st January 2007 to 31st January 2009 on
the Western Coast of Finland. The graph shows a cross-section of the coastal area where a large amount
of wind power is most probably located. According to Figure A.3, there are two peak changes clearly
larger than the rest of the changes: almost 30% up gradient is followed by over 30% down ramp in the
next hour. These peaks are not necessarily due to a change in wind speed because they deviate so clearly
from the other peaks. These two hours have been ignored from the analysis of hourly variations as
outliers. Thus, the data used represents the typical variations where questionable measurements are left
out.

Variation (% of installed capacity)

40 %

Western Coast of Finland: Hour to hour variation

30 %
20 %
10 %
0%
-10 %
-20 %
-30 %
-40 %

1.1.2007-31.1.2009

Figure A.3 The hourly variation of Finnish wind power in 430 km long area on the Western Coast of Finland. The
installed capacity has been increased from 49 MW to 56 MW during the investigated period.
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Appendix B: Software for electricity market and power
system analyses
Samlast
The market and grid model used in this study is a combination of two different software applications.
First, software called EMPS (EFI's Multiarea Power Scheduling) is used to simulate the electricity
market. Second, power flow software has been integrated to create Samlast. EMPS was developed in
Norway by Norwegian research institute Sintef during the eighties and nineties, and it has been the most
widely used market model among the Nordic market players. Samlast has been developed by Powel
ASA at the beginning of the 21st century for the needs of TSOs.
The market model assumes perfect competition. The model optimises the production of different
generators by minimising the running costs needed to cover the electricity demand. The market model
takes into account the predetermined transmission capacities, the Net Transfer Capacities (NTC)
between predetermined areas. The static NTCs are mainly used throughout the year although different
values for different periods within a year are possible to define. The predetermined number and size of
areas are based on real bidding zones and on modelled bidding zones within real bidding zones. The
fictitious bidding zones which exist only in the model are called modelled bidding zones. The use of
modelled bidding zones makes it possible to define the transmission capacity and to study the power
flows between those areas. In the market model used in this study, 23 areas were used: the Nordic and
the Baltic countries, the Netherlands, Germany and Poland. In Finland, there were two areas: North and
South. Russia is not modelled as an area but the power exchange between Russia and the modelled areas
connected to Russia are modelled as a price-dependent exchange. A map with the areas is presented in
Figure B.1.

Figure B.1 The modelled areas in the combined market and grid model.

