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Abstract
To ensure that production is equivalent to consumption, hydro power units are used because
of their high reliability as a regulation power source.
Regulation is used due to the unbalance in the power grid between the production and consumption, for which reserved hydro power units for Primary and Secondary regulation are
used. Primary regulation is done to balance the frequency in the grid by automatically adjusting the water flow that runs through such units.
Secondary regulation units are used for compensation of lost power production or for taking
away the surplus of power production and has become more intermittent today, which results in more starts and stops of units. The increased intermittency of the units causes strains
on the various components especially the generators. Therefore it is of great interest to know
the total start-stop cost of the secondary regulated units. The theoretically calculated costs
may not coincide with the actual costs, as there are many parameters and complex calculations that are included in the start-stop costs.
A revised version of a calculation model was done for the secondary regulated units, based
on an earlier work, and showed higher start-stop costs compared to the earlier study, mostly
because of these parameters:
•
•
•

Start and stop frequency for each unit has increased because of a higher flexibility in the
electrical market prices.
Age of the generators and turbines. Many of these components are near their time for
rehabilitation which results in a higher maintenance cost.
The average failure frequency for each hydropower unit was thoroughly investigated and
showed to be higher than earlier estimated. A more individually calculated failure frequency for each unit showed to be higher than the earlier used standard average values.

One important result is that the units with the lowest start and stop costs are preferred to be
used, with the exception that the units with high start and stop cost, because of considerable
leakage cost, should be used as much as possible.
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Sammanfattning
För att säkerställa att elproduktionen är likvärdig med konsumtionen, används vattenkraften för reglering eftersom den är lätt att reglera; såväl i det omedelbara tidsperspektivet (s)
som i det lite längre (minuter/timmar/dagar). Reglering i kraftnätet krävs på grund av att
obalans i elnätet mellan produktion och konsumtion hela tiden uppstår. Aggregat reserverade för primär- och sekundärreglering används för detta syfte. Primärreglering sköts automatiskt efter hur nätfrekvensen varierar genom att snabbt justera vattenflödet som går genom ett aggregat. Sekundärreglerade aggregat används för kompensering av förlorad eller
överskott av effekt och används mer intermittent, vilket innebär många start och stop av
dessa aggregat. Den mer intermittenta användningen av enheterna har blivit vanligare de
senaste decennierna och orsakar påfrestningar på de olika komponenterna i aggregatet, särskilt generatorn. Det är därför av stort intresse att veta den tillkommande kostnaden som
uppstår p.g.a. start-stopp av sekundärreglerade enheter. De teoretiskt beräknade kostnaderna sammanfaller ibland inte med de faktiska kostnaderna, eftersom det finns många parametrar och komplicerade beräkningar som ingår i start-stopp-kostnaderna.
I denna studie har det tagits fram en reviderad beräkningsmodell för de sekundärreglerade
aggregaten. Resultatet visar på högre start-stopp-kostnader jämfört med en tidigare studie,
främst på grund av dessa parametrar:
•
•
•

Start- och stoppfrekvensen för varje enhet har ökat på grund av den ökade flexibiliteten
på elpriserna i elmarknaden.
Åldern på generatorer och turbiner. Många av dessa komponenter är nära deras tid för
rehabilitering vilket resulterar i en högre underhållskostnad.
Den genomsnittliga felfrekvensen för varje vattenkraftaggregat undersöktes grundligt
och visade sig vara högre än tidigare bedömt. En mer individuellt beräknad felfrekvens
för varje aggregat visade sig vara högre än det tidigare använda genomsnittliga värdet
för alla aggregat.

Ett viktigt resultat är att detta examensarbete visar tydligt på att aggregaten med lägst startoch stoppkostnader bör väljas för drift i första hand. Undantag från detta är de aggregat med
höga start- och stoppkostnader som en följd av betydliga läckagekostnader, som bör köras
så mycket det går.
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1 Introduction
Problem formulation
During the year 2007 an investigation was made in an earlier thesis at Uppsala University, about start
and stop costs for some specific hydropower units that are included in the secondary regulation of the
power grid. These start and stop costs were calculated per unit, and were applied in Fortum's dispatch
system. The calculations form the basis for decision making of starts and stops at hour regulation
based on Nordpool's spot prices. The earlier thesis was based on a Norwegian report, which has become branch-de-facto-standard.
A calculation model for the start and stop costs is partly the basis for decision making in the dispatch
system for which of the units included in secondary regulation, to be started or stopped.
The starting points of this work are:
• to study the calculation model’s improvement possibilities, for example the calculations
take into account various aspects such as the index adjustments, technical lifespans for different components etc.
• to compare the new and the old costs, and from there to draw conclusions on what separates
them.
• that on the basis of the new costs from calculations, see which components require maintenance in the near future.

Purpose of the thesis
The purpose of this thesis was to do an update of the start and stop costs of secondary regulation
hydropower units at Fortum, based on a Norwegian calculation method.
And to, if applicable, implement those new facts in the Fortum system.

Goals
a. The goal of the thesis work is to update the way Fortum assesses start and stop costs at secondary regulation.
b. Compare if there is greater differences between the earlier and this calculation model, if so
recommend an updated version.
c. A final report for public use.

Fortum corporation
Fortum Corporation’s purpose is to create power that improves life for present and future generations.
Fortum's operations focus on Nordic and Baltic countries, Russia and Poland. The corporation provides sustainable solutions for their customers. The organization is divided into segments and divisions (2015):
• Power and technology
This segment incorporates two divisions:
§ Hydro Power and Technology

1

§

Nuclear and Thermal Power

•

Heat, Electricity Sales and Solutions

•

Russia

•

Distribution

2

2 Method
The thesis work was separated into two phases:
1. The first phase contained a literature study and a project plan covering:
a) A self-study of the previous report about start-stop cost.
b) A number of site visits to various hydropower plants, in order to familiarize myself with how
it works in practice.
• Lanforsen- and Untra power plant (2014-03-28)
• Gävunda power plant (2014-04-01)
c) A phase report of the various components, such as the generator, turbine etc.

2. The second phase contained further studies of the former thesis, and to get a better understanding
of the formulas and calculations used in the report.
•

The second phase also covered:
a) A collection of data of costs for power plant operations and maintenance.
b) A collection of actual data from existing operations, and to what extent the earlier startstop costs and principles have been used.
c) A study of which impact that is most significant and try to bring a better understanding
to the topic about start and stop costs.
d) An evaluation and summarization, list/table over start-stop costs for the selected units,
for an introduction in Fortum's dispatch system.
e) Interviews, personal contacts and a questionnaire survey.
f) A final report in two versions, one public and one confidential (Fortum internal).

3

3 Background
Energy trading
The trading of the regular power production in the Nordic countries is done at the exchange market
Nord Pool. Nord Pool is owned by the Nordic transmission system operators (TSO) in Sweden, Finland, Norway, Denmark and the Baltic countries Estonia, Lithuania and Latvia. Trading on Nord Pool
Spot takes place on two markets:1
Elspot (for day-ahead trading)
•

Elspot works as an auction, where the hourly market prices for delivery of power the next
day are calculated the day ahead. The members place their orders through Nord Pool.
The closure for the orders with the delivery next day is 12:00 CET.

Elbas (for intraday trading)
•

Elbas is a continuous intraday market for trading power, functioning as a balancing market to the Elspot day-ahead market.

Cost calculations
To calculate the costs that are bound to start and stop, it is first of great importance to try and distinguish them from the costs that are bound to normal operation. The costs are calculated for a whole
start and stop cycle, and are divided into three different groups depending on the character of the cost:
•

Wear
•

•

This includes the costs of extra wear and the consequence costs for maintenance on components that participate in the start and stop cycle. The maintenance cost includes both
annual maintenance and re-investment.
Labour
•

•

The Labour costs are connected to extra work during start and stop. The labour may for
example cover the cost to send a person to start a station manually, it may also include
the maintenance performed all year around, as for example cleaning due to carbon dust,
induced by start and stops.
Failure
•

1

Failure costs are cost due to unsuccessful starts or stops. These costs are divided into
direct failure and failure prevention.
o Direct failure
§

locate the failure

§

repair the failure

§

replace the scheduled production

§

loss of water

§

production delays to a less favourable time

Nordpoolspot, "Day ahead & intraday", http://www.nordpoolspot.com/TAS/ 2014-04-25
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o

Failure prevention
§

condition monitoring cost

§

maintenance

Former studies
A study was made at Fortum where the purpose was to overview the units that participate in Secondary Regulation and to estimate the extra costs due to Secondary regulation in each unit. The study
was built on a report "Technology review cost of start-stop operations" that came from an organisation
called CEATI and their interest group HPLIG. The organisation CEATI is widespread around the
world and originates from Canada.
The formulas and calculations from the CEATI report were then implemented on Fortum’s units. The
report had components missing such as formulas for Kaplan turbines, and some parameters from
Fortum were missing as well, so some assumptions and modifications were made in the earlier report
for Fortum.

Results and conclusions
The results from the earlier report shows that the larger units (~25 MW and higher) with main shut
off valve have the lowest cost per MW for a start and stop sequence. The result also gives that smaller
units (~25 MW and lower) in general had higher start and stop cost per MW, and the difference in
cost between smaller units with or without main shut off valve is small.
The parameters with the largest influence on the result are:
• the rated output.
•

the age of the generator.

•

the size of the reservoir.

•

the leakage flow.

The units with the highest leakage should run as much as possible and units with low leakage preferably to be used more for starts and stops.

Cost calculations
The formula used at Fortum before the former study, for estimating the start and stop costs was very
general:
−

= 10 ∙

[

] + 1400[

]

(1)2

This formula did not go deeper into the different costs for each component and therefore the developing work began with the CEATI project in 2007.
The newer formulas are shown in appendix 1.

2

Camilla Feurst, (2007), Hydropower regulation portfolio - life time change management, thesis.
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Modifications and assumptions in the old report
The formulas from the CEATI report were evolved assuming that the units are:
• properly maintained.
•

dimensioned and equipped for frequent starts and stops.

•

have a pressurized oil jacking or start lubrication.

Fortum's Secondary regulating units have a variation in quality compared with the best
equipment. Due to limited time it was not possible to do a component survey to know if the
prerequisites for the formulas were fulfilled at all stations. Component survey was only done
at the stations Glava and Jössefors.
The data from the CEATI report mainly comes from high head Francis and Pelton units.
Therefore the turbine formula was evolved for high head units.
A formula for Kaplan turbine was completely missing from the CEATI report, so a solution
was to add 10 % of the costs to the formula for Francis turbines and use that as a formula for
Kaplan turbine. This solution was made in a discussion between Mr. Lars Eliasson (Norconsult) and Camilla Feurst. The assumptions were that the turbine's start-stop costs wouldn't
be of major importance because they stand for a minor part of the total cost.
All the hydropower stations in the CEATI report are equipped with a main shut off valve.
Almost half of the stations participating in the Secondary Regulation at Fortum lack a main
shut off valve. All of the units in Fortum have guide vanes that are used for closing and opening the waterways, with or without main shut off valve. Therefore:
•

The cost for the main shut off valve was exchanged with a leakage cost in units without a main shut valve.

•

In stations with large regulation amplitude in the reservoir, maximum value of the
head and the corresponding output power was used.

•

In some of the stations (Gullspång, Rottnen and Järpströmmen) without main shut
off valve, the water leakage had not been measured and was estimated by the service
staff and set to:
o

0,5 % of the rated flow in Gullspång and Rottnen.

o

0,8 % of the rated flow in Järpströmmen for G1 and G3. G2 has been remedied in 2012 to a leakage less than 0,5%.

The average values in the calculations from the CEATI report have been used.
They were used because both Norway and Sweden are trading in the same market, to the
same spot price. Information of the individual failure statistics for each unit were not comprehended at that time. An average failure frequency per year was calculated per unit.
An average of 8 stand still hours, representing night time was used in the calculations.3

3

CEATI report Nr.T022700-0315 (2006), Technology review cost of start-stop operations.
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4 Hydropower production equipment
What is hydropower?
Water is stored in an upper reservoir
where it enters the intake of the power
plant. Before the intake gate there’s are
trash racks to catch debris in the water.
The water is then led through a inlet
tunnel towards the turbine. If the headrace waterways are long, there is a
surge gallery to weaken the pressure
waves that occur from regulations and
start or stop of a unit and also to make
the rotation and water system stable. A
main shut off valve, which is common
Figure 1: A general picture of a hydropower
in high head stations, is placed before
station.
the turbine to avoid leakage and so that work and maintenance can be performed without
emptying the inlet tunnel or penstock. The water then accelerates in a spiral casing trough
static stay vanes and maneuverable guide vanes and enters the turbine runner and continues
to the draft tube. The runner is connected with the generator’s rotor through a shaft, and
when the runner is rotated by the water it leads to that the rotor rotates and electricity is
produced in the generator’s stator. The water passes through the draft tube that works as a
diffuser and then is led back to the river through the outlet tunnel or channel.

Hydropower Plants
Hydropower plants come in many different constructions in terms of size and type of plant,
unit, head, and their functions in terms of electricity generation. Hydropower stations have
usually their units placed in underground halls. Peak power stations have large reservoirs
and can store water for long periods that can be used when the power demand is high. The
opposite is run-of-river stations, which have small or no reservoirs. Units in the Secondary
Regulation are typically Peak power stations with large reservoirs.

