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1. Introduction

Indeed, wind power is about to play a major roléhie European transition to a more climate
friendly production of energy, reducing the needdonventional energy production and the
threat to energy security. During the last 20 y#laesvind power generated output has
increased to more than 100 TWh from the small ®hTmost of it in countries like
Denmark, Germany and Spain. But in several othentcies the wind power development is
ready for departure and among these countriesngdeNorway. In 2000, ten years after the
enactment of the new Energy Act, which laid thealdgundation for the liberalization of the
Norwegian electricity market, the target of 3 TWinaal production of wind energy by 2010
was launched. The ambitious target was accompdyi¢ide establishment of the public
company Enova, which responsibility was to enswmestic wind energy investments and

provide financing through the new Energy Fund.

For wind power, like all other new renewable enesgyrces, the long-run marginal cost
exceeds the market price. In a liberalized competiarket we would expect to see
investments if and only if the long-run marginastequated the market price. In other words,
we should not expect any new investments in wiretggnas long as the competitive market
principle is not fulfilled. However, the rapid déepment of wind power and the
establishment of public financial institutions liEmova underscore the political will to
subsidize the wind industry. Given that societgléint important to invest in wind power, it is
important to acquire knowledge about the magnitafdee subsidy in the future. Even though
society chooses to support wind power financiatlig in society’s best interest to minimize
the subsidy. The main purpose of this thesis sgudy the grid parity of Norwegian wind
power. Grid parity is defined as the point at whiicl cost of electricity from wind power will
equal the cost of producing electricity by tradiib means without taking into consideration
subsidies. For a technology to reach its grid paitther the market price must increase or the
long-run marginal cost decrease. By estimatingreuainergy prices, information about the
future price development can be obtained. By idgnty the cost components and estimate
their value, calculation of the long-run marginastis obtained. Comparison of the two will
provide information on whether or not Norwegian evpower will reach its grid parity,

hence, if there will a need for subsidies in thefe.

The wind power industry is capital intensive, achmas 75 to 80 percent of the total cost is

related to upfront capital costs while the operadad maintenance cost attribute to the

1



remaining 20 to 25 percent. Further, the wind tuelgost attributes to approximately 70-80
percent of the total capital cost, which means éngtfuture cost decrease in large part must
come from the turbine producers or more efficiambines. The information from the capital
and operational and maintenance cost breakdowbhd®sused to calculate the long-run
marginal cost for 12 of the Norwegian wind farmsefhhave gotten their application for
concession approved by the energy authoritiesIdrgerun marginal cost, also referred to as
the levelized production cost (LPC), is calculatedange between approximately 0,5
NOK/kWh and 0,7 NOK/kWh with a discount rate of &@ent. In order to estimate the future
price development, a scenario for 2025 has beealalged. The future price is estimated by
the use of the BID-model for Norway and the neigifmptrade partners, and is for Norway
reported at an average NOK 0,33.

It then remains to see whether or not it is realslent® expect the cost of wind power to
decrease. Studies of experience curves show thatithine price is expected to decrease

between 2 to 8 percent when the cumulative prodnatoubles (Neij et al., 2003).

The rest of the thesis is organized as follow<h@apter 2, a brief review on how wind power
entered the Norwegian political agenda is provid&thpter 3 describes the policies for
promoting the development of wind power, with engps@&n the Norwegian model for
subsidies. Chapter 4 describes the developmeninaf power and other energy sources in
EU27 and Norway. In Chapter 5 an equilibrium maosigh hydro power and wind power is
presented, as well as cost calculation methodolGhgpter 6 describes the components of the
costs related to wind power and calculates thdileaekproduction costs for 12 Norwegian
wind farms. The discount rate and the annual eneuogjyut have a major impact on the level
of the LPC, and the chapter provides a thorougtudsion on the two factors. Chapter 7 uses
scenario methodology to estimate future electrigigrket prices for five of the Norwegians
price regions and the neighboring trade partneqsofted in the Appendix). Chapter 8
establishes a Salter-diagram which illustratesttimatNorwegian wind power industry has yet
to reach its grid parity. It also briefly discussles future development of wind power costs.

Chapter 9 concludes the thesis.



2. Renewable energy: How the focus emerged

The main purpose of this chapter is to provide wmadew of how the focus on new
renewable energy in Norway emerged. The chaptéslabthe regulation period — the time
period from the 1950s to the end of the 1980s,thadleregulation of the Norwegian energy
market through the introduction of the Energy At1890. The chapter then briefly considers

some environmental issues in regard to wind power.

2.1 The regulation period

The Energy Act of 1990 laid the legal foundatioasthe Norwegian energy market reform.
The main motivation for the reform was an increggiissatisfaction with the performance of
the sector in terms of economic efficiency in reseuwtilization, particularly in regard to
investment behavior, which caused capacity to ekdeenand (Bye & Hope, 2005). To reach
the socially optimal development of power plant®, plants should be ranked according to
their long run marginal costs and no projects sthtwel developed before the long run

marginal cost equated the market price.

Historically, there has been no direct link betwesarket prices and investment. During the
regulation period, all investments in productionl &fnsmission capacity were subject to cost
reimbursement. In the years before 1979 governemumted average costs to prices.
Investment decisions were based on energy progmposesied by the government and in
principle any increase in demand should be coveyadcreasing supply. This led to

overinvestment in power production.

In 1979 a new pricing rule was implemented. Nowitiwvestment decisions should be based
on the long run marginal cost principle (see Chap}eln a free market the marginal cost
principle says that investment can take place wheprice equals long run marginal costs.
However, during the 1980s prices were still reqadaty the government. The government
used the long run marginal cost as a price criver&her than an investment decision rule.
The result was inefficient utilities and output rnmakzation to ensure adequate supply. In
addition different prices were set for differenhsamers, which led to inefficiencies and
welfare losses. Bye & Hope (2005) points to Midt{a@87) to outline the political discussion
on investment and pricing in Norway during the 19681980s. Midttun’s conclusions
include the following: (i) Production capacity itate-owned companies had not increased

following increases in marginal costs. (ii) The mrwrice had never been high enough to



cover the marginal cost of expansion. (iii) Theangion of capacity had led to excessive
investments. After 1979, when the investment rdilequating prices to marginal costs was
introduced, politicians wanted to lower the disdoate on investment projects to secure

lower prices.

It is obvious that throughout the whole regulatpamiod, politicians tried to avoid higher
electricity prices. They wanted to keep priceslstalnd planned investment from a goal of
having stable prices. Inefficiencies in transmissand distribution and inefficiencies in the
market were other market imperfections that weeatified during the regulation period, see
Bye & Hope (2005, p.7-8) and Bye & Halvorsen (1998)

2.2 Liberalization of the energy market

A full opening of the Norwegian electricity markeas carried out through the introduction of
Act no. 50 of 29 June 1990: Act relating to theggation, conversion, transmission, trading,
distribution and use of energy etc. The purpogh@fict is given in Section 1-2: The Act
shall ensure that the generation, conversion, tnégsson, trading, distribution and use of
energy are conducted in a way that efficiently potas the interests of society, which
includes taking into consideration any public anggie interests that will be affected. Bye &

Hope (2005) highlights the main elements of thevdmjian electricity market reform:

e The market was designed to be a regular spot maré@tporating demand. The
market was immediately open to all potential buyersuding households.

e Common carriage principles requiring access tom#twork system on a transparent
and nondiscriminatory basis facilitated market-lasade.

e The state-owned giant Statkraft was split verticalto two separate legal entities:
The generating company, Statkraft SF, and therimessson company, Statnett SF.
Other vertical integrated companies were split ggaerating or trading divisions and
network divisions.

e The network companies were subject to natural molyagulations designed to
achieve economic efficiency in network operatidnsl997, income frame regulations
were introduced instead.

e Privatization of the power sector was politicallyagceptable. Therefore the market

liberalization reform was implemented without ches@n ownership.