The resolution of the market model optimisation is one week. The weekly generation energy is divided
into certain load periods, according to the electricity demand. This method gives results with a better
resolution than one week. The simulation period used in this study is one year.
The consumption is modelled as annual energy, including the weekly variation curve. The consumption
is weighted per load period, corresponding to a certain load level. Typically, load periods represent the
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different load levels for peak hours, night hours, etc. In addition, part of the consumption (e.g. electric
boilers) is also modelled as a price-dependent variable. The price elastic demand can therefore be taken
into account in the market simulations when planning a power system.
Thermal power is modelled as generation capacity or as annual energy, depending on the type of
generation. In this study, condensing power is modelled as generation capacity and combined heat and
power and nuclear power are modelled as annual energy. Active power reserves are modelled as thermal
power but with a higher marginal cost. In this study, the thermal power plants are grouped together
according to their level of marginal cost. Thus, not all individual power plants are modelled separately,
but power plants with the same marginal costs form groups of power plants. However, the simulated
power generation of one group of power plants is allocated to the individual power plants in the power
flow calculation. The marginal cost of thermal power is data to be defined by the user.
Hydro power is modelled as run-of-river generation or as controllable hydro power generation with
reservoirs. The run-of-river generation is equal to the energy achieved from the inflow minus overflow,
while the amount of generation from controllable hydro power is based on the calculated water values.
Wind power is modelled as thermal power or as run-of-river hydro power. A more detailed description
of the wind power modelling applied in this study is presented in Section 6.3.
In the market model, the value of hydro power generation is estimated by calculating the value of the
water in the single reservoir model, which is a simplified description of total available hydro power
within an area. The water values are calculated prior to the market simulation. The water value depends
on the amount of water in the reservoir, on the water inflow into reservoirs, on the generation capacity
of other types of generation, on the demand, and on the transmission capacity between areas. In this
study, historical water inflow data for 36 years in the Nordic countries is used.
The market and grid model solution is derived as a combination of the results of the market model and
the power flow solution. Once the market model has found the market solution for the first load period,
the power flow calculation of that market solution is performed. If the market solution turns out to be
physically impossible, a new market solution is calculated with the market model, now taking into
account the restrictions of the power flow. After that, the new market solution is checked with power
flow simulation. The iteration continues until a final acceptable solution for that certain load period is
found. This iteration process must then be performed for all load periods for 52 weeks. In addition, this
one-year simulation procedure is repeated for all the different water inflow years.
The power flow calculation gives a physical solution of the power flows along the transmission lines for
each load period. The modelled transmission grid includes data for Finland, Sweden, Norway and
Denmark. In this study, the Finnish transmission grid model includes the 400 kV and 220 kV
transmission grids and the meshed part of the 110 kV lines. Power plants and loads connected to grids
with voltages below 110 kV were modelled as equivalents connected to the 110 kV nodes. The market
model solutions of the energies produced and consumed are allocated to pre-defined grid nodes. The
power flow can be performed in AC or DC mode. In this study, the AC mode was used.
The DC-connections are not modelled explicitly for the power flow calculation. The amount of power
in the DC-connection calculated by the market model is only fed to a node representing the substation
of the export side of the connection in a grid model. There is another node in the opposite end of the
connection in the grid model. The "export-node" is modelled as a load and the "import-node" is modelled
as a negative load.
Transmission grid losses are calculated for each power flow situation, thus making it possible to have
the annual energy loss as the result of a calculation. Losses of HVDC connections are modelled as
relative losses, depending on the energy transferred.
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MAPS
The MAPS software stands for Multi Area analysis of large electrical Power Systems. It was developed
in 1997. It is used for steady state reliability analyses (i.e. system adequacy analyses). It applies a MonteCarlo simulation and includes both generation and transmission systems. The load is modelled as a
stepwise duration curve of the upper 1000 hours of load. Load forecast uncertainty is described by five
levels with corresponding probabilities. Generation is described by power station power output (MW)
and forced outage rate. The transmission system is modelled as transmission capacity between areas
(MW) and the probability of the connection to be in operation, including planned and forced outages. It
is possible to have 3–100 areas. In a case with more lines between the two areas, all combinations with
corresponding probabilities are included in the calculation. The model does not perform any load-flow
or dynamic calculations. (Bitén & Lindh 1998; Vattenfall 1998)
The results of the MAPS-model consist of a loss-of-load probability, expected unsupplied energy and
expected unsupplied power. (Vattenfall 1998) In this study, MAPS is used in the calculation of the
system reliability value (Section 4.5).
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Appendix C: Detailed profitability analysis for the case
study
The detailed results of the investment profitability analysis are presented in Tables C.1 (Transmission
capacity) and C.2 (Balancing power capacity). Following the tables, there are some remarks related to
the benefit analysis.
Table C.1 The costs and benefits of the transmission capacity investment candidates. Candidate
(1) includes an 800 MW HVDC link (and 500 MW reserve power) and Candidate (2) a 600 MW
HVDC link and a 400 kV AC line (800 MW).The values marked with brackets are not included in
the comparison of investment candidates.

Transmission capacity
Minimum allowed benefit for the transmission
owner
Minimum allowed benefit for society
Transmission owner aspect
Operation & maintenance excl. grid losses
Grid losses
Congestion revenue
- normal operation
- during outages of lines
Transit compensation
Flexibility of investment
Total transmission owner benefit
Socio-economic aspect
Consumer benefit
- benefit of decreased prices
- benefit of improved reliability
Producer benefit
- profit of sold energy
- profit of saved water
- decrease in balancing cost
TSO benefit (all TSOs)
- operation & maintenance excl. grid losses
- grid losses
- congestion revenue
- flexibility of investment
Consumer, producer and TSO surpluses during
planned and forced outages of lines
Use of balancing power market
Use of market power
CO2-emissions (environment)
Total socio-economic benefit
Benefit based on marginal benefit
(Alternative method to investigate the socioeconomic benefit)

Candidate
(1) M€/a
23
18

Candidate
(2) M€/a
28
22

Area related
to benefits
Finnish TSO

Remark
no.
0

-0.5
-1.0

-0.6
-2.5

Finnish TSO
Finland
Finland

1
2
3

-15
-1.9
+0.2
n.a.
-18.2

-19
-2.9
+0.2
(+1.0)
-24.8

Finland
All areas

4
5

All areas

11

+41
+1.9

+48
+3.5
All areas

6

+7.4
-0.7
n.a.

+10
-0.8
n.a.

-0.5
+3.2
-40
n.a.
+3.2

-0.6
-0.9
-48
(+1.0)
+3.4

Finnish TSO
All areas
All areas
All areas
All areas

7

n.a.
+0.4
(-0.5)
+15.9
+13

n.a.
+0.4
n.a.
+15.0
+17

All areas
All areas
All areas

8
9
10

Both areas
related to
connection

12
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Table C.2 The costs and benefits of the reserve power capacity investment: The new reserve
power capacity is planned to be built in the case of transmission capacity reinforcement of the
cross-section Fenno-Skan (Investment Candidate 1).