Energy content
Bernoulli’s principle states that as the speed of a moving fluid increases, the static pressure
within the fluid decreases.
Bernoulli’s equation for incompressible fluids can be used to calculate the energy content in
the water that can be converted into mechanical energy.
+

=
=
=
=
=

+ = ,[
(2)

,[ ]
,[

ℎ

ℎ

]

]

,[ ⁄ ]
,[ ⁄ ]
,[

⁄

]
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Generator
Hydro generators are generally of three phase synchronous type and convert the mechanical
energy from the turbine into electrical energy. The machine is built like other rotating electrical machinery and consists of a stationary part called the stator and a rotating part called
the rotor.
The stator consists of a laminated plate package, the core, axially stapled on top of each other
in a stator frame chassis. In the plate package there are slots in which the stator windings
(three-phase windings) are twisted in circles to form coils. The stator winding, and the insulation, are one of the critical components of a hydropower unit that is considered to be exposed to the greatest wear associated with starting and stopping of the unit.
The rotor in a synchronous generator consists of salient poles where the rotor winding (direct current winding, field winding) is placed as a coil on each pole. The rotor in a hydropower generator rotates relatively slow approximately between 70-750 rpm, which means it
must have many poles. The ratio between the rotational speed, number of poles and the frequency on the grid, can be described in this equation:
=

= ℎ
=

,[

]

(3)
ℎ

ℎ

,[

]

The rotor coils that are disposed on the rotor poles are supplied with direct current via
brushes and slip rings. By varying the direct current, the magnitude of the rotating flux vector in the rotor can vary. With the help of the rotor winding a required magnetic field can be
accomplished. The change in the magnetic flux Φ going from the rotors north- to south pole
through the stator core will then induce a voltage in the stator windings according to Faraday’s law of induction4:
=−

=
Φ
= ℎ

,[

]
ℎ

(4)
ℎ

Φ = B ∙ A = Magnetic flux
=
=
ℎ
,[

,[ ]
]

Where is the number of turns in the stator winding; the negative sign comes from the
induced voltage trying to oppose changes in the magnetic flux created.

4

Hyperphysics, “Faraday’s law”, http://hyperphysics.phy-astr.gsu.edu/hbase/electric/farlaw.html 2014-04-22
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Stator winding and insulation
The stator core is divided into sheets called the stator lamination. The area of the conducting material
in the core is reduced so that the circulating current
losses in the plates of the generator are decreased.
Due to thermal and mechanical strains the laminations can buckle and the sheets can come in contact
with each other, which can lead to a short circuit to
occur. The short circuit can lead to temperature
rise in the core because of the increase of the induced currents. The buckling can also lead to hard
mechanical strain on the main insulation, leading
to earth faults.
Stator winding conductors are subdivided into
strands for both mechanical and electrical reasons.
Stranding makes the conductor more flexible and
easier to manufacture. When the strands are insulated from one another eddy currents (electric currents induced within conductors by a
Figure 2: Stator lamination core
changing magnetic field in the conductor) within
for generators.
the conductor are reduced, thereby lowering the
associated heating losses. The insulation must be
reliable and capable of withstanding high operating temperatures. Strand insulation is typically comprised of glass film, glass fibre, or glass and fused polyester fibres.
Synthetic resin is often used to bond the fibre insulation to the copper wire.
The insulation of the stator windings usually comprise mica with reinforcing, bonding, and
impregnating materials which provide excellent dielectric strength as well as long-term resistance to partial discharges. Generators in service today are typically manufactured using
asphalt (in service before ~1965) and epoxy resins.
4.4.1 Mica
Mica's unique combination of physical, thermal, and electrical properties has made it an
important component of high-voltage insulation systems. Its characteristics are ability to be
split into very thin, incompressible sheets while maintaining flexibility, toughness, and high
tensile strength.
The most valuable characteristics and attributes are:
• It’s chemically stable and nearly inert to the action of water, solvents, oil, alkalis and
most acids.
•

Its resistance to erosion by prolonged electrical discharge, which is much greater
than that of any other flexible material.

•

Its thermal stability for high-voltage and high-power applications.

9

•

•

4.4.2 Asphalt
Asphalt-based compounds were used extensively as bonding and impregnating agents in the
insulation of high-voltage stator windings and many generators are still in service today.
Asphalt is one type of bitumen and is normally obtained from crude oil as a by-product of
petroleum distillation process. Additional processing may be necessary before the asphalt
can be used for electrical purpose.
In asphalt-based insulation systems, failure at or near the ends of the stator core is commonly observed due to compound migration and separation induced by differential thermal
expansion and thermal cycling.
4.4.3 Epoxy
Epoxy coatings and impregnates have been widely used since the late 1940s. Epoxy resins
are valued for their high strength, good bonding to most materials including metals, and
resistance to moisture, solvents, and other chemicals. One main obstacle to their wider use
is their relatively high cost.5
The stator winding and its insulation is the component of a generator that is considered to
be most exposed for wear associated with starting and stopping. Thermal, electrical and mechanical ageing are mainly the three types of strains acting upon the stator windings and the
insulation.
Thermal ageing occurs at high operating temperatures (>105℃ for modern stator insulation
materials, >80℃ for the rotor) when the molecular structure in the insulation is affected
which can lead to cracks or voids because of the material expanding and contracting.
Electrical ageing is due to the occurrence of partial discharge that can damage the insulation
in the long term. The reasons for this are normally bad design or construction, voltage spikes
or oxidation.
Mechanical ageing is referred to as the fatigue that occurs in a material at different types of
strains. This can have negative effects on the actual component, because it leads to the molecular structure in the material becomes stimulated and the properties of the material
changes. Mechanical ageing can occur e.g. at vibrations.

Switchyard
Switchyards take the electricity from the power plants and transform it from low to higher
voltage and deliver the power through transmission lines. There are also switchyards at the
other end of the transmission line to convert the voltage the other way for distribution to
consumers. In switchyards there are power transformers, switching devices such as circuit
breakers and disconnectors to cut the power in case of emergency. There are also control,
measurement and protection devices, to ensure a more safe and efficient operation.

5

Lorelynn Mary Rux, (2004), THE PHYSICAL PHENOMENA ASSOCIATED WITH STATOR WINDING
INSULATION CONDITION AS DETECTED BY THE RAMPED DIRECT HIGH-VOLTAGE METHOD.
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Transformer
Before transporting the power to the grid the voltage is converted in a transformer to minimize losses
like heat. The transformer consists of an iron core with a primary and secondary winding. Faraday’s
law of induction is at state here too. An alternating voltage is connected to the primary winding,
wherein an alternating magnetic flux occurs. This flux produces an induced voltage in the secondary
winding without any change in the frequency. 67

Turbines
To extract the energy from the water when it’s lowered from
elevation (called head) when under the influence of gravity, a
turbine is used.
The primary objective of a turbine is to take advantage of the
mechanical energy in the water and transform it into rotational
energy. With a solid connection between the turbine and the
rotor through a shaft (as shown in Figure 3), the rotational
energy from the shaft system is then converted to electrical
energy in the generator.

=

=

=

=

=

=

∗

∙

∙

→

∗

∙H∙Q
=

∙

,[

⁄ ]

,[

[W]
[W]

⁄

=
]

,[
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Figure 3: An arrangement of a turbine connected to a generator

(Hydraulic power)

(5)

(Rotational power)

(6)

⁄

(7)

⁄ ]

6

Franzén T, Lundgren S. Elkraftteknik. Lund: Studentlitteratur; 2002.
Andersson L, Blomqvist H. Elkrafthandboken. Elkraftsystem, 1. 2., [omarb.] uppl. Stockholm: Liber; 2003.
8 Bo Pettersson, (2014), Hydropower-Mechanical Works, SWECO, page 3.
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Figure 4: An overview of different turbine runners and their operating regions.
The head and the discharge in individual stations is the basis for the choice of turbine type.

Figure 5: A diagram over different types of hydraulic turbines as a function of specific
speed and the head. The specific speed is a parameter used for classification of turbines
from turbine head, flow rate and speed.
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Hydro turbines are generally divided into two groups; reaction and impulse turbines. 9

9

P Dritna, M Sallaberger. Hydraulic turbines-basic principles and state-of-the- art computational fluid dynamics applications. Sulzer Hydro AG, Zurich, Switzerland, 1998.
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4.7.1 Reaction turbines
Reaction turbines operate under partly hydraulic pressure energy and partly kinetic energy. They utilise therefore both pressure and velocity energy. A pressure change of the water across the turbine
develops a torque, which rotates the turbine. To optimize this pressure change, static vanes and maneuverable guide vanes are used.
The most common types of reaction turbines are Francis, Kaplan and Bulb (horizontally oriented type
of the Kaplan turbine).
4.7.1.1
Francis turbine
The Francis turbine is a type of reaction turbine
and was developed by James B Francis in the
mid-1800s. The water is led in to the turbine
horizontally from the side via a spiral shaped
conduit to create a rotation. Before the water is
led through the runner, it goes through a lattice
consisting of static and adjustable vanes.
The turbine is used most extensively because of
its wide range of suitable heads approximately
30-700 meters. The regulation of the Francis
turbine is done by changing the angle of the
guide vanes. The runner consists normally of
12-17 fixed blades.
Figure 6: A Francis turbine with its included components.
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4.7.1.2 Kaplan turbine
The Kaplan turbine is an axial reaction turbine where the turbine’s shape resembles a boat propeller and is a further developed turbine that covers low head applications, ranging
approximately 6-100 meters. The water both enters and exits
vertically trough the runner and is therefore characterized as
an axial reaction turbine. The water goes through maneuverable guide vanes and the runner's adjustable blades, which
are controlled by a pressure system. The guide vanes and runner are mutually regulated to achieve a best combination and
better efficiency. There are Kaplan turbines with stationary
blades where the regulation is done through guide vanes,
these types of turbines are known as Propeller turbine. If instead the runner has maneuverable blades and only stationary vanes, it’s called Semikaplan.

Figure 7: A Kaplan turbine with the
included components.

4.7.1.3 Impulse turbine (action turbine)
Impulse turbines utilize a change in direction of the water and converts the kinetic energy to rotation
of the turbine. This can be described by Newton’s second law of motion: = ∙
The most common type of impulse turbine is the Pelton turbine.

4.7.1.4
Pelton turbine
The Pelton turbine is an impulse turbine where
the energy from the head is transformed into
water velocity in one or more jet orifices. They
can either be attached horizontally or vertically, where the runner operates in an air filled
room. The volume flow from each jet is regulated with the help of a needle in every jet. Pelton turbines are made for high head applications in ranges 300-1800 meters.

Figure 8: A Pelton turbine with the included components built around.
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Brakes
Larger units are equipped with mechanical brakes controlled either by compressed air or hydraulics.
Braking the unit electrically is an alternative to include in the brake process of a unit. This type of
braking has its main practical application on hydro power plants with a need for daily frequent stopping and starting of a unit. Electrical braking means that the windings in the stator are short circuited
to create strong magnetic fields that slow down the unit. The mechanical brakes are normally engaged
when the rotational speed of the unit is down to 15-20 % of rated speed.

Bearings
There are both thrust (axial) and guide (radial) bearings in a unit. The purpose of the bearings is to
take up the axially and radially acting forces from the rotating parts of the unit. Bearings in hydro
power units are generally of the oil bath slide type because of the high forces acting upon them. Roller
type bearings are used only for smaller units (approximately < 3-4 MW), and higher speeds (> 250
rpm).
Slide bearings have an oil film between the pads and the slide surface of the rotating part. The thin
layer of oil between the surfaces is created by the rotation in the shaft system. At start and stop a high
pressure oil injection system is used to spare the thrust bearing pads.
The thrust bearing's purpose is to take up forces in the axial direction. The bearing is under large
strains because of the water pressure on the turbine and the weight of the rotating parts.
The wear on the bearings will be affected differently depending on type and structure and if the oil
pressure system works properly or not.

Main shut off valve
Main shut off valves are for shutting off the waterway completely with no leakage. It is more preferred
to integrate this kind of valve in units with high heads, where leakage has a higher influence on production losses. The valves are mounted in the penstock upstream of the spiral case and mainly two
types of shut-off valves are used: Spherical and butterfly. For controlling the opening and closing of
the valves an electric-hydraulic control system using water hydraulics or oil hydraulics is used,
providing automatic opening and closing.
4.10.1 Spherical valve
Spherical valves are made for higher heads (up to approximately 1200 meters) and pressures, and are made with a
rotor shaped like a sphere, with a hole through it, that fits
into the valve body. When the valve is in open position the
hole of the sphere is in the conduit and when closed the
sphere’s body is intact. Spherical valve is more expensive
and complicated than the butterfly valve and requires a
more advanced control system.
Figure 9: A spherical valve.
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4.10.2 Butterfly valve
Butterfly valves are made for lower heads (up to approximately
150 meters) and consist of a cylindrical body that houses a disc.
The disc is always present in the flow and is either entirely closed
or opened.

Figure 10: A butterfly valve.

4.10.3 Bypass valve
A bypass valve is applied in the bypass line to balance or pressurize the spiral casing, before the main
valve is opened when starting a unit.