The deregulation of the market was expected todamestment, reduce and equalize prices

between consumers, lower net tariffs, and raisedteeof return on investment.

During the regulation period the public attempte@dquate prices to long-run marginal costs.
Theoretically, long-run prices should then reflectg-run marginal costs, and excess capacity
should not be possible. However, during the reguigberiod excess capacity was the case.
One of the reasons was that the energy-intenstiestries paid prices corresponding to 25
percent to 33 percent of the long-run marginaldtices were set to match the energy-
intensive industry’s competitiveness and not frown dlternative value in the market. Another
reason was that excess production in relation toadtic demand was sold on the
international market in the form of occasional poatelow prices. The producers could then
keep prices relatively high in the domestic madad sell the excess production on the
international market. A third reason for excessacéty was the spilling of up to five per cent
of the inflows during the periods of spring meltiaugd fall rains. A fourth argument was that
there did not exist a ranking of the not-developegjects. Finally, when the new marginal
cost pricing rule was introduced in 1979, the eleity tax was included in the long-run price.
Hence, the long-run prices were in fact lower tfeed by the investors.

Due to the deregulation of the Norwegian electyionarket, previously excess capacity
competes in the market. When excess capacity caspethe market, electricity prices are
below long-run marginal costs in the short and mediun. This persists until demand
increases and production capacity constrains groitbn prices increase again and stimulate
further investment. The deregulation also put amlesard pressure on prices by generating an
expected efficiency gain in terms of operating s@std investment costs. Finally, it led to

price equality between consumers.

During the regulation period and the first six ygeafter the 1991-deregulation, Norway was a
net exporter of electricity. But investments in ngneduction had already started to decline in
the early 1980s. This was mainly because of a sharpase in the marginal cost of
expansion and environmental concerns (Bye and Hjf#5). After deregulation, investment
continued to fall. On the other hand, demand irsgdaNorwegian capacity was restricted
and prices increased. In his new year’s speecB0i ,2he Norwegian prime minister outlined
that new investments in large hydro power is o8a@rce then politicians have seemed

unanimous in the blocking of new investments inrbyduclear and other thermal plant



technologies. The only feasible alternatives seebetnew renewable technologies like solar,

biomass, wave, and on- and offshore wind energy.

2.3 New renewable energy

Ten years after the introduction of the Energy &ckrgy economization and new renewable
energy entered the political agenda. Concerns degathe security of supply and
environmental issues were the main motivationghénNorwegian economy approximately
99 per cent of the electricity production is progddy hydro power, which means that the
electricity prices are volatile to dry or wet seas0At the same time, due to environmental
issues, the government wanted other productiomaitiees than fossil fuels and hydro
power. This is underscored in the Proposition eo@uelsting nr. 35 (2000-2001):

The main target for the energy policy is to maimt@n effective and secure
supply of energy...The government’s objective is¢cbead of the market
development. Measures on energy economizatiodesiseuse of energy in
heating and new renewable energy production, shaliribute to future
solutions in the case of enerty.

The proposition also sets the targets for energglymetion from renewable energy, inclusive
wind power:

The targets for the restructuring of the energymseare...the production of 3
TWh from wind power by the year 2010.

The author has not been able to find good explanatbehind the 3-TWh-target. However, it
is claimed that 3 TWh was what was considered twitign the reach with the existing

support mechanisms.

The Norwegian Water and Energy Directorate (NVE tie responsibility for the formal
concession process on investments in new energgagsand the grid. The proposition
claims that there is a conflict of interest betwdsmaximization of the general public
interest, which is the NVE’s main purpose in regarthe concessions, and the introduction
of new renewable energy. Since the developmenird energy projects takes several years,
the Ministry of Oil and Energy claims that probleomuld occur in the transferring of money
between annual budgets. They conclude that thigtgcthould be outsourced from the NVE.
In Recommendation nr.122 to the Storting (1999-2@0€ majority voted for an independent

institution:

L Author’s translation.



The majority points out that the NVE should beeedid from the task of
coordination and clarification in regard to suppurt..energy production. On
this background the majority proposes the estafikstt of a new state-owned
company...The (company’s) objective should be tohidhe targets set within
electricity economization, the transition from etesity to heat, and wind
power?

This provides the fundament for the establishméthtestate-owned company Enova SF,
which was established in 2001. Through Recommemndaiti.59 to the Odelsting (2000-
2001), Enova’s mandate was to coordinate the reftham of energy usage and design a new
financing model suited for the introduction of wipdwer and other renewable energy
sources. Enova SF was also handed the responsibilia new energy fund, established
January 2002, and to increase the production afgrfeom wind power with 3 TWh, starting
in 2000. The regulation responsibilities for theeEgy Fund were handed to the Ministry of
Oil and Energy. The fund should support and enthatassets were used in a productive way
as possible for providing predictable financial goigt in the advantage of investments in
renewable energy. The fund was financed througtyth tariff, which at the date of
establishment was 0,3 Ngre/kWh. From July 2004&h# increased to 1 Ngre/kWh, which
implies approximately an annual tax increase of NZOR for a household that consumes
20000 kWh per yedr The Energy Fund also finances the operatiorstl foo Enova SF.

2.4 Environmental issues

Besides energy supply issues, the environmentaleros have been the primary argument for
the investment in, and transition into, low carlzeai energy production. One of the major
papers on the environmental issue is the SterneReon the Economics of Climate Change
released in October 2006. Although not the firgineenic report on climate change and
global warming, it is significant as the largestl anost widely known and discussed of its
kind. According to Stern (2006) climate changehis greatest and widest-ranging market
failure ever seen. To be able to cope with thesiasing emissions of CO2 the power sector
around the world will have to be at least 60 pet,cand perhaps as much as 75 percent,
decarbonised by 2050 to stabilize at or below 550@©D2¢&. Three elements of policy for
mitigation are essential: A carbon price, technglpglicy, and the removal of barriers to

behavioral change.

2 Author’s translation.

® The Norwegian average electricity consumptior08 kWh per year.

4 carbon Dioxide Equivalence (COZ2e) is a quantity tiescribes, for a given Greenhouse Gas, the anadunt
CO2 that would have the same global warming pagntihen measured over a specified timescale (géper
100 years).



While many of the technologies to achieve thisadseexist, such as wind power, the priority
must be to bring down their cost so that they canpete with fossil-fuel alternatives under a
carbon-pricing policy regime (Stern, 2006). Theiabcost of carbon is likely to increase
steadily over time because marginal damages inengdl the stock of green house gases in
the atmosphere, and that stock rises over times. §iould foster the development of
technology that can drive down the average coabatement. However, pricing carbon, by
itself, will not be sufficient to bring forth alhe necessary innovation, particularly in the early
years. The development and deployment of a widgeraf low-carbon technologies is
essential in achieving the deep cuts in emissioaisare needed. Experience shows that costs
of technologies fall with scale and experience bBarpricing gives an incentive to invest in
new technologies to reduce carbon. Indeed, withptitere is little reason to make such
investments. But investing in new lower-carbon texbgies involves risk. Companies may
worry that they will not have a market for theimnproduct if carbon-pricing policy is not
maintained into the future. And the knowledge gdifrem research and development is a
public good; companies may under-invest in projasts a big social payoff if they fear they
will be unable to capture the full benefits. Thiaere are good economic reasons to promote
new technology directly. Policies to support thekeafor early-stage technologies will be
critical. Different support schemes for the prorantof renewable energy will be discussed in
Chapter 3. The investments made in the next 10e2@sycould lock in very high emissions
for the next half-century, or present an opporgutotmove the world onto a sustainable path.
Calculations based on income, historic responsjiaind per capita emissions all point to rich
countries taking responsibility for emissions reauts of 60-80 percent from 1990 levels to
2050.

Markets for low-carbon energy products are likelyoe worth at least $500bn per year by
2050, and perhaps much more. According to the Seaiew (2006), individual companies

and countries should position themselves to takaratdge of these opportunities.