Reserve power capacity (500 MW)
Minimum allowed benefit for the transmission owner
Minimum allowed benefit for society
Transmission owner aspect
Operation & maintenance excl. grid losses
Grid losses
Congestion revenue compared to limiting of AC-transmission
Total transmission owner benefit
Socio-economic aspect
Consumer benefit
- benefit compared to limiting of AC-transmission
- benefit of improved reliability
Producer benefit
- benefit compared to limiting of AC-transmission
- decrease in balancing cost
Transmission owner
- operation & maintenance excl. grid losses
- congestion revenue compared to limiting of AC-transmission
CO2-emissions (environment)
Total socio-economic benefit

Benefit
(M€/a)
19
15.2

Area related
to benefits
Finnish TSO

-5.5
n.a.
+0.2
-5.3

Finnish TSO
Finland
Finland

Remark
no.
0

1
2
13

All areas
+2.2
+15

13
All areas

13

-2.3
n.a.
-5.5
+0.5
n.a.
+9.9

Finnish TSO
All areas
All areas

Remarks:
Remark 0: An interest rate of 5.5% is used when the benefits and costs for the transmission owner are
calculated. This interest rate corresponds to the weighted average cost of capital (WACC) for the Finnish
TSO. A social discount rate of 3.5% is used when the socio-economic benefits and costs are calculated.
The asset lifetime for transmission capacity investment is 30 years and for reserve power capacity
investment 25 years. The investment costs of possible other reinforcements needed due to the investment
are not included in this study. Their effect on the results depends significantly on the investment. The
effect can even be positive if the other investments are not needed due to the studied investment.
Remark 1: The maintenance costs are assumed to be 300 €/km in a year for 400 kV overhead lines and
30 k€/km in a year for HVDC cables. The operation and maintenance cost of 10 k€/MW for reserve
power capacity is assumed. The assumption is based on Fingrid's expert opinions. The cost does not
include the cost of running gas turbines (fuel costs) because the operating hours of gas turbines are not
known and the share of the operating costs is assumed to be small.
Remark 2: Transmission grid losses include the resistance losses of lines and transformers, and they are
evaluated with Samlast simulations. The cost of transmission grid losses includes the internal
transmission grid losses and 50% 54 of the losses caused by the cross-border connections between the
areas. The simulated price of the modelled bidding zone represents the cost of losses during each
calculation step. The lost energy is calculated as a difference of the grid losses with and without the
investment. The cost of losses for the TSO is calculated by multiplying the simulated loss energy with
the simulated price of electricity. The influence of the reserve power investment on the grid losses is not
evaluated because the operation of reserve power capacity is not modelled on a detailed level.