Foundation
Large parts of the unit as well as the generator rest on a foundation consisting of concrete with reinforcing bars and are exposed to heavy loads. Through the brackets and stator feet the generator is
connected to the foundation. When the generator gets heated, the stator and the brackets expand (a
few mm) mechanically. These parts are fastened into the foundation and there expansion will be taken
up as forces in the concrete, unless sliding bearings or oblique supports are used. Then in this case,
with the supports the forces on the foundation are lower. When the generator cools down, it shrinks
to normal. This leads to forces acting in the opposite direction that can lead to crack propagation in
the foundation, which by extension can lead to sharp deterioration in strength.

General start and stop sequence
The start and stop sequence of a unit is slightly different depending on type of turbine and the unit
design.
4.12.1 Synchronizer
A Synchronizer is needed for smooth connection of a synchronous generator to the power grid. Synchronizing is normally done through a small over-speeding of the unit to keep a positive power flow
when connecting to the grid. The start sequence of the generator consists of four steps:
-

The waterways are opened and the turbine is accelerated to the right speed. Then
the guide vanes regulate the flow to keep that speed.

-

The generator is energized so that it has the same voltage as the grid. This is done
by adjusting the D.C. current from the exciter.

-

Adjustment of the turbine and thus the generator speed so that the generator terminal frequency is the same as in the grid.

-

Connection to the grid, switching on, occurs when the generator and the grids voltage have the same phase position.

17

4.12.2 Start sequence
Here is a description of a start sequence for a peak power station with a bypass valve, main shut off
valve and large reservoir. At first pumps for oil pressure lubrication and auxiliary support systems are
started. When starting unit the bypass valve is opened and the spiral case is pressurized, then the main
shut off valve is opened. Once the main shut off valve is opened to around 30 %, the guide vanes start
to open just enough to start the rotation of the turbine. When the turbine reaches correct synchronous
speed the guide vanes start to regulate to keep the speed. The excitation of the generator takes place
at about 90 % of the correct speed, because of the excitation, the acceleration is slowed down due to
no-load losses. After the synchronisation, the unit is connected to the grid. Once connected to the grid
the guide vanes open to give more output and then it is handed over to operation by the Dispatch
Centre (DC).
4.12.3 Stop sequence
When stopping, the first step is to close the turbine. When the output power is zero, corresponding to
idling guide vane position, the unit circuit breaker is opened and the unit is disconnected from the
grid. At the same instant the excitation is switched off, the electrification disappears and the unit starts
to roll out. Thereafter the main shut off valve is closed. The mechanical brakes are engaged once the
rotation speed is approximately 15-20 % of full speed, and the brakes are on until stand still. It is very
important to reduce the power under the stop sequence before the circuit breaker is switched off,
otherwise the unit may unnecessarily accelerate to a higher speed. After a while of standstill, pumps
and auxiliary support systems are shut down.

Frequency regulation
The TSOs, (e.g. Svenska Kraftnät, SvK) monitor the power system balance in their countries respectively, and ensure that the production is equivalent to the consumption of electricity every hour. The
main tool for monitoring the Nordic grid balance is the frequency, where the nominal is 50,0 Hz. For
example, if the consumption is higher than production, this will result in frequency loss and the production needs to be increased. If the production is higher than the consumption, the frequency will
rise.When a frequency deviation or an imbalance in the system occur, an activation of frequencyregulating equipment as hydropower plants are used to restore the frequency to its nominal value.
Too great deviations can create harm to the system components. Components such as transformers
and generators are built to withstand at least a 10 % frequency deviation, i.e. 45-55 Hz without any
problems. Other greater units may need to adjust their power to the frequency, but that occurs as a
rule automatically. 10
Frequency variety
The highest permissible frequency variation under normal operation lays between 49,9-50,1 Hz,
which is a deviation of ±0,1 Hz. Within the Nordic system the allowed frequency deviation is ±0,5
Hz. In conjunction with heavy breakdowns, e.g. in terms of production, the frequency may decline
sharply.

10"Nordic

implementation of Frequency Restoration Reserve-Automatic (FRR-A)",
http://www.svk.se/Global/01_Om_oss/Pdf/Driftradet/DRAD_2_13_BILAGA4_FRR-A_framtid.pdf,
2014-08-01
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Primary regulation
Primary regulation means a rapid change in production (frequency regulation within seconds) and is
done by fine adjusting the frequency, both increase and decrease. This is done automatically by regulating the water flow through a running unit, by its turbine speed regulator. The purpose of this type
of regulation is to keep the frequency within the permitted interval.
Secondary regulation
The purpose of Secondary regulation (frequency regulation within minutes) is to restore the longterm balance in the grid. This type of regulation can operate both automatically and manually. Some
reserved hydropower units are operational for this type of regulation which is called LFC- Load Frequency Control in the Nordic countries. A decision was made by the TSOs that from 1 st January
2013[4], a power of 100 MW automatic LFC shall be distributed between the Nordic countries,
whereof 39 MW of the distribution in Sweden.
Tertiary regulation
Tertiary regulation is controlled manually, where the power producers submit bids in a day-ahead
market (e.g. Elspot). The bids must be submitted before the deadline 12:00 CET for power which will
be delivered the following day. The power producers are compensated if the bids are accepted.
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How start- and stop costs have come to be used in Fortum
Start and stop costs are always taken accounted for in the calculations at the pricing stage of the
power. There are different electricity markets and levels to where the produced power is sold; these
are spot, regulation and power markets.
In the spot market a production plan is made for selling, it is assumed that the plan has roughly one
start and stop each day. So here the costs don't weigh in so much.
On the regulation and power market, there may be a need for additional power only during certain
hours and then perhaps the revenue is not more than the double of the start cost at worst (ELBAS).
In this case the start cost has a greater percentage in the revenue, and this has to be subtracted from
the expected revenue or the difference, against a water value against the spot market.
Basically the production is tried to be sold at the spot market, where the pricing of the planned production is set after:
•

how much water is available at the reservoir.

•

what price we have now.

•

what price we expect to have in the future.

The production is commenced when the price is profitable enough which means it justifies the calculated price. This is the base plan for both regulation- and power market, and a marginal price is
added to the pricing of the production. The marginal price is for unwanted or unexpected occurrence such as a staff must be sent to start a station or a failed start. The start- and stop costs are also
included in this margin and in the optimization system as a parameter, where the optimization is
done against the spot market.
The long-term water value (an estimation of how much water is available in for example a reservoir
that is updated weekly) is the foundation and controls all the pricing in the end.
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5 Modifications and assumptions
In the earlier Norwegian project "Start/stopp og teknisk-økonomiske konsekvenser" (2002) 11, an
Excel spreadsheet was developed for calculation of start-up costs of hydropower units. A revised
(2010) version of the spreadsheet is presented in the new report with the title "Start/stop costs for
hydropower plants: Calculation tool and user's guide" prepared in the research project "Value adding maintenance in power production" (2006-2010). In addition, a user's guide to the revised spreadsheet version is available.
The first version of the spreadsheet was prepared by Lars Eliasson (Norconsult, Norway) in close
collaboration with SINTEF Energy Research (Trondheim, Norway) and the companies that participated in the project. The economic theory was developed by SINTEF, whereas Norconsult implemented the theory in the spreadsheet. Cost estimates were established together with power companies and equipment experts. The new and updated version of the spreadsheet is again a result of a
co-operation between SINTEF Energy Research (represented by Thomas Welte and Eivind Solvang), Norconsult (represented by Lars Eliasson) and the companies participating in the project
"Value adding maintenance in power production".
The latest report from SINTEF is a documentation of the changes in the new version of the spreadsheet. It contains updated base costs, such as material costs, because these costs have increased
since the first version of the spreadsheet was prepared. The report describes the calculation of startup costs including the assumptions the calculations are based on.
The spreadsheet helps answering the question: "How much does it cost to start and stop a unit in a
hydropower station?" The model is limited and does not take into account when the turbine is working outside the optimal operating area. The worksheet is designed for a "typical Norwegian hydroelectric power station", i.e. a station that has any of the following characteristics:
• High head (high pressure machines; H >600 m).
• (High head) Francis- or Pelton turbine. (H= 250-600 m).
• High speed. (> 250 rpm)
• Typical 50-200 start/stop per year.
• Units with main shut off valve. 12
The spreadsheet is not prepared for calculation of other units’ costs, such as units in a typical run-ofriver power station with Kaplan turbines or low head Francis.
An equation for Kaplan turbines is missing in the new version of the spreadsheet just as in the former
version. A solution from the earlier thesis done by Camilla Feurst was to use the same cost formula
for Kaplan as for Francis turbines, but to add 10 % of the turbine cost. The assumption was made
because Kaplan turbines have a more complicated hub and are exposed to more pressure transitions.
The same solution is used in this thesis work.

11

Lars Eliasson (Norconsult), SINTEF Energy Research, 2002, Start/stopp og teknisk-økonomiske
konsekvenser.
12

Energi Norge AS report Nr.TRA6949 (2011-09-23). Thomas Welte (SINTEF), Lars Eliasson (Norconsult),
Start/stopp-kostnader for vannkraftverk: Beregningsverktøy og brukerveiledning.
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The spreadsheet as mentioned, is designed for units with main shut off valves. Therefore the cost for
the main shut off valve, as in the earlier master thesis study, has been exchanged with a leakage cost
in units without a main shut valve.
A time of 8 stand still hours (representing night time), was used for the calculations as in the earlier
study13. This was reasonable since the secondary regulating power mostly is sold during high priced
periods when the consumption is high.

Marginal and average costs
In some cases it is desired to know the costs added in connection with an additional start/stop, and
in other cases the average start/stop cost.
The marginal costs give a price of what it costs for an additional start/stop of a unit. In the field of
manufacturing economy, the marginal cost represents the cost of producing one additional unit of a
product. For example when a car manufacturer would want to produce one car more, but this car requires that a new factory will be built, then the marginal cost includes the cost for the car and the
cost of the entire new factory. Marginal start/stop costs can therefore be defined as a charge for an
extra start/stop cycle.
The average cost is the total cost divided by the number of start/stop cycles. The only case where
the average cost will be equal to marginal cost is if the total cost curve is calculated as the total
costs = constant · the number of start/stop, and there are no fixed costs.
In many cases it may be difficult to define whether a cost is an average or a marginal cost. When it
comes to for example costs for personnel in connection with a normal start and in connection with a
failure, then these costs can in some cases be considered as fixed costs. For example if a failure
would occur at an extra start and stop and there is staff available at the station, this does not provide
any extra costs. Or there can be a situation where there is personnel but limited resources so that all
of the extra activity means that one has to count on over time or hiring help. In this case an additional start and stop also give extra cost (marginal cost), especially if a failure would occur.
In extreme cases where there is a need for extra workers to make an extra start/stop is the annual
salary of this employee part of the marginal costs. This is the relationship that only the power companies themselves can answer. A property to the marginal costs is that these are governed by time,
because cost-shares can change over time and depend on the age of system components.
The marginal costs are dynamic, and for the same unit can the cost be different from one day to another. It is not unusual that the marginal start and stop cost for one and the same unit can have a
span from 20 to 150 SEK/MW depending on the operating conditions.
Factors that can change over time and that affect the marginal costs are for example:
•

The unit condition
If the condition of the equipment in general is bad, the risk of failures will be great. It is not
recommended to wear the unit unnecessarily by making a lot of start and stops, because this
will result in a high marginal cost. On the other side is a well-maintained unit suitable for

13

Camilla Feurst, (2007), Hydropower regulation portfolio - life time change management, thesis.
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start and stop, and have low marginal costs and can take an active part in a market with significant price variations.
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•

The probability of a failure
Even if the probability of failure can be assumed to be reasonably constant, the consequences of an error can be different:
o

The probability of spillage at a longer stop means that the cost of unavailability will be
high.

o

On weekends, holidays or illness of the maintenance staff can lead to that it takes more
time to repair failures.

o

A maintenance staff operating under pressure leads to high marginal start- and stop
cost, but possibly low average cost.

•

Labour cost
Labour costs can vary from that the work be performed by maintenance personnel in a period of little activity (marginal cost can be moderate), to the point that the work must be
performed on over time (marginal cost can be significant).

•

Rehabilitation time
Rehabilitation time is the time of the next replacement of a component (for example, replacement of stator windings) and will have an impact on the costs.
o

If the rehabilitation time is taking place further in the future, the marginal cost will be
low.

o

If the rehabilitation is relatively close in time, the marginal cost will be high.

o

Is replacement already decided and imminent, then the marginal cost will be low or
zero.

Rehabilitation and failure cost
The new spreadsheet does not take into account any consequential damages in case of failure, which
causes a significant inaccessibility. The worksheet is based on a deterministic model where it is not
possible to calculate the probability that a damage leads to failure (along with the consequential
damage and long periods of time where the unit is inaccessible) before the next rehabilitation has
been carried out. It is thought that a failure as well as a consequential damage occurs more rarely
than a primary damage due to wear and tear caused by a start/stop and that needs to be repaired by
rehabilitation. In addition, it is believed that the consequential damage is significantly smaller to occur than the primary damage.
In the earlier spreadsheet it is assumed that a unit (one set of turbine, generator, main shut off valve,
etc.) will be renewed when rehabilitation is carried out. The State of the unit after the rehabilitation
is believed to be "as good as new", in reality however, there is a certain probability that a component fails before the rehabilitation is carried out. A failure can lead to high costs and consequential
damages that are far more expensive than a planned rehabilitation. The model does not take this into
account either. Therefore it is brought up in a section in the new report, two cost contribution:
1. Rehabilitation cost R
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Rehabilitation cost R increases when the main rehabilitation is carried out earlier because of
the start and stops.
2. Expected failure cost S
The probability of failure may change at more intermittent start and stop, and therefore also
change the cost of the risk of failure (expected failure costs). These costs are called S.
The problem can be illustrated in a diagram that shows a classic optimization problem where a good
balance is tried to be maintained between maintenance cost and failure cost (Figure 11 14; the green
dashed line represent the sum of R and S). It is clear that when one is conducting more frequent rehabilitations, the rehabilitation costs increases while at the same time the cost of failure will be re-

Figure 11: A cost scenario with rehabilitation and failure cost as a function of the rehabilitation interval T.
duced.