3. Policies for promoting the development of wind power

Due to high fixed costs, low running costs andidyféong lifetime, economics of wind
turbines have not yet reach its grid parity. Hemdged power is highly dependent on stable
and long-term agreed payments for the turbine’stietgty production. Characteristic for the
three top wind energy producing countries, Germ&mgin and Denmark, is that they have
introduced long-term agreements on fixed feed-iififtaand that these feed-in tariffs are
fixed at relatively high levels. It seems like th&oduction of the standard payment schemes
has had a significant influence on the wind turldegelopment in these countries (Morthorst,
1999a). Denmark, Germany and Spain together cowee than 80 percent of the total
European wind energy capacity. Norway, on the dtlaexd, was part of green certificate
regime with Holland until the beginning of 2003, evhHolland withdrew from the

agreement. Then Norway introduced a competitiveibglincentive scheme, which in terms

of absolute capacity growth has proved less effedtienanteau et al., 2003).

During the past few years, a number of differericganstruments have been used to
promote the development of wind power. In addit@iearbon and energy taxes on the
production from conventional energy supply techgws, these instruments or support

schemes fall into three main categories that dheeprice-based or quantity-based:

e Feed-in tariffs, used particular in Germany, Spand Denmark.

e Bidding processes, such as the one used in Norway.

e Tradable green certificates schemes, where elggtsigppliers are obliged to produce
or distribute renewable energy. This type of instent is used in Sweden, but could
eventually be extended to all European countriesn@hteau et al., 2003).

This chapter deals with the three incentive schethesigh with a more thorough description

of the Norwegian model.

3.1 A closer look at the Norwegian model

One of the objectives of the establishment of Engaa to establish a more cost effective
approach to new renewable energy. In order to deglich wind power plant to receive
support, Enova ranks the different projects acogrdo energy results, defined as NOK/kWh,
the projects economical lifetime and the targe? @Wh wind power by 2010. Generally
projects with low costs relative to generated effat by definition be competitive by

themselves and not receive payments from the Erfauggl.



In 2002 Enova released its investment support seHenmwind power. In addition a program
for the benefit of research on wind power was ihiied. The investment support scheme
provides a maximum of 20Ngre/kWh per year, limti@éh maximum of ten per cent of

approved investment costs set to max six milliorkNg&@r MW installed capacity.

The Enova support shall not over-compensate thd pfiojects. The policy shall trigger
investments, which means that the project wouldoeastarted without the support from
Enova. The term over-compensation means that thjeqtrshall not receive a larger relative
economical support than what is needed in ordeotstruct the wind farm. The investment
support is based on the project’s net present \aaéysis, including the project’s expected

rate of return or discount rate. Enova bases itgsta on the following factors:

e A discount rate of 8 percent.

e The lifetime, given as construction time plus 2@rgeof production.

e Electricity prices, based on the six monthly thyears forward on the Nord Pool
given at the date of appliance.

e Income, calculated from the electricity price muligd by expected production.

e Exchange rate at the date of appliance.

In addition the project must provide a climate mepioacluding documentation on all
environmental implications, a tentative offer fréime turbine company, including total costs
and type of turbine, a statement from the grid canypon excess grid capacity and a project
description which includes capital investment cosgerating costs, tentative financial plan
and a plan of progress. The projects are then atedifrom two main criteria: (i) The projects
financial plan and the size of needed economigabst and (ii) project costs in relation to

the energy result (kwh).

A new model for financing the Energy Fund was idtroed in 2004. From being financed
through the national budget, the new model intredug mark up on the grid tariff. This mark
up was set to 1Ngre/kWh, which provides the Enéngyd with approximately 650 million

Norwegian kroner per year.

Enova is obliged to document the achievements aed that through the release of a yearly
report. In 2003 the contracted wind power resuk Wa0 GWh and the total support value
NOK 92 million. In 2004 the 1023 GWh wind power wamtracted upon, and the total
support value was NOK 384 million. 1 2005 the rapdrievel of production for 2004 fell to
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650 GWh, while the contracted wind power capaotyX005 was 585 GWh. The reported
value for 2003 in 2005 fell to 124 GWh. In 2006support to wind power was given. In
2007 NOK 218 million subsidized 260 GWh of wind poveapacity. | 2008 wind power was
subsidized with NOK 445 million, with an estimataeduction of 276 GWH. In 2009 the
results for 2008 were changed to NOK 93 million &6dGWh. Obviously the energy results
differ from year to year. The projects given sup@dra given date are not obliged to start
construction and have the right to reject the supgred reapply at a later date. Usually the
reason for rejection has been that the projects daagreed in the amount of support given.
In 2006 no support was given due to uncertaintamdigg future support schemes. At that
time Sweden and Norway discussed the possibility miutual Norwegian-Swedish green
certificate market. The Norwegian government codetthat a common certificate market
would become too expensive for the Norwegian comsarand industry and wanted instead

to improve the already established instruments.

Support
Project Owner District mill.NOK GWh Year Status
Smgla Statkraft Energi AS Smgla 72 120 2001 In operation
Sandhaugen Norsk Miljpkraft AS Tromsg 2,9 4 2003 In operation
Nygardsfjellet Narvik Energi AS Narvik 4,2 24 2003 In operation
Nord-Trgndelag
Hundhammerfjellet Elektrisitetsverk Naergy 35 10 2003 In operation
Hitra Hitra Vind AS Hitra 33,2 155 2003 In operation
Smgla Statkraft Energi AS Smgla 66,6 330 2003 In operation
Hundhammerfjellet NTE Neergy 65 150 2004 In operation
Valsneset Trgnderenergi Kraft Bjugn 30,7 35 2004 In operation
Bessakerfijellet Trgnderenergi Kraft Roan 100 155 2005 In operation
Gartefjellet Kjgllefjord Vind AS Lebesby 86 150 2007 In operation
Under
Mehuken 2 Kvalheim Kraft Vagspy 93 65 2008 construction
Hog Jaeren Jeren Energi Time og Ha 511,6 200 2009 Contracted
Fakken Troms Kraft Karlsgy 346,4 200 2009 Contracted
Hundhammerfjellet 2 nTE Neergy 16,4 10 2009 Contracted
Nygardsfjellet 2 Nordkraft Vind Narvik 200,1 123 2009 Contracted
Sum 1663,1 1731

Table 3.1: Wind energy results 2001-2009 (Sourceva).

Table 3.1 sums up the wind energy results for greod 2001-2009. Only projects in

operation, under construction or under contradh \Ethova are enlisted. During the period
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2001-2009 a total of 1731 GWh of wind power haweeneed support, with the total value of
NOK 1663 million. In summary, the amount paid p&Wsis approximately NOK 1 million.

3.2 Support schemes to renewable energy
The following sections describe the incentive scbemost used within the European energy

market.

3.2.1 Green certificates

The main characteristics of a green certificateketaare the following: All consumers are
obliged to buy a certain share of their total éleityy consumption from renewable energy
technologies. All renewable energy technologieduiting wind power, biomass and biogas
plants, photovoltaics, wave power, geothermal anallshydro plants, will be certified for
producing green electricityPer unit (kWh) of electricity produced they wiliceive a green
certificate, which can be sold to distribution cani@s or other electricity consumers with the
obligation to cover a share of their electricityqysamption with green power. The market will
function solely as a financial one restricted dmythe upper limit of green certificates, which
cannot exceed the amount of electricity producethbyenewable technologies.

3.2.2 Feed-in tariffs

The feed-in tariff scheme involves an obligationtloa part of electric utilities to purchase the
electricity produced by renewable energy producetBeir service area at a tariff determined
by the public authorities and guaranteed for aifipgeriod (Menateau et al., 2003). The
electricity that is generated is bought by thatytdbove market price. For example, if the
market price for electricity is 0,35 NOK/kWh, thdre rate for green power might be 0,8
NOK/kWh. The difference is spread over all the oastrs of the utility. If NOK 10000 worth
of green power is bought in a year by a utilitytthas 500000 customers, then for each
customer NOK 0,02 per kWh is added to the eledthitbannually. In a feed-in tariff system
the producers of renewable energy (i.e. wind poass)encouraged to exploit all available
generating sites until the marginal cost of prodgavind power equals the feed in tariff. If
the feed in tariff is set tp;,,, the amount then generated correspondg,tp(see Fig. 3.1).
Generally, the long-run marginal cost curve iskmaiwn, hence the amount generated is

uncertain a priori.