54

This cost allocation can be changed by agreement. The optimal cost allocation would be 100% of the costs
to the sending area of the energy because the price of electricity in the sending area is always equal or cheaper
than in the receiving area.
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Remark 3: The annual congestion revenue is calculated according to Equation (3.3), in Section 4.3.1.
The losses of an interconnector are not taken into account in the calculation of congestion revenue. Thus,
the energy used in the calculation of congestion revenue is measured at the receiving end of the
interconnector.
Remark 4: Globally, the transit compensation is always zero, but from the TSO transmission owner
point-of-view there might be the effect of transit compensation on the investment profitability. Transit
compensation is defined based on the simulated power flows performed in this study and on the
calculation method based on an agreement among several European countries (Bornard & Dobbeni
2009). The influence of transmission capacity investment on the transit compensation is defined by
calculating the value of transit compensation with and without the investment. The positive change in
transit compensation increases the profitability of the investment.
Remark 5: The calculation of the value for the flexibility of transmission capacity investment is based
on the real-option theory. There is a detailed description of the method in Chapter 5. The annualised
value of real option is calculated from the total cash flow (11.5 M€) presented in Section 7.6.
Remark 6: The producer benefit includes the change in benefit due to the change in the electricity price,
due to the change in bypassed amount of water (hydro power) and due to the change in balancing costs.
In this study, the first two factors are calculated for the transmission capacity investment based on the
market simulations. The benefit due to the change in bypassed amount of water is calculated by
multiplying the change in bypassed energy with the value of water with full reservoir. Changed energy
is the difference between the simulated bypass with and without investment.
Remark 7: The planned and forced outages of transmission paths and power plants have their effects on
the investment benefits. The hydrological situation is endogenously taken into account in the simulation
because the calculated benefit is an average value over different hydrological years. The planned outages
of large power plants are taken into account in the input data. The impact of forced outages of
transmission paths on the investment benefit is investigated in this study by performing a market
simulation with and without line outages. The difference between the simulated benefits represents the
effect of outages. The calculation of the value of forced outage is described in the following. According
to statistics, the total duration of forced and planned outages for the two existing 400 kV AC lines
between Northern Finland and Northern Sweden was about 10 weeks during the years 2000–2008. The
total duration of outages for the cross-section Fenno-Skan was 43 weeks. The transmission capacity
reduction of 800 MW for 10 weeks (AC connection) and for 43 weeks (HVDC connection) was applied
(from the beginning of the year) and the results were compared with the simulation results without
outages. The changes in benefit were divided by the amount of statistical years (nine years) to achieve
the effect of an outage for one year. This method takes also partly into account the uncertainty in time
of the outage. A better way to take the timing of an outage into account is to model the outages for
several years sequentially in time to cover as many timings of outage as possible.
Remark 8: The benefit of more efficient use of the balancing power market due to transmission capacity
investment is not evaluated in this study because the market model used in this study does not include
the modelling of the balancing power market.
Remark 9: The simulation of market power is based on a method where the market power of a hydro
producer is obtained by calibrating the water values for the maximal benefit of the hydro producer. In
the simulation of perfect market, the water value calibration is based on the maximisation of the socioeconomic benefit. The investments' influence on the market power is evaluated by comparing the level
of market power with and without the transmission capacity investment. In this study, it is assumed that
no market power exists once the investments have been implemented. Furthermore, it is assumed that
without transmission capacity investment only 50% of the maximum use of the hydro power producers'
market power is realised and the market power is realised only during special conditions (e.g. during
dry years) once in ten years. Therefore, the value of the maximum use of market power is divided by
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twenty. The maximum use of market power is based on the modelling method described in Section 5.2.3.
The socio-economic value of full market power is evaluated by simulating the maximum use of the
hydro power producers' market power and comparing the result of the simulation with a perfect market.
Remark 10: The change in CO2 emissions is evaluated by comparing the simulated generations with and
without the transmission capacity investments. The difference in CO2 emissions between the cases is
multiplied by the price of a CO2 ton to calculate the value of emissions. The change in the cost of
emissions is achieved by assuming a unit price of 20 €/MWh for the CO2 emissions. The analysis of
emissions includes the effect of transmission losses on the emissions: change in losses affects the
generation and the change in generation affects the emissions. The increasing need to adjust thermal
power generation (e.g., coal condensing power) due to wind power increases also CO2 emissions
(Bentek Energy 2010). However, this is not taken into account in this study.
Remark 11: The benefit of improved reliability is calculated with the method described in Section 4.5.
Remark 12: The average marginal benefit of the investment is calculated from the two marginal benefits:
with and without the investment. The marginal benefit is the benefit of incremental increase in
transmission capacity, and the total benefit is achieved by multiplying the marginal benefit by the new
transmission capacity. The calculation method is described in detail in Section 4.3.2. In this study, the
value of marginal benefit is calculated for comparing the socio-economic benefit and marginal benefit.
Remark 13: The difference between the costs caused by transmission capacity limitation with and
without the reserve power investment defines the benefit. The benefit (or harm due to limited
transmission capacity) is evaluated for the consumer and producer and for the transmission owner
(congestion revenue). The reserve power investment's influence on the balancing cost or on the
congestion revenues caused by the change in power flows due to running of local reserve power is not
studied. The benefit of improved reliability is based on the increase in marginal to system failure as a
result of new reserve power capacity. However, the value of fictitious increase in the net transfer
capacity is calculated for both directions instead of only one direction as intended in the proposed
method (Section 4.5) in order to simplify calculations. Therefore, the value of reliability may be
overestimated.
General remarks:
The hydrological situation has its effect on the investment benefits. The hydrological situation is
endogenously taken into account in the simulation because the calculated benefit is an average value
over different hydrological years.
The indirect benefits of the reserve power and transmission capacity investments, also called the
macroeconomic effects of the investments, are not calculated in this study. The reason is that the partial
equilibrium model used in this study simulates only the electricity market and does not take into account
macroeconomic phenomena such as the increased Gross Domestic Production and terms of trade.
However, power system investments have an influence on macroeconomic welfare. Macroeconomic
welfare could be investigated by using the general equilibrium model which utilises the change in
electricity prices calculated with the detailed electricity market model. An example of such a study can
be found in (Sulamaa & Honkatukia 2006).