Inaccessibility - expected time due to failure
In the original report a time of 10 hours interruption of an error in connection with start and stop
was set. The time was then increased to 30 hours in the updated version. After consulting with the
staff at Fortum, the final time that is used in this thesis is 3 hours.
The expected average cost per hour of inaccessibility of a unit was calculated as:
•
= 0,175 ∙
/ℎ
(approximately between 15-20 % of the spot
price)

•
price)

14

= 0,035 ∙

/ℎ

(approximately between 2-5 % of the spot

Camilla Feurst, (2007), Hydropower regulation portfolio - life time change management, thesis.
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This is an average formula used at POT (Production, Optimization and Trading), and is used because the inaccessibility depends on the size of the reservoir. In this study, units with a turbine output greater than 25 MW, are considered as large reservoir units, and small reservoir units those that
have an output less than 25 MW.
In the worksheet a fixed cost is used.

Time for repair
If the time for inaccessibility decreases in the spreadsheet, it is reasonable to also consider a decrease in the time for repair of an error. This would then also cause a reduction of the start / stop
cost. In the original spreadsheet a period of 9 hours was used, later changed to 15 hours in the new
worksheet. In this thesis study a time of 2 hours for repair is used.

Price index
The price index for mechanical equipment and labour cost has changed since the first spreadsheet.
A cost index from SCB (the Central Bureau of Statistics in Sweden) was used for labour and for the
mechanical equipment the index "Anläggningskostnadsindex" (Construction Cost Index) from
Elforsk. The construction cost index for mechanical equipment between 2000 and 2014 was calculated and the increase was a factor 1,755. The labour cost index for workers between the same
years, was calculated to be 0,92.15 16

Failure frequency
In the earlier study the failure statistics for each unit were not found, because the computer system
in Fortum was being exchanged at that time. Since those figures were not found, the failure frequency from Norway for units with Francis turbines (3 %) was used for all stations. In the new
worksheet the frequency was changed from 3 to 1 percent for units with Francis turbine. The background to this conclusion in the updated report came after looking into the statistics from the USA.
The number of failures/year was fairly constant: 3-4 per unit, regardless of how many starts and
stops a unit has. This makes sense, because a unit with a high start and stop frequency is also more
often maintained and tested. One can therefor say that when trying to determine marginal start/stop
costs, it is more correct to calculate with a failure percentage lower than the average failure frequency. The reason of a failure in connection with a start and stop is not only limited to the operation centre and units, the conditions on the power grid may also have an impact.
In this study, for both my calculations and with the worksheet, was used an average number of failures over a period of 15 years for each station, that were comprehended through Fortum's computer
system. An error may occur because the number of failures is for the entire station, and not separated into each unit. For stations with more than one unit, the station’s average number of failures

15

Anläggningskostnadsindex 2014,
http://www.elforsk.se/Global/Vattenkraft/filer/Anlaggningskostnadsindex/VASTIND_1_2014_diagram_tabell.pdf 2014-12-04
16

Labour cost index for workers between 2000 to 2014 = 0,921839 (Labour cost index for workers, SCB)
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was then divided with the number of units, to achieve a unit failure frequency for calculations. This
gives a more individual and realistic failure frequency.

Water loss
The worksheet calculates the cost of water loss in connection with start and stop of a unit equipped
with a main shut off valve. For those units without a shut off valve a leakage cost during the standstill hours is added.
The cost of water loss that is calculated is:
a) Water loss due to leakage through the guide vanes, from when the valve begins to open up
until the time when the guide vanes begin to open.
b) Water loss under acceleration and synchronizing of the unit.
c) Water loss when the unit loads up to the normal operating range.
d) Water loss at stop, when the unit loads down from the normal operating range.
e) Water loss due to leakage through the guide vanes, from when the guide vanes are closed
until the valve is closed.
The water loss when filling and emptying any parts of a unit’s waterways is not calculated.
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6 Results
The calculations are performed as in the earlier study but based on the new Norwegian report/worksheet. Some modifications were done to where the leakage cost was only implemented on stations
without main shut off valve. The rest of the costs were calculated with the updated worksheet with
changes mentioned in the previous chapter.
Some of the things that were achieved and being of importance for this study was getting hold of
the updated Norwegian report and worksheet, and the individual failure frequencies for each station.
It would have been more desirable to have the failure frequency on each unit instead to get more accurate calculations, but such information is not gathered. Many other international reports on the
subject were studied as well, but none was found to be as significant and wide as the Norwegian report on this very subject.
The thesis work was separated into two phases at the beginning. The first phase was more about
getting a better understanding of this subject by doing a self-study of previous reports about start
and stop cost and the various components involved. A number of site visits were done on different
hydropower plants to get more familiarized on how it works in practice. When phase one was approved through a submission of a partial report, the second phase began.
The second phase contained a further study of the earlier thesis done by Camilla Feurst 17, and other
studies to get a better understanding of the formulas and calculations used in the report.

17

Camilla Feurst, (2007), Hydropower regulation portfolio - life time change management, thesis.
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Station & Unit

Blåsjön, BSN G1, Vertical Francis
Linnvasselv, LIN G1, Vertical Francis
Stensjöfallet, SSN G1, Vertical Francis
Kvarnfallet, KVF G1, Vertical Francis
Anjan, ANJ G1, Vertical Francis
Järpströmmen, JSN G1, Vertical Francis
Järpströmmen, JSN G2, Vertical Francis
Järpströmmen, JSN G3, Vertical Francis
Mörsil, MSL G1, Kaplan
Mörsil, MSL G2, Kaplan
Långå,Lossen, LOS G1, Vertical Francis
Långå,Mittån, MÅN G1, Vertical Francis
Halvfari, HFI G1, Kaplan
Alfta, ATA G1, Vertical Francis
Alfta, ATA G2, Vertical Francis
Trängslet, TRÄ G1, Vertical Francis
Trängslet, TRÄ G2, Vertical Francis
Trängslet, TRÄ G3, Vertical Francis
Jössefors, JFS G1, Kaplan
Glava, GLA G1, Vertical Francis
Kymmen, KMN G1, Vertical Francis
Tåsan, TÅN G1, Vertical Francis
Letten, LTN G1, Horizontal Francis
Letten, LTN G2, Horizontal Francis

River

Power (MW)

Head (m)

Faxälven
Faxälven
Hårkan
Hårkan
Indalsälven
Indalsälven
Indalsälven
Indalsälven
Indalsälven
Indalsälven
Ljusnan
Ljusnan
Ljusnan
Ljusnan
Ljusnan
Ljusnan
Ljusnan
Ljusnan
Byälven
Byälven
Norsälven
Norsälven
Norsälven
Norsälven

62
48
95
17
25
38
38
38
20
20
63
92
26
15
15
90
90
122
22
16
55
35
18
18

90
103
317
50
40
60
60
60
18
18
115
217
23
61
61
140
140
140
25,7
95
85
269
191
191

A table of units participating in this study and in the secondary regulation at Fortum.
The results are concluded in the table (Table 2 (Confidential)). My conclusions are based on the
state of the units today if no improvements, such as reducing leakage, are done. The units are sorted
in different power ranges.
The results indicate a higher start and stop cost overall in comparison with the earlier thesis work 18.
The major reasons for this are because of the modifications in the calculations mentioned below:

18

Camilla Feurst, (2007), Hydropower regulation portfolio - life time change management, thesis.
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•
•

•

The increased intermittency of the units start and stops causes strains on the various
components especially the generators.
It has been eight years since the last study, which means that the rehabilitation interval for
generators has changed. The cost with the most change in this study has been the generator
cost (see Figure 12 and Figure 13).
The new failure frequencies used in this study have also an effect on the start and stop cost.
In this new report it is stated that it is more correct to calculate with a failure percentage lower
than the average failure frequency. The reason of a failure in connection with a start and stop
is not only limited to the operation centre and units, the conditions on the power grid may
also have an impact.

Figure 12: A diagram of cost distribution in this thesis work (2014) and the earlier thesis
(2007), for the total start and stop cost of the station Mörsil, MSL G1 (20 MW). This unit
is equipped with a Kaplan turbine and does not have a main shut off valve.

Figure 13: A diagram of cost distribution in this thesis work (2014) and the earlier thesis
(2007), for the total start and stop cost of the station Trängslet, TRÄ G3 (122 MW). This
unit is equipped with a Francis turbine and does has a main shut off valve.
The results included several units but because of business confidentiality reasons, only the results of
the stations Mörsil and Trängslet are presented in this public report.
The generator cost is highest for Mörsil G1. The reason for this is mainly because of the age of the
generator (65 years old).
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The new failure frequency for Trängslet G3 was 1,6 % which was lower than the average 3 % used
in the earlier calculations, which resulted in lower failure cost.
The labour cost for all the stations/units have increased with the same factor, which is the labour cost
index.
The units with the lowest start and stop costs are preferred to be used, but with the exception that the
units with high start and stop cost due to considerable leakage cost, should be used as much as possible.
What I have achieved in this thesis is a better understanding of how complex hydropower is and how
hard it is to calculate a cost when it is so many time-dependent parameters. I feel that I have learned
an invaluable business.
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7 Discussion
Only a limited number of stations were selected for the start and stop calculations. This was
done for the reason of a comparison with the earlier study. Some of the stations from the
earlier work are not included because of some data missing and not possible to get.
The cost distribution appears to be reasonable and follows the expectations. The generator
cost is dominating which is not surprising since most units have passed their rehabilitation
interval (50 years), and are planned for new investments.
Most costs get higher with the size of the unit even if they are not linear, e.g. a larger unit
has higher cost in case of failures since more incomes are lost. But it is not always true when
it comes to the total cost because a smaller unit can have more start and stops per year, as
units Kymmen and Mittån for comparison. The age of the generator is very important since
the risk of breakdown in the generator increases. A break down would lead to costs in terms
of lost production and repair.
The reservoir size is of importance when a failure occurs, a large reservoir provides a smaller
risk of spill and therefore gives smaller failure cost.
The costs that are used today in the decision-making are those costs from the former thesis's
start and stop cost. The new costs are generally higher in this study. There have been some
changes and modifications to the equations as mentioned earlier. The changes and modifications represent the actual start and stop costs more precisely. Thus the results in this report should represent the reality better.
An attempt of doing a separate worksheet tool of the calculations was done, but the result
was not satisfying and thus not included in this report. It is considered that if this could be
done by correction of the worksheet, a more dynamic and updated calculation of the start
and stop cost could be achieved in the future. The idea is to have a system that can give more
accurate figures of the costs. This system could also be connected to all data needed so that
less parameters should be put in manually.
I hope that this study answers and opens more questions that can guide Fortum in the right
direction in the future. I think that the start- and stop cost is as valuable to handle as it is
how much water is available in a reservoir and much more.

Sustainable development
Hydropower is a renewable energy source and produces basically no wastes to the environment. The biggest environmental impact occurs when power plants, dams and regulatory
water reservoirs are built. Under that time an intervention is made in nature that is changing
the environment along the watercourses.
The more electricity produced from hydroelectric power, the less electricity needs to be produced from other forms of energy with greater environmental impact, such as oil and coal.
Hydropower is cost-effective, reliable, and easy to control. The technology is well tried and
developed.
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With the results of this study, you can partially reach more economically viable decisions,
when it comes to starting a unit and hopefully increase the savings for the reversal to the
maintenance.

8 Conclusion
According to section 1.3 above, the goals of this thesis project are:
a) Update the way Fortum assesses start and stop costs at secondary regulation.
b) Compare if there is a significant difference between the earlier and this updated calculation model, and if so recommend an updated version of the model.
c) A final report for public use.
Are the goals achieved?
An implemented and revised calculation model was made for a number of stations, by both
improving individual and general parameters in the calculations. Most of the new total
start and stop costs are higher than the corresponding figures from the earlier report19,
even if index adjustment is considered. Thus goal a) is achieved.
A further research was done in this thesis after discovering that a general assumption was
made in the earlier thesis20 about the failure frequencies. After calculating the frequencies
individually for each unit the outcome was different than by the earlier approach. Other
parameters were also adjusted, such as index costs. After comparing the results, the start
and stop costs were overall higher for each unit in this thesis. As the difference in costs are
considered as significant, the Goal b) is achieved as well.
As this report is approved by Fortum, the Goal c) is achieved.

This thesis proves the importance of acquisition of actual data at individual level for each
unit, and not making general assumptions. By utilizing such data the start and stop cost
calculations will be more accurate and the decision making at the Dispatch Centre more accurate.