® The definition of renewable energy is based orQ#edish Proposition to parliament 2002/02:40 @agstad
et al., 2004, p. 15).
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Fig. 3.1: Feed-in tariff (Source: Menanteau et2003).

All projects with a long-run marginal cost lessegual to the tariff will benefit from this kind
of incentive regime. The difference in quality @frious sites leads to the attribution of a
differential rent, to the advantage of those pisj@ath the lowest production costs. The
overall costs of reaching the objective is giverth®y area;,, X q,,:- From Figure 3.1 we see
that the higher the feed-in tariff, the higher ¢hmntity of wind power generated, and of

course the higher the total cost.

3.2.3 Competitive bidding process

Through the competitive bidding processes, thelaegudefines a target for the amount of
renewable energy to be faced in, and organizesmpetition between renewable producers to
reach this target. This instrument has been inrub®rway since the establishment of Enova
in 2001, but it has also been applied in the UK larathce. The competition focuses on price
per kWh and through their bids the competitors atteeir long-run marginal cost curves (ex
post). It is Enova’s, or the respective countriesrgy authority’s, task to classify the bids in

increased order until the amount to be contragedached.

The amount to be reachedjig (Fig. 3.2). The marginal cosi,,;, is the price for the last
unit of wind power that enables the target to laeihed. The implicit subsidies attributed to
each generator correspond to the difference betieebid price and the wholesale market
price. In the competitive bidding system the exanbunt of wind power concerned by the
bids is a priori known. However, the marginal costves are not known a priori, hence the
total cost of reaching the target cannot be detexthiTheoretically, the overall costs of
reaching the target is given by the area situatetuthe marginal cost curve. Compared to

feed-in tariffs the differential rent paid to reredvle energy generators, does not have to be
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borne by the consumers over the electricity Hilis lworth noting that in the Norwegian
regime a tariff of 1 Ngre is added to the eledtyibill in order to contribute to the so called
renewable energy fund controlled by Enova.

Price A

Pout

»

din Quantity

Fig. 3.2: The Competitive bidding process (Soulenanteau et al., 2003).
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4. The European power sector

All though the total gross energy generation indper(EU27) has grown with 30 percent
during the last 20 years, the composition of thegraoutput has changed. Especially, there
has been a transition from oil-fired power plaotsiatural gas-fired plants, and renewable
energy has started to play a more important roteerenergy composition.

This section investigates the capacity developnmetite European energy sector for the
period 1990 to 2007. First it looks at the composibf the power output and how this
composition has developed during the time peridekrilit focuses on the development of
wind power production. The development within thegest European wind generation
countries will be discussed and the driving forleekind this development will be described.
Norwegian electricity generation will also be dissed and the development of wind power in

Norway will be described.

4.1 The development of wind power in the EU and Norway

As expected the total gross generation of eletyrinithe EU has increased at an average
annual growth rate of 1,5 percent (see Table 4.8B862 TWh in 2007 from 2854 TWh in
1990. For the whole time period the increase intatgty generation has been 30 percent.

1990 [ 1991 | 1992 | 1993 | 1994 | 1995 | 1996 | 1997 | 1998 | 1999 | 2000 | 2001 | 2002 | 2003 | 2004 | 2005 | 2006 | 2007

TWh | 2584 | 2628 | 2617 | 2617 | 2655 | 2733 | 2830 | 2841 | 2910 | 2940 | 3021 | 3108 | 3117 | 3216 | 3288 | 3309 | 3354 | 3362

% - i,7/-04/00 1529|3504 2410282903 |32)22]06]14]02

Table 4.1: Total annual gross electricity generatiad annual growth rate for EU27 (Source: Eurpstat

The European power output is composited by powartplmainly run by ten different energy
sources; Nuclear, coal- and lignite, natural anived gas, oil, hydro, wind, biomass and
geothermal power. In addition there are some smatlergy sources like photovoltaic in the
composition. Nuclear-fired and coal- and ligniteefl power plants have contributed to almost
half of the total production for the whole time jpek The generation from hydro power has
been stable around ten percent of the total gressrgtion.

There are two changes during the time period teatls a closer look. Firstly, there has been
a remarkable decrease in the use of oil-fired pgWaarts. At the same time the use of natural
gas in the generation of electricity has almogled in size. This trend is related to a large

transition from oil to gas in countries like Itapd the UK. Italy has reduced its dependence

on oil-fired electricity generation with 65 percewhile the reduction in the UK has been
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more than 85 percent. At the same time, Italy haseased the power output from natural gas
from 50 TWh to 172 TWh, while there has been a ictamably larger increase in the UK to
164 TWh from the small 3 Twh in 1990. Secondly, degelopment of renewable energy, and
especially wind power, has played an important.rohee European wind power capacity has
increased to 104 TWh in 2007 from 0,7 TWh in 19906mpared to the growth rate of other
energy sources, wind power is by far the energycsowith the largest relative growth rate.
Wind power now constitutes more than three perottutal gross electricity generation in
Europe. Figure 4.1 shows the annual total grasstratity generation by energy sources and

Figure 4.2 shows the changes in the power outpuposition by energy sources.
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Fig. 4.1: Total gross electricity generation diddeto the specific energy sources (Source: Eutpsta

The power supply in Norway is primarily from hydleetric power plants. Of the total
production in 2007 of 137 TWh, 135 TWh was from toglectric plants, 900 GWh was wind
generated, 730 GWh was generated by natural-gaspgiower plants, 432 GWh was from
biomass. The Norwegian electricity generation \sadee to dry and wet seasons. 1996 was a
record low with only a generation of 103 TWh, whihe record high was 142 TWh in 2000.
Figure 4.3 shows the development of the energyunaipmposition for the three sources with
the largest growth in the Norwegian electricity kedr As shown, wind power has had a rapid
development since 2002, which is related to thabdéishment of Enova as mentioned above.
Natural gas-fired electricity generation also giva fast pace due to the construction of the
natural gas power plant in Karstg. In addition kassifired power plants have become a new

source in the energy mix.
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Fig. 4.2: Changes in power output composition bgrgy sources for EU27 1990-2007 (Source: Eurostat).
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Fig. 4.3: Changes in power output from wind energtural gas and biomass for Norway 1990-2007 (&our
Eurostat).

4.2. Capacity Development of wind turbines in Europe and Norway

In the recent years wind power in the EU has deezlat a rapid pace with an average
capacity increase of 34 percent per year in the period 1990 to 2007. The end of 2007
statistics on European accumulated wind power priboiu shows a total installed volume of
104259 GWh. The installed wind power capacity wasenthan 75 times higher in 2008 than
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1990. The main part of the capacity growth has iekted to relatively few countries,
namely Denmark, Germany and Spain. Figure 4.4 shiogvsapacity development in these
three countries, which together covered more tHapercent of the total European wind
turbine capacity in 2007. As shown in Figure 45érmany in particular has had a rapid
development. In 1991 the total accumulated germrat Germany was approximately 215
GWh. By 2007 the average annual increase in pramuatas approximately 2 TWh and the
total installed wind power production capacity ve&®ve 39 TWh. Similar trends are found in
Denmark and Spain, although not to the same ex@grthe end of 2007 the total output from

wind turbines in Spain was more than 29 TWh andr@boTWh in Denmark.

During the past few years a number of differentqyahstruments have been used to promote
the development of wind power. Among these can betimned: investment and production
subsidies, power purchase agreements, tax creditsfferent ownership and carbon and
energy taxes on the production from conventionatgnsupply technologies (Morthorst,
1999a). According to Morthorst (2000) the feedarifts have made it highly profitable to

establish new wind turbines in Denmark.
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Fig. 4.4: Annual wind turbine capacity developmienGermany, Denmark and Spain (Source: Eurostat).