19, 20

Camilla Feurst, (2007), Hydropower regulation portfolio - life time change management, thesis.
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9 Future work
There is still a potential for improvement in this issue. The most interesting would be to
create a dynamic function that uses relevant operational data and statistics, e.g. collected
from an online continuously updated database, to regularly update the start and stop costs.
Further improvements could be to evaluate the formulas' applicability on low head units.
Another improvement would be to try to obtain more accurate individual failure statistics
for each unit, since these tell us a lot about the unit's general state and are important in the
equations for start and stop costs.
Further works:
•
•

•

•

•

Calculate the figures for the units/plants that are not included in this study, due to lack
of relevant data (e.g. failure frequency).
A further improvement of this thesis could be to study how other power industries,
such as gas turbine market, handle start and stop costs. It is unknown whether any
such comparison between different industries has been made or not.
A study of how much money the arrangement with start and stop costs has generated
and which could be refunded to the maintenance organization for maintenance of those
units that have a larger scale of wear. (A study of how much money the arrangement
with start and stop costs has generated was hard to acquire, because there wasn't
enough time for this kind of research. An idea could be to compare how much it costs
over a period of time for a group of stations, with the old and new formula and calculate the difference).
Investigate to what extent up and down regulation of an already started unit has on the
lifetime and the maintenance cost. If of importance the goal would be to introduce a cost
component for this in Fortum’s operating system, which can be considered for the regulation plan.
And to, if applicable, compare and implement new facts in the Fortum system from
complete and ongoing works on an international scale within the question about start
and stop costs, e.g. within CEATI, USBR, BPA and TransAlta, which to some extent imply other conclusions than those in the Norwegian report.
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APPENDIX 1

Formulas for calculations

1. Start and Stop Cost for Main Shut Off Valve
The formula takes into account costs associated with the following components: main shut off
valve, sealing system, bearings in the valve, control system and bypass valve.
The formula is an summation of two different costs:
𝐾 = 𝐾1 ⋅ 𝑉 ⋅

𝐷
𝐻 𝑆𝐿
𝑉𝐾2
⋅
⋅
⋅ (𝑉𝐾1 +
)
𝐷𝑟𝑒𝑓 𝐻𝑟𝑒𝑓 𝑆𝑆
𝑇

(1)

1. Maintenance cost for main shut-off valve:
𝐾1 ⋅ 𝑉 ⋅

𝐷
𝐻 𝑆𝐿
⋅
⋅
⋅ 𝑉𝐾1
𝐷𝑟𝑒𝑓 𝐻𝑟𝑒𝑓 𝑆𝑆

(2)

2. Rehabilitation cost for main shut-off valve:
𝐾1 ⋅ 𝑉 ⋅

𝐷
𝐻 𝑆𝐿 𝑉𝐾2
⋅
⋅
⋅
𝐷𝑟𝑒𝑓 𝐻𝑟𝑒𝑓 𝑆𝑆 𝑇

(3)

𝐾 = 𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 𝑓𝑜𝑟 𝑚𝑎𝑖𝑛 𝑠ℎ𝑢𝑡 𝑜𝑓𝑓 𝑣𝑎𝑙𝑣𝑒, [𝑁𝑂𝐾].
𝐾1 = 𝑃𝑟𝑖𝑐𝑒 𝑖𝑛𝑑𝑒𝑥. (This is the same price index in all formulas, and was set to 1,8 in the
updated Norwegian report, a comparison with construction cost index from Elforsk that was
1,73657 (pr 01.01.2013) was made and the index used was from 2013 to 2014).
𝑉 = 𝐹𝑎𝑐𝑡𝑜𝑟 𝑟𝑒𝑙𝑎𝑡𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑡𝑦𝑝𝑒 𝑜𝑓 𝑣𝑎𝑙𝑣𝑒.
𝑉 = 1 𝑓𝑜𝑟 𝑠𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙 𝑣𝑎𝑙𝑣𝑒𝑠 𝑤𝑖𝑡ℎ 𝑤𝑎𝑡𝑒𝑟 ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐𝑠 𝑐𝑜𝑛𝑡𝑟𝑜𝑙.
𝑉 = 0,85 𝑓𝑜𝑟 𝑠𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙 𝑣𝑎𝑙𝑣𝑒𝑠 𝑤𝑖𝑡ℎ 𝑜𝑖𝑙 ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐𝑠 𝑐𝑜𝑛𝑡𝑟𝑜𝑙.
𝑉 = 0,75 𝑓𝑜𝑟 𝑏𝑢𝑡𝑡𝑒𝑟𝑓𝑙𝑦 𝑣𝑎𝑙𝑣𝑒𝑠.
𝐷 = 𝑉𝑎𝑙𝑣𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟, [𝑚𝑚]
𝐷𝑟𝑒𝑓 = 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑣𝑎𝑙𝑣𝑒, 1500 𝑚𝑚.
𝐻 = 𝐻𝑒𝑎𝑑, [𝑚].
𝐻𝑟𝑒𝑓 = 𝐻𝑒𝑎𝑑 𝑓𝑜𝑟 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑣𝑎𝑙𝑣𝑒, 600𝑚.
𝑆𝑆 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑛𝑛𝑢𝑎𝑙 𝑠𝑡𝑎𝑟𝑡𝑠 𝑎𝑛𝑑 𝑠𝑡𝑜𝑝𝑠 𝑐𝑦𝑐𝑙𝑒 𝑓𝑜𝑟 𝑎 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑠𝑡𝑎𝑡𝑖𝑜𝑛, 150.
𝑆𝐿 = 𝑆ℎ𝑎𝑟𝑒 𝑜𝑓 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑐𝑜𝑠𝑡𝑠 𝑑𝑒𝑝𝑒𝑛𝑑𝑖𝑛𝑔 𝑜𝑛 𝑠𝑡𝑎𝑟𝑡 − 𝑠𝑡𝑜𝑝, 0,75. 1
𝑉𝐾1 = 𝐴𝑛𝑛𝑢𝑎𝑙 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑜𝑓 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑣𝑎𝑙𝑣𝑒, 59 900 𝑁𝑂𝐾/𝑦𝑒𝑎𝑟. 2

1

The maintenance cost is a share (75%) of the annual maintenance cost for the valve, distributed on
the number of annual start and stops. (CEATI report page 252 3.3.1).
2
38 000 NOK= 40 263 SEK (pr 01.01.2000, Oanda currency exchange)
Price index for mechanical equipment between 2000 to 2013 = 1,73657 (Construction cost index for
mechanical equipment, Elforsk). This gives us today's annual maintenance on 69 918,722 SEK= 59
863 NOK (pr 01.01.2013, Oanda currency exchange).

1

Formulas for calculations
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𝑉𝐾2 = 𝑀𝑎𝑖𝑛 𝑖𝑛𝑠𝑝𝑒𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑎 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑣𝑎𝑙𝑣𝑒 2 205 500 𝑁𝑂𝐾 𝑜𝑣𝑒𝑟 𝑎 𝑝𝑒𝑟𝑖𝑜𝑑 𝑜𝑓 30
𝑦𝑒𝑎𝑟𝑠. 3
𝑇 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑦𝑒𝑎𝑟𝑠 𝑓𝑜𝑟 𝑎 𝑚𝑎𝑗𝑜𝑟 𝑜𝑣𝑒𝑟ℎ𝑎𝑢𝑙 𝑐𝑦𝑐𝑙𝑒, 30 𝑦𝑒𝑎𝑟𝑠.
2. Start and Stop Cost for Leakage
For units without main shut off valve the closing of the waterway is done only with the guide
vanes, this gives a leakage cost during stand still. A general stand still time of 8 hours was
used in the formula.
𝐾 = (𝑄 ⋅ 𝜌 ⋅ 𝑔 ⋅ 𝐻) ⋅ 8 ⋅ 𝑆

(4)

𝐾 = 𝐿𝑒𝑎𝑘𝑎𝑔𝑒 𝑐𝑜𝑠𝑡, [𝑆𝐸𝐾].
𝑄 = 𝑊𝑎𝑡𝑒𝑟 𝑙𝑒𝑎𝑘𝑎𝑔𝑒 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑡ℎ𝑒 𝑔𝑢𝑖𝑑𝑒 𝑣𝑎𝑛𝑒𝑠 𝑤ℎ𝑒𝑛 𝑐𝑙𝑜𝑠𝑒𝑑, [𝑚3 ⁄𝑠].
𝜌 = 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟, [𝑘𝑔⁄𝑑𝑚3 ].
𝑔 = 𝐺𝑟𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡, [𝑚⁄𝑠 2 ].
𝐻 = 𝐻𝑒𝑎𝑑, [𝑚].
𝑆 = 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑖𝑐𝑒, [𝑆𝐸𝐾/𝑀𝑊ℎ].

3. Start and Stop Cost for Turbine
The formula originates from an empirical formula used when calculating the weight of
Francis turbines. The formula is composed of two maintenance costs, one depending on the
unit's size and one on fixed cost. In this formula the costs are calculated for the components:
spiral casing, runner, stay vanes, guide vanes, sealing system and turbine bearing.
𝐾 = 𝐾1 ⋅

𝑆𝐿
𝑀
𝑉𝑘2
𝑉𝐹
⋅[
⋅ (𝑥 ⋅ 𝑉𝑘1 +
) + (1 − 𝑥) ⋅ 𝑉𝑘1 +
]
𝑆𝑆 𝑀𝑟𝑒𝑓
𝑇
𝑇

(5)

𝐾1 = 𝑃𝑟𝑖𝑐𝑒 𝑖𝑛𝑑𝑒𝑥.
𝑆𝐿 = 𝑆ℎ𝑎𝑟𝑒 𝑜𝑓 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑐𝑜𝑠𝑡𝑠 𝑑𝑒𝑝𝑒𝑛𝑑𝑖𝑛𝑔 𝑜𝑛 𝑠𝑡𝑎𝑟𝑡 − 𝑠𝑡𝑜𝑝, 0,1.
𝑆𝑆 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑛𝑛𝑢𝑎𝑙 𝑠𝑡𝑎𝑟𝑡𝑠 𝑎𝑛𝑑 𝑠𝑡𝑜𝑝𝑠 𝑐𝑦𝑐𝑙𝑒 𝑓𝑜𝑟 𝑎 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑠𝑡𝑎𝑡𝑖𝑜𝑛, 150.
𝑀 = 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑢𝑟𝑏𝑖𝑛𝑒 [𝑡𝑜𝑛] = 𝐾2 ⋅ 𝐻 0,45 ⋅ Ω∗−0,51 ⋅ 𝐷22,04

(6)

3

1 400 000 NOK= 1 483 350 SEK (pr 01.01.2000, Oanda currency exchange)
Price index for mechanical equipment between 2000 to 2013 = 1,73657 (Construction cost index,
Elforsk). This gives us today's annual maintenance on 2 575 943,8 SEK= 2 205 500 NOK (pr
01.01.2013, Oanda currency exchange).
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Formulas for calculations

𝐻 = 𝐻𝑒𝑎𝑑, [𝑚].
𝐾2 = 2,82, [𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡] (𝐸𝑚𝑝𝑖𝑟𝑖𝑐𝑎𝑙 𝑓𝑖𝑔𝑢𝑟𝑒).
Ω∗ = 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑛𝑢𝑚𝑏𝑒𝑟, 𝑠𝑒 𝑓𝑜𝑟𝑚𝑢𝑙𝑎 𝑏𝑒𝑙𝑜𝑤.
𝐷2 = 𝑇ℎ𝑒 𝑟𝑢𝑛𝑛𝑒𝑟 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟, [𝑚].
𝑀𝑟𝑒𝑓 = 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑡𝑢𝑟𝑏𝑖𝑛𝑒 𝑤𝑖𝑡ℎ 150 𝑠𝑡𝑎𝑟𝑡⁄𝑠𝑡𝑜𝑝 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟, 250 000 𝑘𝑔.
𝑉𝑘1
= 𝐴𝑛𝑛𝑢𝑎𝑙 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑜𝑓 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑡𝑢𝑟𝑏𝑖𝑛𝑒, 126 000 𝑁𝑂𝐾 ⁄𝑦𝑒𝑎𝑟(𝑝𝑟 01.01.2013) 4
𝑥 = 𝐴𝑚𝑜𝑢𝑛𝑡 𝑑𝑒𝑝𝑒𝑛𝑑𝑎𝑏𝑙𝑒 𝑠ℎ𝑎𝑟𝑒 𝑜𝑓 𝑎𝑛𝑛𝑢𝑎𝑙 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑐𝑜𝑠𝑡, 0,5.
𝑉𝑘2 = 𝐴𝑚𝑜𝑢𝑛𝑡 𝑑𝑒𝑝𝑒𝑛𝑑𝑎𝑏𝑙𝑒 𝑠ℎ𝑎𝑟𝑒 𝑜𝑓 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑐𝑜𝑠𝑡 𝑓𝑜𝑟 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑡𝑢𝑟𝑏𝑖𝑛𝑒,
4 726 100 𝑁𝑂𝐾 (𝑝𝑟 01.01.2013) 𝑜𝑣𝑒𝑟 25 𝑦𝑒𝑎𝑟𝑠. 5
𝑉𝐹 = 𝐹𝑖𝑥 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑐𝑜𝑠𝑡 𝑓𝑜𝑟 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑡𝑢𝑟𝑏𝑖𝑛𝑒,
3 150 720 𝑁𝑂𝐾 (𝑝𝑟 01.01.2013) 𝑜𝑣𝑒𝑟 25 𝑦𝑒𝑎𝑟𝑠. 6
𝑇 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑦𝑒𝑎𝑟𝑠 𝑓𝑜𝑟 𝑚𝑎𝑗𝑜𝑟 𝑜𝑣𝑒𝑟ℎ𝑎𝑢𝑙 𝑐𝑦𝑐𝑙𝑒, 𝑝𝑟𝑜𝑝𝑜𝑠𝑒𝑑 25 𝑦𝑒𝑎𝑟𝑠.
∗