Wind turbines are highly dependent on stable ang-term agreed payments for the turbine’s
electricity production and this is related to thoditcal willingness to introduce and retain
such standard payment schemes (Morthorst, 1998ayaCteristic for the three above-
mentioned countries is that they have introducedeskinds of long-term agreements on
fixed feed-in tariffs, and that these feed-in fardre fixed at fairly high levels. Germany
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started a feed-in regime in 1989 and Spain folloagtlin 1994. Both countries have the
same basic model. Via renewable energies acts (Beneare-Energien-Gesetz (EEG) in
Germany and the Real Decreto in Spain) that gueeamtid access for electricity from
renewable energy generation systems and that gréwd)-term compensation framework
(Ragwitz et al, 2005). Both the EEG and the ResdrBto support a broad portfolio of
renewable electricity technologies and orient canspéion to the costs of generating
electricity with the various relevant technologi@sgditional expenditures for additional
compensation are distributed among electricity nores's in accordance with consumers’
consumption. Nonetheless, the two energy actsrdiffa number of ways. Compensation in
Spain is oriented to the development of averagdretay price, while in Germany fixed
compensation levels, defined for each year in guesare guaranteed. Furthermore, plant
operators in Spain may choose between (i) fixedpmameation of about 6,5 €cents/kWh
(2004-values) or (ii) a bonus of about 3,6 centdikwaddition to the agreed electricity price
on the open market. Finally, compensation dependsgulated electricity rates.
Theoretically this should reduce investment segiRagwitz et al, 2005), but since annually
defined rates have not changed in the past yeaglssiace such changes are not expected in
the future, this arrangement has not had any negaipact on the development of the

Spanish electricity market.

In Germany feed-in rates are oriented more strotgyactual generation costs. When it comes
to wind energy, sites with less wind capacity getdy rates than sites with higher wind
capcacity. The EEG also provides greater diffeagiotn with regard to plant sizes. For nearly
all renewable energies, compensation follows arablogical digression. For example, would
photovoltaic systems installed on buildings in 208&ive a compensation for a 20-year
period, of 57,4 cents per produced kWh, plants lawylear later would receive 5 percent less
compensation over 20 years.

The Danish Government provides a subsidy to winbines, corresponding partly to an
effective refund of the energy and environmentagésathat are levied on the private
consumption of electricity (Morthorst, 1999a). lenark the long-term agreement on fixed

feed-in tariffs was introduced in 1984.

Inspection of Figure 4.4 shows that the effechefpayment schemes had an immediate
effect on wind turbine capacity development in Gangnand Spain. In Denmark the take off

in wind power investments were significant later.
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The average annual growth in Norwegian wind powedgpction has been more than 64
percent since 1992. Figure 4.5 shows the capaityt for Norway. The dotted line
indicates the 65 GWh of wind power capacity whiebeived payments in 2008 and which is
under construction and the capacity that has redgidayments for 2009. By inspecting
Figure 4.5 it seems that the subsidy regime inttedun 2001 through the establishment of
Enova SF and the Energy Fund has resulted in veslarge growth in wind power capacity
in Norway (see Section 3.1 for a closer look atNloewegian renewable energy policy). The
reader would probably notice the discrepancy batviiee wind power output reported in
Table 3.1 and the output reported in Figure 4.% fbinmer is based on the predicted
electricity generation, while the latter is theumdtgeneration reported by Eurostat. The
discrepancy may be explained by several factorghe€iwind measure methodology has not
adjusted for the geographical surface and henaetexptoo optimistic results with regard to
wind conditions, (ii) the lack of wind power expance has caused constructions of inefficient
wind sites, and (iii) the technological developmieas been slower than expected, i.e. the

growth in the turbine effect is less than first egjed.
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Fig. 4.5: Total accumulated wind power capacityNarway 1990-2009 (Source: Eurostat and Enova).

In Figure 4.6, the wind power capacity developnfenthe seven consecutive years after the
introduction of a payment schemes in the three tmsDenmark, Spain and Germany has
been compared by indexation to capacity developmedbrway after the establishment of
Enova. Surprisingly, Norway has had the most rgpaivth of the three countries. This could
be due to technology learning, the fact that tisartelogy is easier accessible or that the
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Norwegian payment scheme is more effective thas¢themes utilized in the three other

countries. A further investigation is beyond thegse of this paper.
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Fig. 4.6: Wind power development in Spain, Norw@grmany and Denmark (Index 1990=1 for Denmark,
Germany and Spain. 2001=1 for Norway) (Source: &atp
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5. Modeling wind power in a closed economy

Electricity in the Nordic power market is tradedtbe Nord Pool. The Nord Pool’s physical
market establishes a balance between supply ofleménd for electricity the following day.
A well-functioning power market ensures that eledir is generated wherever the cost of
generation is lowest at any time of the day. Ineesan demand must be balanced against
more expensive modes of generation. The marketgies indication of what it would take
to establish new generating capacity, i.e. it iaths the level of the long-run marginal cost
sufficient to increase wind power capacity. Throtigga Nord Pool market, every agent in the

Nordic power market is a price taker, they cannfitiénce the price in any matter.

This chapter argues that in a perfect competitiaeket where all agents are price takers,
economic efficiency is obtained by the maximizatodthe economy’s total surplus. It
establishes a simple model which shows that inesesswind power capacity is feasible
when its long-run marginal cost equalizes the nigskiee. The last section establishes the

long-run cost methodology or the levelized produtiost (LPC).

5.1 Competitive markets and economic efficiency

In chapter 2 we showed that the Norwegian eletyrioarket has been liberalized through the
Energy Act of 1990. Although, real world market&dsen achieve the ideals of the
competitive market, the Norwegian electricity markgfills some of the fundamental
competitive market assumptions. In a competitiveketaeach firm takes the price as being
independent of its own actions and outside itsrcbVarian, 1992). Lep be the market

price. Then the demand facing a competitive firkesathe form

Oifp>p
D(p) ={any amountif p=p
wifp<p

If a firm in a competitive market sets a price abtive prevailing market price, no one will
purchase its product. Since the firm in a competitharket must take the price as given, it

must choose output so as to solve
max, px — c(x).
The first order and second order conditions fom&gerior solution are
p=c'(x")
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c"(x)=0.

The termc’(x*) denotes the firm’s marginal cost or long-run maagcost. The long-run
marginal cost is defined as the cost of providingdditional unit of commaodity under
assumption that this requires investment in capasipansion. When dealing with wind
power, assessing the long-run marginal cost fungtidhe relevant approach to efficiency.
We will soon return to the calculation of the longy marginal cost function. The inverse
supply function denoted kpy(x) measures the price that must prevail in ordeaffimm to

find it profitable to supply a given amount of outpAs long as the second order condition is

fulfilled, the inverse demand function is given by

1) pl) =c'(x).

The condition in (1) defines the competitive edurilim. It is easy to see that in situations
where the long-run marginal cost of a given firnmigher than the price, the firm will

(should) not choose to produce positive levelsutpot.

To see how this can be used in a welfare analysigim for a moment to consider the
representative consumer’s choice. We will hererassthat the utility function is quasilinear,
on the formx, + u(x;) and thatu(x,) is strictly concavex; could here represent electricity
in general. The maximization problem for the repreative consumer, yields the following

first order condition

2 u'x)=p,

which requires that the marginal utility of the samption of electricity to be equal to its
price. In other words, (2) states that the margivilingness to pay for electricity equals
price. By combining equation (1) and (2), we sex the equilibrium level of output is given
by the condition where as the willingness to payelectricity equals its marginal cost of

production
@) uw) =c'(x).

What does this result imply? Economic efficiencghgracterized by a situation in which it is
impossible to generate a larger welfare total fthenavailable resources. In other words, a
situation where some people cannot be made bdttiey the reallocation of resources,
without making others worse off. In welfare an@ythis situation occurs by maximization of

the sum of the consumer’s and producer’s surplus
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max CS(x) + PS(x) = mfx[u(x) — px] + [px — cx]

which yields the same result as (3). Any deviafrom this equilibrium is by definition

economically inefficient.

5.2 An equilibrium model with hydro and wind power

The following model is based on a similar modelaleped by professor Finn R. Farsund at
the University of Oslo. We start out in a situatieith no positive wind power production, no
subsidizes and no climate polieyis the total demand for electricity,,, is the total amount
of electricity generated from hydroelectric powsy; is the total electricity generation by
wind power k,,, is capital in the production of hydro powey,; is capital in the production
of wind power.q, represents the price for capital and, fingllys the market price. It is
assumed that,,, > 0, e,;, < 0, e,,; > 0 and e,,; < 0. The maximization problem is then
given in (1)-(6).

(4)  maxy,, i, Pe — qk(kwa + kwi)
s.L.
B) e=eyst+ew
(6)  ewa = ewalkwa)
(1) ewi = ewi(kwi)
(8) ewa =0
9 e,=0
The problem is here solved by the use of the Lagaan
(20) L = p(ewalkwa) + ewilkui)) = qi(kwa + kwi) — Aewa(kwa) + ewi(kw)),

which gives the following first order conditions

6L
Skwa

(11) =0= pe\tva — 4k — Ae\sva =0,

oL ’ /
12) o =0 = pe,,; —qr — Ae,,; = 0.
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Fore,,; = 0, producers of hydroelectric power supply powetafhe point where price
equals marginal cost of producing hydro power, gilrg the equation

(13) p= -~

wa

The facing in of wind power without subsidizirg,; > 0, may occur under the following
condition

dk dk
(14) =

wa wi

Equation (14) shows that the long-run marginal aoghe production of wind power should
equal the long run marginal cost of hydroelectowpr. Given positive production of hydro
power and exogenous price, wind power could bedfau® the electricity market if and only
if the long-run marginal cost in the productiormohd power is less or equal to the market

price.

5.3 Cost calculation methodology

The cost of energy is expressed as the levelizediygtion cost (LPC) (Tande et al., 1994),
which is the cost of the production of one unit (kMevelized over the wind power station’s
entire lifetime. The LPC-methodology provides aailet description on the calculation of the
long-run marginal cost discussed in the previoetiae As pointed out above, the
application of the LPC is important when the cagt&ind energy are compared with market
price data and price forecasts. By comparing th€ bPthe wind turbines with market price,
an indication on the economic efficiency of windygo is provided. An LPC of the wind
turbines lower or equal to the market power predates economic soundness for wind
power. An LPC of wind turbines higher than the gricdicates that the long-run costs of one
unit of wind energy are higher than the market medor that unit, hence wind energy is
economic inefficient. The LPC is also important wtzechoice is to be made between wind
energy and other forms of energy systems. Basewsirefficiency, the system with the
lowest LPC should be selected. The same appliesdices between wind energy sites and

installation within a specific site.

Total net energy output and the total costs owetifatime of the power station are both
discounted at the start of operation by a predetetndiscount rate, and the LPC is derived

as the ratio of the discounted total c@f) and the annual net energy during ye@NE,).
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In the calculations all costs are discounted topttesent value. The LPC is given as

TC
Y ANE (1+71)t’

(15) LPC =

wheren is the number of years of economic lifetime ditlis the discounted present value of

the total cost of energy production
(16) TC=I1+3XI_,(OM, +SC, + RCH(A+7r)t =SV +1r)™,

wherel is the total investment co&t® M, is the operation and maintenance costs during year
t, SC; is the social costs during yeaR(; is the retrofit costs during yegrSVis the salvage

value aftem years andr is the discount rate.

The ANE, is described as the annual potential energy oupiit, with a number of corrected

factors
(17) ANE, = Epot : err * Ksite * Kava-

K,er is the performance factor as a function of dainyice, etc.Ky;, is the site factor as a
function of obstacles anki,,,, is the technical availability factor. The annuat energy
output is further discussed in Section 6.3. Fompdirty it is assumed that the annual net
energy is to be constant from year to year, heti¢g, = ANE. TheLPC can then be reduced

to

1 TOM

(18) LPC=1I- R(r,T)-ANE + R(r,T)-ANE

whereR(r,T)is the annuity factor described as

__r
S @+’

(19) R(r,T)=

andTOM is the total levelized annual «downline costs»

(200 TOM = R(r,T)" - XF_,(OM; + SC, + RCH(1 + 1)t =SV(1 +r)™

® In cases where interest is paid during construdtiom, the interest payment should be calculatdtertotal

investment! = {=1 I;(1 + )%, wherej is the number of investment paymentis discount rate ankj is the

investment part pait} years before the start of commercial operatiothefwind power instaliment.
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6. Costs of wind energy

This chapter focuses on the basic generation obstsvind power plant, both upfront and
variable costs. It describes the different costoi@cand the magnitude of the different cost
components relative to total costs. As the windgyeutput and the discount rate have major
impact on the long-run marginal costs for wind gyethese two topics are discussed in
separate sections. Finally, the levelized produactiost for 12 Norwegian wind farms is

calculated.

6.1 Capital cost break down

Although only the total investment is included e ftormula of the levelized production cost
function (LPC), an analysis of wind power costswddonclude a breakdown of the project
costs (Tande et al., 1994). A typical breakdowthefinvestment costs consists of the turbine
supply agreement (TSA), infrastructure includingland electrical works, substation, grid
connection and project management (Bryars & HA08). Krohn et al. (2009) reports that
the average turbine installed in Europe has hatih ¢ost of around €1,23 million/MW.
Further they report that on average 76 percerttietdtal cost, grid connection accounts for
around 9 percent and foundation for around 7 pérddre total investment cost varies
between countries, however, according to Krohrl.¢2809), IEA reports the total
investment costs for Norway at a little more tha@@0/kW. The variation is reported to be
between €1000/kW to €1350/kW. Of other cost compts)¢he main ones are grid
connection and foundations. Other cost componédsbntrol systems, land, electric
installations, consultants, financial costs, roeaisstruction and control systems adds to the
investment cost. Costs vary depending on turbire, slistance from grids, land ownership,
the property tax level and the nature of the $&ild connection is the single most important
cost component in addition to the turbine, follovigdelectrical cost and foundation cost.
Krohn et al. (2009) reports the upfront investneodt’s total share of total costs in
Norwegian wind power projects to be close to 7% @et, while other costs amount to 25
percent. They claim that the turbine cost approsaiye€900/kW. As they point out, the rule
of thumb for wind power capacity cost has been rddid1000/kW. However, there have been
great variations in the cost for wind power sin@@@ From 2001 to 2004 the global market
grew less than expected, with dramatic consequdncessts. For some projects costs were
reported as low as €700/kW. In the period 2005-20@8lobal market for wind power
increased by 30-40 percent annually, and demandifat turbines surged. Combined with

increasing raw material prices up until mid-200®& tost of wind power increased steadily.
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First Securities AS, a Norwegian investment baskireated turbine prices between
€3125000 and €3250000 in the first half of 2008 Huropean Commission assumes that
onshore wind energy cost will drop to €826/kW ir2@@nd €788/kW. This is consistent with
First Securities AS, who regards the first halR608 a historic peak.

The costs of wind turbine installation include rmya(Bryars et. al, 2008):

e Foundations

e Road constructions

e Underground cabling within the wind farm
e Low to medium voltage transformers

e Medium to high voltage substation

e Transport and craning

e Assembly and test

e Administrative, financing and legal costs

These cost elements typically amount for 16-32 grdrof total investments in a wind project.
The geography in terms of site accessibility aregeotechnical conditions on the site of the
wind farm plays a crucial role in determining tlestof road construction and cabling. In

Norway many wind projects must construct harborsifivery of the turbines and there are

even some projects that need to construct roacetsiimorder to access the wind farms.