Ω =

𝑛⋅𝜋
30 ⋅ √2𝑔𝐻

⋅√

𝑄∗
√2𝑔𝐻

(7)

𝑛 = 𝑆𝑝𝑒𝑒𝑑, [𝑟𝑝𝑚].
𝑄 ∗ = 𝑊𝑎𝑡𝑒𝑟 𝑓𝑙𝑜𝑤 𝑎𝑡 𝑜𝑝𝑡𝑖𝑚𝑢𝑚 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦, [𝑚3 ⁄𝑠].
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80 000 NOK= 84 763,1 SEK (pr 01.01.2000, Oanda currency exchange)
Price index for mechanical equipment between 2000 to 2013 = 1,73657 (Construction cost index for
mechanical equipment, Elforsk). This gives us today's annual maintenance on 147 197,1 SEK= 126
029 NOK (pr 01.01.2013, Oanda currency exchange).
5
3 000 000 NOK= 3 178 620 SEK (pr 01.01.2000, Oanda currency exchange)
Price index for mechanical equipment between 2000 to 2013 = 1,73657 (Construction cost index for
mechanical equipment, Elforsk). This gives us today's annual maintenance on 5 519 896,1 SEK= 4
726 080 NOK (pr 01.01.2013, Oanda currency exchange).
6
2 000 000 NOK= 2 119 080 SEK (pr 01.01.2000, Oanda currency exchange)
Price index for mechanical equipment between 2000 to 2013 = 1,73657 (Construction cost index for
mechanical equipment, Elforsk)
This gives us today's annual maintenance on 3 679 930,8 SEK= 3 150 720 NOK (pr 01.01.2013,
Oanda currency exchange).
3

APPENDIX 1

Formulas for calculations

4. Start and Stop Cost for Generator
The start and stop costs for the generator consists of wear and shortening of the lifetime. The
components covered are the stator, rotor, generator pit, slip ring arrangement, brake and
jacking equipment, oil pressure jacking, thrust and guide bearings. Problems that are related
to the cooling system are also included.
The cost is divided into two parts:
1. a part that calculates the shortening of the lifespan and costs connected to the generator's
rotor and stator.
2. a part that calculates the cost for the generator's smaller components mentioned above.

The lifetime reduction is corrected in accordance with the operation time during one year.
𝑄=

𝐿𝑟𝑒𝑑 ⋅ 24
#𝑠𝑠
𝑄
⋅ 𝐿 + 𝑡𝑖𝑚𝑒 ⋅ 24
365 𝑟𝑒𝑑 8760

(8)

𝑄 = 𝑄𝑢𝑜𝑡𝑖𝑒𝑛𝑡 𝑜𝑓 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑑𝑢𝑒 𝑡𝑜 𝑜𝑛𝑒 𝑠𝑡𝑎𝑟𝑡 𝑎𝑛𝑑 𝑠𝑡𝑜𝑝 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑜𝑡𝑎𝑙
𝑢𝑠𝑒𝑑 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 𝑑𝑢𝑟𝑖𝑛𝑔 𝑜𝑛𝑒 𝑦𝑒𝑎𝑟.
𝐿𝑟𝑒𝑑 = 𝑇ℎ𝑒 𝑟𝑒𝑑𝑢𝑐𝑒𝑑 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 𝑖𝑛 ℎ𝑜𝑢𝑟𝑠 𝑑𝑢𝑒 𝑡𝑜 𝑜𝑛𝑒 𝑠𝑡𝑎𝑟𝑡 𝑎𝑛𝑑 𝑠𝑡𝑜𝑝, 𝑝𝑟𝑜𝑝𝑜𝑠𝑒𝑑 10 ℎ𝑜𝑢𝑟𝑠.
𝑄𝑡𝑖𝑚𝑒 = 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 𝑑𝑢𝑟𝑖𝑛𝑔 𝑜𝑛𝑒 𝑦𝑒𝑎𝑟.
#𝑠𝑠 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑎𝑟𝑡 𝑎𝑛𝑑 𝑠𝑡𝑜𝑝 𝑐𝑦𝑐𝑙𝑒𝑠 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑒𝑑 𝑜𝑛𝑒 𝑦𝑒𝑎𝑟.

The costs for replacement/rehabilitation of the stator winding of a generator are estimated
with the following calculation, unless the actual costs are known:7
𝑃
𝑅𝑠 = 1000000 ⋅ (𝐾1 ⋅ 10 ⋅ √ )
𝑛

(9)

𝑅𝑠 = 𝐶𝑜𝑠𝑡 𝑓𝑜𝑟 𝑟𝑒𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡/𝑟𝑒ℎ𝑎𝑏𝑖𝑙𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑡𝑎𝑡𝑜𝑟 𝑤𝑖𝑛𝑑𝑖𝑛𝑔, (𝑁𝑂𝐾).
𝐾1 = 𝑃𝑟𝑖𝑐𝑒 𝑖𝑛𝑑𝑒𝑥.
𝑃 = 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑜𝑢𝑡𝑝𝑢𝑡, (𝑀𝑉𝐴).
𝑛 = 𝑠𝑝𝑒𝑒𝑑, (𝑟𝑝𝑚).

7

1 000 000 NOK= 1 071 620 SEK (pr 01.01.2000, Oanda currency exchange)
Price index for mechanical equipment between 2000 to 2013 = 1,73657 (Construction cost index for
mechanical equipment, Elforsk). This gives us today's annual maintenance on 1 860 943,1 SEK= 1
593 320 NOK (pr 01.01.2013, Oanda currency exchange).
4

Formulas for calculations

APPENDIX 1

4.1. Start and Stop Cost for Generator Overhaul


Marginal Cost

𝑄
𝑟 ⋅ 𝑒 −𝑟⋅(𝑅𝑦𝑒𝑎𝑟 −𝑌)
⋅
8760 1 − 𝑒 −𝑟⋅𝑒⋅𝑅𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙
𝐾 = 𝐶𝑜𝑠𝑡 𝑓𝑜𝑟 𝑒𝑣𝑒𝑟𝑦 𝑠𝑡𝑎𝑟𝑡 𝑎𝑛𝑑 𝑠𝑡𝑜𝑝 𝑐𝑦𝑐𝑙𝑒, [𝑆𝐸𝐾].
𝐾=𝑅⋅

(10)

𝑅 = 𝑅𝑒ℎ𝑎𝑏𝑖𝑙𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡 = 0,5 ⋅ 𝑅𝑠 , [𝑆𝐸𝐾].
𝑟 = 𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑐𝑢𝑟𝑟𝑒𝑛𝑐𝑦, 4 %.
𝑅𝑦𝑒𝑎𝑟 = 𝑁𝑒𝑥𝑡 𝑟𝑒𝑓𝑢𝑟𝑏𝑖𝑠ℎ𝑚𝑒𝑛𝑡 𝑦𝑒𝑎𝑟.
𝑅𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 = 𝑅𝑒ℎ𝑎𝑏𝑖𝑙𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙, 50 𝑦𝑒𝑎𝑟𝑠.
𝑌 = 𝑇ℎ𝑒 𝑦𝑒𝑎𝑟 𝑜𝑓 𝑡𝑜𝑑𝑎𝑦.

4.2. Start and Stop Cost for Generator Smaller Components
𝐾 = 𝐾1 ⋅ (𝐺𝑓 + 𝑃 ⋅ 𝐺𝑠 )

(11)

𝐾1 = 𝑃𝑟𝑖𝑐𝑒 𝑖𝑛𝑑𝑒𝑥.
𝐺𝑓 = 𝐹𝑖𝑥 𝑠ℎ𝑎𝑟𝑒 𝑜𝑓 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑐𝑜𝑠𝑡 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟, 142 𝑁𝑂𝐾 ⁄𝑠𝑡𝑎𝑟𝑡 − 𝑠𝑡𝑜𝑝 . 8
𝑃 = 𝑇𝑢𝑟𝑏𝑖𝑛𝑒 𝑜𝑢𝑡𝑝𝑢𝑡, [𝑀𝑊].
𝐺𝑠 = 𝑆𝑖𝑧𝑒 𝑑𝑒𝑝𝑒𝑛𝑑𝑒𝑛𝑡 𝑠ℎ𝑎𝑟𝑒 𝑜𝑓 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑐𝑜𝑠𝑡 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟,
0,5 𝑆𝐸𝐾 ⁄𝑀𝑊 ⁄𝑠𝑡𝑎𝑟𝑡 − 𝑠𝑡𝑜𝑝.

8

90 NOK= 95,3586SEK (pr 01.01.2000, Oanda currency exchange)

Price index for mechanical equipment between 2000 to 2013 = 1,73657 (Construction cost index for
mechanical equipment, Elforsk)
This gives us today's maintenance cost on 165,6 SEK= 142 NOK (pr 01.01.2013, Oanda currency
exchange).

5

APPENDIX 1

Formulas for calculations

5. Labour Cost at Start and Stop
In the updated report, it is believed that a 150 MW reference unit requires two hours of work
for starting and stopping, while smaller units require some less and larger of course more
hours. Therefore it is proposed to calculate average number of hours worked by a successful
start/stop with the following equation:
𝑁 = 𝑇𝑤ℎ ⋅ (0,5 + 0,5 ⋅

𝑃
)
150

(12)

𝑁 = 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑤𝑜𝑟𝑘𝑖𝑛𝑔 ℎ𝑜𝑢𝑟𝑠 𝑝𝑒𝑟 𝑠𝑡𝑎𝑟𝑡⁄𝑠𝑡𝑜𝑝 .
𝑇𝑤ℎ = 𝑊𝑜𝑟𝑘 ℎ𝑜𝑢𝑟𝑠 𝑑𝑢𝑒 𝑡𝑜 𝑎 𝑛𝑜𝑟𝑚𝑎𝑙 𝑠𝑡𝑎𝑟𝑡⁄𝑠𝑡𝑜𝑝 𝑓𝑜𝑟 𝑎 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑝𝑙𝑎𝑛𝑡 𝑤𝑖𝑡ℎ 150 𝑀𝑊.
(𝑃𝑟𝑜𝑝𝑜𝑠𝑒𝑑 2 ℎ𝑜𝑢𝑟𝑠).
𝑃 = 𝑇𝑢𝑟𝑏𝑖𝑛𝑒 𝑜𝑢𝑡𝑝𝑢𝑡, [𝑀𝑊].
The final cost is calculated as:
𝐾 = 𝑁 ⋅ 𝐿.
𝐿 = 𝐿𝑎𝑏𝑜𝑢𝑟 𝑐𝑜𝑠𝑡 𝑝𝑒𝑟 ℎ𝑜𝑢𝑟, [𝑆𝐸𝐾/ℎ𝑜𝑢𝑟].
The working price per hour is 565 SEK/hour for blue collars and 753 SEK/hour for white
collars. This price was taken from Fortum O&M and Fortum Generation AB, and the one
used in the calculations is 565 SEK/hour.