Table 6.1 sums up the total investment costs based2,5 MW wind turbine.

€ (mill.) NOK (mill. - 2008) % of total
TSA 3188 25334 70
Civil 501 3981 11
Electrical 228 1810 5
Development 319 2533 7
Contingency 228 1810 5
Transaction 91 724 2
Sum 4554 36192 100

Table 6.1: Total investment costs per megawatt.
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6.1.1 Turbine supply agreement (TSA)

Up until 2000 growth in turbine size over time veageneral industry trend (Krohn et al.,
2009). In the 1980s the rotor diameter was betvi2®eto 40 meters. According to an ECON
report (ECON, 1998) turbines of 500-600 kW capawaifs the most economic efficient
alternative for Norwegian wind farm projects in 898 2000 the growth in turbine size had
flattened out and the onshore supply is now dorathal turbines with a diameter of
approximately 130 meters, which implies turbinethiemrange of 1,5 to 3 MW. The average
turbine size in Norway in 2008 was 2,2 MW, while #wverage size of the ones installed in
2008 were 2,6 MW (Hofstad, 2009). In the UK andr@amy the average installed size in
2007 was 2 MW and 1,8MW respectively. Turbines wilpacities up to 2,5 MW are
becoming increasingly important and made up a niatkare of 6 percent in 2007, compared
to 0,3 percent at the end 2003. The average sizendfturbines installed in the EU has
increased from 105kW in 1990 to 1,7MW in 2007.

In their assessment of the European wind markeai8r& Holt (2008) finds that the TSA
typically amounts to 70 to 75 percent of total istveent costs. Within the European market,
the TSA costs include supply, delivery and instadtaof the wind turbines, inclusive initial
warranty agreements. More specifically the costhigtes the turbine (hub, nazelle, rotor and
tower), transport, installation and commissionifigey also report a trend of rising cost and
suggest a 26 percent increase in the price bet@@@h and 2006 from €750 k/MW to
€950k/MW and an 11 percent increase from €950 k/ddW1050 k/MW between 2006 and
2007.

Based on the applications for concession to the NMEd turbines with 2MW to 5SMW

effect seems to be the most preferred alternatiorwegian wind power projects. On the
other hand, the industry itself reports that ttas been highly based on a too optimistic belief
in the technological development, and due to thermdgian geographical conditions and the
nature of the wind, we will see wind turbines watl8 MW to 2,5 MW effect as being the
preferred alternative in the Norwegian wind indysin real term prices for the first half of
2008 the price for the TSA, based on 2,5 MW winthines, was between €3125000 and
€3250000 or between NOK 24680 million and NOK 258&8Dion. This gives a price per

MW in the range between €1250 k/MW to €1300 k/MWjjeh is fairly consistent with

Bryars & Holt's result above.
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6.1.2 Electrical costs

Electrical costs normally include turbine transfers) high voltage electrical between turbine
transformers and substation and substation elat&guipment including switchgear and
main transformers (Bryars et al., 2008). The cosefectrical cabling between the turbines
within the wind farm and the cost for grid connentivaries with the total number of turbines
and the distance to the grid. Large wind farmsgargerally connected to the high voltage
electrical transmission grid (60kV and above). dsa&s where a wind farm supplies more than
10 MW, high voltage connection is the proper akitre. In order to connect to the high
voltage grid, the low voltage wind generated eleityrmust be transformed into high voltage
by a transformer (22/132kV). Further, the actuatglcity produced by the wind turbine
itself, must be transformed to the right voltagelmminternal grid within the wind farm. This
transformer is relevant for every single wind tadyihence, for every single wind turbine
there is a transformer (0,69/22kV). The electrazats also vary due to the location of the
wind site, i.e. if the wind site is located at atand, the more expensive submarine cable

could be necessary in order to connect to the grid.

Bryars & Holt (2008) reports electrical costs toaaerage €39 k/MW and the substation costs
to an average €34 k/MW. Total electrical cost taerount to an average €73 k/MW. The
electrical and substation costs both contributgpiaroximately four percent of the total

investment cost.

6.1.3 Civil cost

As the case for electrical costs, the level ofitthernal and external road costs are dependent
on the number of turbines in the wind farm, theatise to existing infrastructure, the
geographical conditions and special requirementsdastruction of road tunnels, bridges and
harbors. In addition, civil work costs includeshiune and transformer foundations, lay down
areas, construction of buildings and crane pads.

According to Bryars & Holt (2008) the civil costsakes up an average of 11 percent of total

investment costs or €96 k/MW.

6.1.4 Development and planning costs

Development costs include land options, wind asses§ site studies, equipment tendering,
preliminary engineering, environmental assessnaartt,permit applications (Bryars et al.
2008). The institutional setting has a significempact on costs. In a policy environment

based on direct subsidies, where a third partysassent of project costs is obligatory in order
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to find the applicants with the lowest long-run giaal cost and where external parts have the
right to file complaints, the project developmenitime consuming and the developer must
account for the risk of not being accepted by thecession or payment authorities. Krohn et
al. (2009) state that the development and planoasts can range between 5 and 10 percent
of the total investment cost, while Bryars & HRD(Q8) estimate the development cost to an

average of 7 percent of the total investment cost.

6.1.5 Contingency
The level of contingency rises with the number aftcacts to account for the increased
interface risks. In this paper contingency is $é& percent of the investment costs.

6.2 Variable costs
All industrial equipment need repair, and wind povgeno exception. In addition variations
in the wind speed certainly do influence the cdstiod power. This section looks at the

operation and maintenance costs.

6.2.1 Operation and maintenance costs

Compared to conventional power sources the opewtansts for wind power are low and
not influenced by variations in fuel prices. The R&osts will depend on the number of
wind turbines, the type of wind turbine, the sitaditions and the connected system (Tande
et al., 1994). Typically a breakdown of the O&M tsBould include;

e Normal liability and property insurance.

e Special insurance for an annual energy output gieea

e Service costs, i.e. the cost of man-power.

e Repair costs, as in costs not covered by regutaicgeand the insurance.

e Management/administration costs.

Based on German data from Deutsches Windenergieuln®EW]I), Krohn et al. (2009) split
the operation and maintenance cost into six diffecategories; land rent (18%), insurance
(13%), service and spare parts (26%), miscellang€bi®%), power from the grid (5%) and
administration (21%). They also report that theeesigns of a decrease in the O&M costs
over time. This could indicate that as the windtoes gets larger and more robust they are
more optimized for the wear and tear they are exgh¢s. Clearly, shown by Krohn et al.
(2009), a comparison of O&M cost between the 55kvidine and the 1000 kW shows a
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decrease in all O&M cost components, but the miseebus cost. The increase in

miscellaneous cost is accounted to increasing asdjgity costs.

Based on data from Germany, Spain, the UK and Ddgroperation and maintenance costs
are generally estimated to be around c€1,2 to g&dr, KWh of wind power produced over the
total lifetime of a turbine (Krohn et al., 2009).

Bryars & Holt (2008) find the O&M costs for the wirurbines to be in the region of 15000
and 20000 €/ MW/annum during and after the warraetyod. However, to account for
increased uncertainty towards the end of the tedjilifetime they find it «prudent to model
25000 to 30000 €/MW/Annum to understand the sesisitof this figure». Further, they find
the civil and electrical maintenance cost to rainge €500 to €2000 per wind turbine per
annum and €1000 to €3000 per turbine per year cégply. Insurance costs they claim to be
in the range €3000 to €7000 €/ MW/annum. Day tordapagement are measured to cost an
average 3000 €/ MW/annum. Management fees, whidhdedanking, legal and secretarial
requirements, are also estimated to 3000 €/ MW/anmiimally, they have defined other costs
to include monitoring of the wind farm and powenrfr the grid. The monitoring costs are
assumed to range from 2400 to 20000 €/project/anminite the importation of electricity at
periods with low wind or service is estimated toaaerage 2200 €/wind turbine/annum.
Based on the discussion above, the cost compohamesbeen calculated and a summary is

provided in Table 6.1. Taxes are here ignored.