6
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APPENDIX 1
6. Failure Cost

𝐾1
⋅ 𝐹 ⋅ (𝑇𝑓 ⋅ 𝐿 + 𝑅 + 𝑇𝑡 ⋅ 𝑈 ⋅ 𝑃)
𝑆𝑆
𝐾 = 𝑆𝑡𝑎𝑟𝑡 𝑠𝑡𝑜𝑝 𝑐𝑜𝑠𝑡 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 𝑤𝑖𝑡ℎ 𝑓𝑎𝑖𝑙𝑢𝑟𝑒, [𝑁𝑂𝐾].
𝐾=

(13)

𝐾1 = 𝑃𝑟𝑖𝑐𝑒 𝑖𝑛𝑑𝑒𝑥.
𝐹 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑎𝑖𝑙𝑒𝑑 𝑠𝑡𝑎𝑟𝑡/𝑠𝑡𝑜𝑝𝑠 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟, (𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙𝑙𝑦 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑢𝑛𝑖𝑡).
𝑆𝑆 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑎𝑟𝑡𝑠 − 𝑠𝑡𝑜𝑝𝑠.
𝑇𝑓 = 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 ℎ𝑜𝑢𝑟𝑠 𝑓𝑜𝑟 𝑟𝑒𝑝𝑎𝑖𝑟, 15 ℎ𝑜𝑢𝑟𝑠.
(𝑇ℎ𝑖𝑠 𝑡𝑖𝑚𝑒 𝑖𝑠 𝑐ℎ𝑎𝑛𝑔𝑒𝑑 𝑓𝑟𝑜𝑚 9ℎ 𝑡𝑜 15ℎ 𝑏𝑒𝑐𝑎𝑢𝑠𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑖𝑛𝑎𝑐𝑐𝑒𝑠𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦 ℎ𝑎𝑠 𝑖𝑐𝑟𝑒𝑎𝑠𝑠𝑒𝑑
𝑖𝑛 𝑡ℎ𝑒 𝑟𝑒𝑝𝑜𝑟𝑡, 𝑏𝑢𝑡 𝑖𝑛 𝑡ℎ𝑖𝑠 𝑠𝑡𝑢𝑑𝑦 2 ℎ𝑜𝑢𝑟𝑠 𝑤𝑎𝑠 𝑢𝑠𝑒𝑑. )
𝐿 = 𝐿𝑎𝑏𝑜𝑢𝑟 𝑐𝑜𝑠𝑡 𝑝𝑒𝑟 ℎ𝑜𝑢𝑟 𝑓𝑜𝑟 𝑟𝑒𝑝𝑎𝑖𝑟, (565 𝑆𝐸𝐾 ⁄ℎ𝑜𝑢𝑟 )
𝑅 = 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 & 𝑡𝑟𝑎𝑣𝑒𝑙 𝑐𝑜𝑠𝑡 𝑖𝑛 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛 𝑤𝑖𝑡ℎ 𝑓𝑎𝑖𝑙𝑢𝑟𝑒, 1 700 𝑁𝑂𝐾 (𝑝𝑟 01.01.2013). 9
𝑇𝑡 = 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 ℎ𝑜𝑢𝑟𝑠 𝑓𝑜𝑟 𝑖𝑛𝑎𝑐𝑐𝑒𝑠𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦, 30 ℎ𝑜𝑢𝑟𝑠.
(𝑇ℎ𝑒 𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑡𝑖𝑚𝑒 𝑓𝑜𝑟 𝑖𝑛𝑎𝑐𝑐𝑒𝑠𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦 𝑑𝑢𝑒 𝑡𝑜 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑖𝑠 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑑 𝑓𝑟𝑜𝑚 10 𝑡𝑜 30 ℎ𝑜𝑢𝑟𝑠 𝑖𝑛 𝑡ℎ𝑒
𝑢𝑝𝑝𝑑𝑎𝑡𝑒𝑑 𝑟𝑒𝑝𝑜𝑟𝑡, this time was changed to 3 hours after consulting with the staf from
Fortum. )
𝑈 = 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑜𝑠𝑡 𝑝𝑒𝑟 ℎ𝑜𝑢𝑟 𝑜𝑓 𝑖𝑛𝑎𝑐𝑐𝑒𝑠𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦.
A general formula that is used at POT is used because the inaccessibility depends on
the size of the reservoir:
𝐿𝑎𝑟𝑔𝑒 𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 − 𝑈 = 0,175 ⋅ 𝑆𝑝𝑜𝑡𝑝𝑟𝑖𝑐𝑒⁄ℎ𝑜𝑢𝑟
𝑆𝑚𝑎𝑙𝑙 𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 − 𝑈 = 0,035 ⋅ 𝑆𝑝𝑜𝑡𝑝𝑟𝑖𝑐𝑒⁄ℎ𝑜𝑢𝑟
𝑃 = 𝑇𝑢𝑟𝑏𝑖𝑛𝑒 𝑜𝑢𝑡𝑝𝑢𝑡, [𝑀𝑊]
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2 000 NOK= 2 143 SEK (pr 01.01.2000, Oanda currency exchange)

Labour cost index for workers between 2000 to 2014 = 0,921839 (Labour cost index for workers,
SCB)
This gives us today's annual maintenance on 1 975,5 SEK= 1 692 NOK (pr 01.01.2013, Oanda
currency exchange).
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The number of failed starts-stops are individually calculated per unit.
In the earlier report yearly reservoirs are counted as large and weekly reservoirs as small.
If the station lacks main shut off valve there will also be a cost for the leakage through the
guide vanes during the hours of inaccessibility.
So there is an extra cost:
𝐾=

𝐾1
⋅ 𝐹 ⋅ (𝑄 ⋅ 𝜌 ⋅ 𝑔 ⋅ 𝐻) ⋅ 𝑇𝑡 ⋅ 𝑃
𝑆𝑆

(14)

𝑄 = 𝑊𝑎𝑡𝑒𝑟 𝑙𝑒𝑎𝑘𝑎𝑔𝑒 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑡ℎ𝑒 𝑔𝑢𝑖𝑑𝑒 𝑣𝑎𝑛𝑒𝑠 𝑤ℎ𝑒𝑛 𝑐𝑙𝑜𝑠𝑒𝑑, [𝑚3 ⁄𝑠]
𝑆 = 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑖𝑐𝑒, [𝑆𝐸𝐾 ⁄𝑀𝑊ℎ]
7. Cost for lifetime reduction of main shut off valve
It is believed that the valve will wear out in two ways:
1. Frequency independent aging, for example due to corrosion.
2. Frequency of depending aging caused by the wear and tear that occurs every time when the
valve is opened or closed.
Costs according to the first way requires rehabilitation with fairly long time intervals, the
typical value is 50 years. If it is few start/stop, will the frequency of use rely on the aging and
does not affect the time to the first coming of the rehabilitation since it is frequency
independent aging that determines the first upcoming rehabilitation time. This means that a
certain number of start/stop are free of charge. Rehabilitation must be carried out after no later
than 𝑁𝑉𝑎𝑙𝑣𝑒 start/stop, or at the latest after 𝑠𝑅,𝑎𝑔𝑒 due to age. When looking at a running
pattern with 𝑛 start/stop per year, this means that the 𝑛𝑓𝑟𝑒𝑒 start/stop per year are free of
charge, i.e. these does not cause extra costs related to main shut off valve:
𝑛𝑓𝑟𝑒𝑒 =

𝑁𝑉𝑎𝑙𝑣𝑒
𝑠𝑅,𝑎𝑔𝑒

If 𝑛 ≤ 𝑛𝑓𝑟𝑒𝑒 : then all start/stop are free. This means that the start/stop does not cause any
costs and cost contribution for the lifetime reduction for the main shut off valve, is not
relevant in this case.
If 𝑛 > 𝑛𝑓𝑟𝑒𝑒 : then this will affect the time to the first coming rehabilitation and an additional
start/stop reduces the time to all future rehabilitations with 𝐿𝑉𝑎𝑙𝑣𝑒 . This will lead to additional
costs since all the rehabilitations appear to be moving closer to present time.

The start- and stop cost for rehabilitation of main shut off are calculated as:
8
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APPENDIX 1

𝐾 = 𝐾𝑅𝑉 ⋅

𝐿𝑉𝑎𝑙𝑣𝑒 𝑒 −𝑟⋅𝑆𝑅𝑉,1
⋅
8760 𝑒 −𝑟⋅𝑆𝑅𝑉

(15)

𝐾 = 𝑆𝑡𝑎𝑟𝑡/𝑠𝑡𝑜𝑝 − 𝑐𝑜𝑠𝑡 𝑓𝑜𝑟 𝑟𝑒ℎ𝑎𝑏𝑖𝑙𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑎𝑖𝑛 𝑠ℎ𝑢𝑡 𝑜𝑓𝑓 𝑣𝑎𝑙𝑣𝑒.
𝐾𝑅𝑉 = 𝐶𝑜𝑠𝑡 𝑓𝑜𝑟 𝑜𝑛𝑒 𝑟𝑒ℎ𝑎𝑏𝑖𝑙𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑎𝑖𝑛 𝑠ℎ𝑢𝑡 𝑜𝑓𝑓 𝑣𝑎𝑙𝑣𝑒.
𝐿𝑉𝑎𝑙𝑣𝑒 = 𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑑𝑢𝑒 𝑡𝑜 𝑠𝑡𝑎𝑟𝑡 𝑎𝑛𝑑 𝑠𝑡𝑜𝑝, [ℎ𝑜𝑢𝑟𝑠].
𝑟 = 𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑐𝑢𝑟𝑟𝑒𝑛𝑐𝑦, 4 %.
𝑆𝑅𝑉 = 𝐹𝑢𝑡𝑢𝑟𝑒 𝑟𝑒ℎ𝑎𝑏𝑖𝑙𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙, 50 𝑦𝑒𝑎𝑟𝑠.
𝑆𝑅𝑉,1 = (𝐶𝑜𝑚𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑖𝑛𝑔 𝑦𝑒𝑎𝑟) + 50 = 𝐼𝑛𝑡𝑒𝑟𝑣𝑎𝑙 𝑡𝑜 𝑡ℎ𝑒 𝑓𝑖𝑟𝑠𝑡 𝑟𝑒ℎ𝑎𝑏𝑖𝑙𝑖𝑡𝑎𝑡𝑖𝑜𝑛, [𝑦𝑒𝑎𝑟𝑠].
𝐾𝑅𝑉 = 𝐾𝑅𝑉,𝑟𝑒𝑓 ⋅ 𝐾1 ⋅ 𝑉 ⋅ 𝑉𝑐𝑜𝑛𝑡𝑟𝑜𝑙 ⋅

𝐷
𝐻
⋅
𝐷𝑟𝑒𝑓 𝐻𝑟𝑒𝑓

(16)

𝐾𝑅𝑉,𝑟𝑒𝑓 = 𝐶𝑜𝑠𝑡𝑠 𝑓𝑜𝑟 𝑟𝑒ℎ𝑎𝑏𝑖𝑙𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑣𝑎𝑙𝑣𝑒 𝑤𝑖𝑡ℎ 𝐻𝑟𝑒𝑓 = 600𝑚
𝑎𝑛𝑑 𝐷𝑟𝑒𝑓 = 1500 𝑚𝑚, 2 205 500 𝑁𝑂𝐾 (𝑝𝑟 01.01.2013). 10
𝐾1 = 𝑃𝑟𝑖𝑐𝑒 𝑖𝑛𝑑𝑒𝑥.
𝑉 = 𝐹𝑎𝑐𝑡𝑜𝑟 𝑟𝑒𝑙𝑎𝑡𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑡𝑦𝑝𝑒 𝑜𝑓 𝑣𝑎𝑙𝑣𝑒.
𝑉 = 1 𝑓𝑜𝑟 𝑠𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙 𝑣𝑎𝑙𝑣𝑒𝑠.
𝑉𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝑉 = 0,75 𝑓𝑜𝑟 𝑏𝑢𝑡𝑡𝑒𝑟𝑓𝑙𝑦 𝑣𝑎𝑙𝑣𝑒𝑠.
= 𝐹𝑎𝑐𝑡𝑜𝑟 𝑟𝑒𝑙𝑎𝑡𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑡𝑦𝑝𝑒 𝑠𝑡𝑒𝑒𝑟𝑖𝑛𝑔 𝑜𝑓 𝑡ℎ𝑒 𝑣𝑎𝑙𝑣𝑒.
𝑉𝑐𝑜𝑛𝑡𝑟𝑜𝑙 = 1 𝑓𝑜𝑟 𝑤𝑎𝑡𝑒𝑟 ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 𝑠𝑡𝑒𝑒𝑟𝑖𝑛𝑔.
𝑉𝑐𝑜𝑛𝑡𝑟𝑜𝑙 = 0,85 𝑓𝑜𝑟 𝑜𝑖𝑙 ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 𝑠𝑡𝑒𝑒𝑟𝑖𝑛𝑔.

𝐷 = 𝑉𝑎𝑙𝑣𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟, [𝑚𝑚]
𝐷𝑟𝑒𝑓 = 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑣𝑎𝑙𝑣𝑒, 1500 𝑚𝑚.
𝐻 = 𝐻𝑒𝑎𝑑, [𝑚].
𝐻𝑟𝑒𝑓 = 𝐻𝑒𝑎𝑑 𝑓𝑜𝑟 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑣𝑎𝑙𝑣𝑒, 600𝑚.
8760
𝐿𝑉𝑎𝑙𝑣𝑒 =
#𝑠𝑠

(17)

#𝑠𝑠 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑎𝑟𝑡𝑠 − 𝑠𝑡𝑜𝑝𝑠.
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1 400 000 NOK= 1 483 350 SEK (pr 01.01.2000, Oanda currency exchange)
Price index for mechanical equipment between 2000 to 2013 = 1,73657 (Construction cost index,
Elforsk). This gives us today's annual maintenance on 2 575 943,8 SEK= 2 205 500 NOK (pr
01.01.2013, Oanda currency exchange).
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8. Cost for lifetime reduction of the Stator lamination
The cost for lifetime reduction of stator lamination are calculated as:
𝐿𝑙𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛
𝑒 −𝑟⋅𝑆𝑙𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛,1
𝐾 = 𝐾𝑙 ⋅
⋅ 𝑟 ⋅ −𝑟⋅𝑆
𝑙𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛
8760
𝑒

(18)

𝐾 = 𝑆𝑡𝑎𝑟𝑡/𝑠𝑡𝑜𝑝 − 𝑐𝑜𝑠𝑡 𝑓𝑜𝑟 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑡𝑎𝑡𝑜𝑟 𝑙𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛, [𝑁𝑂𝐾].
𝐾𝑙 = 𝐶𝑜𝑠𝑡 𝑓𝑜𝑟 𝑟𝑒ℎ𝑎𝑏𝑖𝑙𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑡𝑎𝑡𝑜𝑟 𝑙𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛, [𝑁𝑂𝐾].
𝐿𝑙𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 = 𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑝𝑒𝑟 𝑠𝑡𝑎𝑟𝑡/𝑠𝑡𝑜𝑝, [ℎ𝑜𝑢𝑟𝑠].
𝑟 = 𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑐𝑢𝑟𝑟𝑒𝑛𝑐𝑦, 4 %.
𝑆𝑙𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 = 𝑅𝑒ℎ𝑎𝑏𝑖𝑙𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙, 50 𝑦𝑒𝑎𝑟𝑠.
𝑆𝑙𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛,1 = 𝑇𝑖𝑚𝑒 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 𝑡𝑜 𝑡ℎ𝑒 𝑓𝑖𝑟𝑠𝑡 𝑟𝑒ℎ𝑎𝑏𝑖𝑙𝑖𝑡𝑎𝑡𝑖𝑜𝑛, [𝑦𝑒𝑎𝑟𝑠].
Costs for replacement/rehabilitation of stator lamination:
𝐾𝑙 = 𝑓𝑏 ⋅ 𝑅𝑠

(19)

𝑓𝑏 = 𝐶𝑜𝑠𝑡𝑓𝑎𝑐𝑡𝑜𝑟, 𝑝𝑟𝑜𝑝𝑜𝑠𝑒𝑑 0,50.
𝑅𝑠 = 𝐶𝑜𝑠𝑡 𝑓𝑜𝑟 𝑟𝑒𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡/𝑟𝑒ℎ𝑎𝑏𝑖𝑙𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑡𝑎𝑡𝑜𝑟 𝑤𝑖𝑛𝑑𝑖𝑛𝑔, [𝑁𝑂𝐾].
Reduced life expectancy corrected for operating time:
𝐿𝑙𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 =

𝐿𝑙 ⋅ 24
#𝑠𝑠
𝑂𝑡𝑖𝑚𝑒
⋅ 𝐿𝑙 + 8760
⋅ 24
365

(20)

𝐿𝑙 = 𝑇ℎ𝑒 𝑟𝑒𝑑𝑢𝑐𝑒𝑑 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 𝑖𝑛 ℎ𝑜𝑢𝑟𝑠 𝑑𝑢𝑒 𝑡𝑜 𝑜𝑛𝑒 𝑠𝑡𝑎𝑟𝑡 𝑎𝑛𝑑 𝑠𝑡𝑜𝑝, 𝑝𝑟𝑜𝑝𝑜𝑠𝑒𝑑 5 ℎ𝑜𝑢𝑟𝑠.
𝑂𝑡𝑖𝑚𝑒 = 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 𝑑𝑢𝑟𝑖𝑛𝑔 𝑜𝑛𝑒 𝑦𝑒𝑎𝑟, [ℎ𝑜𝑢𝑟𝑠].
#𝑠𝑠 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑎𝑟𝑡/𝑠𝑡𝑜𝑝 𝑐𝑦𝑐𝑙𝑒𝑠 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑒𝑑 𝑢𝑛𝑑𝑒𝑟 𝑜𝑛𝑒 𝑦𝑒𝑎𝑟.
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9. Cost for lifetime reduction of the Rotor windings
The cost for lifetime reduction of the rotor windings are calculated as:
𝐿𝑟𝑜𝑡𝑜𝑟,𝑤𝑖𝑛𝑑𝑖𝑛𝑔
𝑒 −𝑟⋅𝑆𝑤𝑖𝑛𝑑𝑖𝑛𝑔,1
𝐾 = 𝐾𝑟𝑤 ⋅
⋅ 𝑟 ⋅ −𝑟⋅𝑆𝑤𝑖𝑛𝑑𝑖𝑛𝑔
8760
𝑒

(21)

𝐾 = 𝑆𝑡𝑎𝑟𝑡/𝑠𝑡𝑜𝑝 − 𝑐𝑜𝑠𝑡 𝑓𝑜𝑟 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑟𝑜𝑡𝑜𝑟 𝑤𝑖𝑛𝑑𝑖𝑛𝑔𝑠, [𝑁𝑂𝐾].
𝐾𝑟𝑤 = 𝐶𝑜𝑠𝑡 𝑓𝑜𝑟 𝑟𝑒ℎ𝑎𝑏𝑖𝑙𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑟𝑜𝑡𝑜𝑟 𝑤𝑖𝑛𝑑𝑖𝑛𝑔𝑠, [𝑁𝑂𝐾].
𝐿𝑟𝑜𝑡𝑜𝑟,𝑤𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑝𝑒𝑟 , [ℎ𝑜𝑢𝑟𝑠],.
𝑟 = 𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑐𝑢𝑟𝑟𝑒𝑛𝑐𝑦, 4 %.
𝑆𝑟𝑤 = 𝑅𝑒ℎ𝑎𝑏𝑖𝑙𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙, 50 𝑦𝑒𝑎𝑟𝑠.
𝑆𝑟𝑤 = 𝑇𝑖𝑚𝑒 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 𝑡𝑜 𝑡ℎ𝑒 𝑛𝑒𝑥𝑡 𝑟𝑒ℎ𝑎𝑏𝑖𝑙𝑖𝑡𝑎𝑡𝑖𝑜𝑛, [𝑦𝑒𝑎𝑟𝑠].
Costs for replacement/rehabilitation of the rotor windings:
𝐾𝑟𝑤 = 𝑓𝑟𝑤 ⋅ 𝑅𝑠

(22)

𝑓𝑟𝑤 = 𝐶𝑜𝑠𝑡𝑓𝑎𝑐𝑡𝑜𝑟, 𝑝𝑟𝑜𝑝𝑜𝑠𝑒𝑑 0,122.
𝑅𝑠 = 𝐶𝑜𝑠𝑡 𝑓𝑜𝑟 𝑟𝑒𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡/𝑟𝑒ℎ𝑎𝑏𝑖𝑙𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑡𝑎𝑡𝑜𝑟 𝑤𝑖𝑛𝑑𝑖𝑛𝑔, [𝑁𝑂𝐾].
Reduced life expectancy corrected for operating time:
𝐿𝑟𝑜𝑡𝑜𝑟,𝑤𝑖𝑛𝑑𝑖𝑛𝑔 = 𝑄 , 𝑠𝑒𝑒 𝑒𝑞. (8)

10. Cost for lifetime reduction of the Stator windings
The cost for lifetime reduction of the stator windings are calculated as:
𝑄
𝑟 ⋅ 𝑒 −𝑟⋅𝑆𝑠𝑤,1
𝐾 = 𝑅𝑠 ⋅
⋅
8760 1 − 𝑒 −𝑟⋅𝑆𝑠𝑤

(23)

𝐾 = 𝑆𝑡𝑎𝑟𝑡/𝑠𝑡𝑜𝑝 − 𝑐𝑜𝑠𝑡 𝑓𝑜𝑟 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑡𝑎𝑡𝑜𝑟 𝑤𝑖𝑛𝑑𝑖𝑛𝑔𝑠, [𝑁𝑂𝐾].
𝑅𝑠 = 𝐶𝑜𝑠𝑡 𝑓𝑜𝑟 𝑟𝑒ℎ𝑎𝑏𝑖𝑙𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑡𝑎𝑡𝑜𝑟 𝑤𝑖𝑛𝑑𝑖𝑛𝑔𝑠, [𝑁𝑂𝐾]. 𝑠𝑒𝑒 (9)
𝑄 = 𝑄𝑢𝑜𝑡𝑖𝑒𝑛𝑡 𝑜𝑓 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑑𝑢𝑒 𝑡𝑜 𝑜𝑛𝑒 𝑠𝑡𝑎𝑟𝑡 𝑎𝑛𝑑 𝑠𝑡𝑜𝑝 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑜𝑡𝑎𝑙
𝑢𝑠𝑒𝑑 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 𝑑𝑢𝑟𝑖𝑛𝑔 𝑜𝑛𝑒 𝑦𝑒𝑎𝑟. 𝑆𝑒𝑒 𝑒𝑞. (8).
𝑟 = 𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑐𝑢𝑟𝑟𝑒𝑛𝑐𝑦, 4 %.
𝑆𝑠𝑤 = 𝑅𝑒ℎ𝑎𝑏𝑖𝑙𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙, 50 𝑦𝑒𝑎𝑟𝑠.
𝑆𝑠𝑤,1 = 𝑇𝑖𝑚𝑒 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 𝑡𝑜 𝑡ℎ𝑒 𝑛𝑒𝑥𝑡 𝑟𝑒ℎ𝑎𝑏𝑖𝑙𝑖𝑡𝑎𝑡𝑖𝑜𝑛, [𝑦𝑒𝑎𝑟𝑠].
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Formulas for calculations

APPENDIX 1

11. Rehabilitation cost of the turbine
These costs re calculated as:
𝐾 = 𝐾𝑡𝑢𝑟𝑏𝑖𝑛𝑒 ⋅

𝑟
𝑆𝐿
⋅
−𝑠
1 − (1 + 𝑟) 𝑟𝑖 𝑆𝑆

(24)

𝐾 = 𝑆𝑡𝑎𝑟𝑡/𝑠𝑡𝑜𝑝 − 𝑐𝑜𝑠𝑡𝑠 𝑓𝑜𝑟 𝑟𝑒ℎ𝑎𝑏𝑖𝑙𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑢𝑟𝑏𝑖𝑛𝑒, [𝑁𝑂𝐾].
𝐾𝑡𝑢𝑟𝑏𝑖𝑛𝑒 = 𝐶𝑜𝑠𝑡𝑠 𝑓𝑜𝑟 𝑜𝑛𝑒 𝑡𝑢𝑟𝑏𝑖𝑛𝑒 𝑟𝑒ℎ𝑎𝑏𝑖𝑙𝑖𝑡𝑎𝑡𝑖𝑜𝑛, [𝑁𝑂𝐾].
𝑟 = 𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑐𝑢𝑟𝑟𝑒𝑛𝑐𝑦, 4 %.
𝑠𝑟𝑖 = 𝑅𝑒ℎ𝑎𝑏𝑖𝑙𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙, 𝑝𝑟𝑜𝑝𝑜𝑠𝑒𝑑 20 𝑦𝑒𝑎𝑟𝑠.
𝑆𝐿 = 𝑆ℎ𝑎𝑟𝑒 𝑜𝑓 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑐𝑜𝑠𝑡𝑠 𝑑𝑒𝑝𝑒𝑛𝑑𝑖𝑛𝑔 𝑜𝑛 𝑠𝑡𝑎𝑟𝑡 − 𝑠𝑡𝑜𝑝, 0,1.
𝑆𝑆 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑛𝑛𝑢𝑎𝑙 𝑠𝑡𝑎𝑟𝑡𝑠 𝑎𝑛𝑑 𝑠𝑡𝑜𝑝𝑠 𝑐𝑦𝑐𝑙𝑒 𝑓𝑜𝑟 𝑎 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑠𝑡𝑎𝑡𝑖𝑜𝑛, 150.
𝐾𝑡𝑢𝑟𝑏𝑖𝑛𝑒 = 𝐾𝑓𝑖𝑥𝑒𝑑 ⋅ 𝐾1 + 𝐾𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 ⋅ 𝐾1 ⋅

𝑀
𝑀𝑟𝑒𝑓

(25)

𝐾𝑓𝑖𝑥𝑒𝑑 = 𝐶𝑜𝑠𝑡 𝑓𝑜𝑟 𝑟𝑒ℎ𝑎𝑏𝑖𝑙𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑡𝑢𝑟𝑏𝑖𝑛𝑒,
𝑓𝑖𝑥𝑒𝑑 𝑠ℎ𝑎𝑟𝑒, 𝑝𝑟𝑜𝑝𝑜𝑠𝑒𝑑 2 389 980 𝑁𝑂𝐾 (𝑝𝑟 01.01.2013). 11
𝐾𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 = 𝐶𝑜𝑠𝑡 𝑓𝑜𝑟 𝑟𝑒ℎ𝑎𝑏𝑖𝑙𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑡𝑢𝑟𝑏𝑖𝑛𝑒,
𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 (𝑠𝑖𝑧𝑒 𝑑𝑒𝑝𝑒𝑛𝑑𝑒𝑛𝑡)𝑠ℎ𝑎𝑟𝑒, 𝑝𝑟𝑜𝑝𝑜𝑠𝑒𝑑 3 150 720 𝑁𝑂𝐾 (𝑝𝑟 01.01.2013). 12
𝐾1 = 𝑃𝑟𝑖𝑐𝑒 𝑖𝑛𝑑𝑒𝑥.
𝑀 = 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑢𝑟𝑏𝑖𝑛𝑒 [𝑡𝑜𝑛], 𝑠𝑒 𝑓𝑜𝑟𝑚𝑢𝑙𝑎 (6).
𝑀𝑟𝑒𝑓 = 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑡𝑢𝑟𝑏𝑖𝑛𝑒 𝑤𝑖𝑡ℎ 150 𝑠𝑡𝑎𝑟𝑡⁄𝑠𝑡𝑜𝑝 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟, 250 000 𝑘𝑔.
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1 500 000 NOK= 1 607 430 SEK (pr 01.01.2000, Oanda currency exchange)

Price index for mechanical equipment between 2000 to 2013 = 1,73657 (Construction cost index for
mechanical equipment, Elforsk). This gives us today's annual maintenance on 2 791 415 SEK= 2 389
980 NOK (pr 01.01.2013, Oanda currency exchange).
12
3 000 000 NOK= 3 178 620 SEK (pr 01.01.2000, Oanda currency exchange)
Price index for mechanical equipment between 2000 to 2013 = 1,73657 (Construction cost index for
mechanical equipment, Elforsk). This gives us today 5 519 896,1 SEK= 4 726 080 NOK (pr
01.01.2013, Oanda currency exchange).
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