Low High
Turbine 57500 69000
Civil 500 2000
Electrical 1000 3000
Insurance 6900 16100
Salaries 6900 6900
Administration 6900 6900
Monitoring 2400 20000
Power import 2200 2200
€/WTG/annum 84300 126100
c€/kWh 1,67 2,50

Table 6.2: Total operation and maintenance costwiftd energy based on 2,3 MW wind turbines ando2fidi-

load hours per year.
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In Table 6.2 a high and low scenario for the t@&IM costs is calculated. They range from
c€1,6 to c€2,5, which is fairly consistent with tiesults in Krohn et al. (2008). Measured in
2008-prices, the O&M costs are in the range NOK @¢10,19.

6.3 Wind energy output
In Section 5.3 the cost calculation method wasutdised. For convenience the formula for the

levelized production cost will here be repeated,

1 TOM

LpC=1- R(r,T)-ANE + R(r,T)-ANE’

Wind is the only fuel for wind power stations. Bwestigating the above condition we see
that the annual net energy output (ANE) plays amoirtant role in the calculation of the cost
of wind power. The amount of energy that can bedsied at a given wind site depends on
the local wind speed for that specific area amsl therefore important to provide a more
thorough assessment of the calculation of the wimetgy output. Although the energy output
generated by natural resources varies from yegedo Section 5 assumed the energy output
to be constant from year to year. In the assessai¢hé levelized cost calculation of wind
power, we should pay attention to large variationge ANE. It is, however, reasonable to
assume that the annual wind energy output in agasagqual over a time span of 20 years.
The European Wind Atlas, the NVE, the Norwegianddeblogical Institute (DNMI) and
several other companiegut a lot of effort into the measurement and estiom of wind

speeds at locations suited for wind power productimr example, DNMI routinely forecasts
the wind speed and direction along the Norwegiastavhile the NVE in cooperation with

Windsim AS and DNMI newly published wind atlas wiicovers the Norwegian coast.

Sometimes these models are not accurate enouginefictions of wind in a specific wind
farm, and further measurements could be necessanyler to predict the exact wind energy
output at the given site. This point is underscaneflerge et al. (2003):The wind conditions
along the Norwegian coast are complex and accunaiel predictions are not a trivial task.
[...] winds along the coast are influenced by theylascale high and low pressure systems
moving in the polar jet stream over the North Atia®cean toward the Norwegian coast.
The winds generated by the low and high pressistes)s are modified by the Norwegian

mountain barrier, local hills, mountains and fjordghe sharp temperature contrasts between

"Kijeller Vindteknikk and Storm Weather Center.
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the sea and the surface areas are also importarth®local wind systems along the
coastline. Wind predictions, and thereby also pecagdns of the wind power production, must
take all the above mentioned effects into accduetiable predictions are to be masle

In the following we will provide a theoretical degtion on how these effects make up the
different components in the modeling of the ANE.stated in Section 5, the formula for the
ANE is,

ANE = Ejor * Kper * Kisite * Kava-
Eyo¢ is the annual potential energy output given as
Epor = 8766 - [" p(w) - f(wdu,

where 8766 is the number of hours in a ypén,)8 is the power curve of the wind turbine,
andf (u) is the normalized wind speed probability distribntat the hub height of the wind
turbine, typically expressed by a Weibull distribut

The wind energy output from the wind turbines dueed due to dirt, rain or ice on the

blades. This reduction can be explained by theopaidnce factork,,.,, defined as the ratio
of the reduced annual energy out@f,.,, and the annual potential output,

K — 1_%
per — E .
pot

In cases where the site surroundings may chandgpetiwie due to erection of new wind
turbines, new houses, etc., it may be adequatey a site factorAE;;;., in order to take

account of the reduction in annual energy output,

_ AEsite
Ksite — 1 - —E K .
pot'Bper

Sometimes the wind turbine or the grid system itsobwperation. The technical availability

factor,K,,,, is defined by the energy logs;,,,,, due to the wind turbine availability

Ep(w) = p(Wgeq -ﬁ, where is the power curve for standard conditemdp is the actual air density in
kg/m3. 1,225kgm? is the standard air density.
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AEg;
Kgite = 1 — ) Slt_e -

Epot err Ksite
In Table 6.2 reports estimations of wind speedraimdber hours per year based on a Siemens

2MW wind turbine.

Region Estimated wind speed (m/s)  Full-load hours per annum
Vest Agder E 7,2 2460
Vest Agder W 7,5 2750
Rogaland C 8 2780
Rogaland N 7,8 2860
Hordaland S 7,5 2680
Hordaland N 7,8 2780
Sogn og Fjordane C 7,8 2770
Sogn og Fjordane N 8,2 2940
Megre og Romsdal C 7,8 2670
Mgre og Romsdal N 7,8 2560
Ser Trondelag 8,2 2930
Nord Trgndelag 8,5 3360
Nordland S 7,8 3030
Nordland CS 7,5 2760
Nordland CN 7,5 2850
Nordland N 7,5 2420
Troms S 7,8 2930
Troms N 8 2890
Finnmark W 8,5 3040
Finnmark C 8,5 2890
Finnmark CE 8,5 2880
Finnmark E 8 2720
Finnmark SE 7,5 2380

Table 6.3: Estimations of wind speeds and full-lbadrs at different Norwegian location (Source: NVE

We see that annual full-load hours range from 28&buth-east Finnmark to 3360 in Nord-
Trgndelag. When we assess the costs for Norwegiah power projects in later sections, we
will sort the projects according to the area ofjoriand base the analysis on the respective

production hours.

One should note that estimated full-load hourd\forway are smaller than what was first
expected for Norwegian wind power. There are séveesons for this. First, it could be the
case that the nature of the wind in Norway, eveadh at a larger maximum wind speed than

the rest of Europe, is less suited for wind powedpction. On the one hand Norwegian
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topology may create large variations in wind sp&dtle the wind turbines are best fitted for
climates with small variations in the wind speedc@hdly, when one first started to estimate
wind speeds in Norway with regard to wind powee, éistimations in Norway was partly
based on methodology from Denmark and Germanyh@svind speed in Norway is higher
than the rest of Europe, one concluded that thenpiad for wind power in Norway was one

of the greatest in Europe, if not the World. Howewaad again due to the geographical issues,
one learned that one had to establish new metimoolsier to get more precise measurements.

Finally, Hofstad (2009) reports the average regbwand production at 2189 hours for 2008.
This large deviation from the expectations of ug®0 production hours may be explained
by the lack of experience in Norwegian wind indysirhe wind parks may have been
constructed after the Danish and German model,evtesrlandscapes dominate. Hence, the
wind turbines at Norwegian sites may have beemt@tlitoo close to each other, and thereby
created a wind wake effédarger than necessary. The two first effects oimthe direction
that the Norwegian wind potential is smaller thast fexpected and that new and better
estimation technology will be more precise in thwife. The last one is more optimistic, more
experience will lead to an optimal and efficientization of the wind resources.

6.4 The Discount Rate

The estimation of the discount rate or the rateetifrn is usually based on data from the stock
market and the use of the capital asset pricingain@APM). In the present discussion of the
estimation of the discount rate we will first bhiepresent the CAPM-model. In its
assessment of Norwegian wind power projects, Ebagas the calculations on the results in
Gjoglberg & Johnsen (2007). Their study concludes tihe rate of return for new renewable
energy projects in Norway should be 8 percent. Dateal. (2008) criticizes the use of the
stock market for the estimation of the rate of metI’hey argue that the stock market is

biased towards a too high level of the rate ofrretu

The level of the discount rate plays an importaleé m the assessment of the profitability of a
given project. The higher the discount rate thellemthe number of projects with a positive
net present value. Investment companies’ and pgrdgeelopers’ willingness to invest in a
given wind power project is therefore highly depemidon the level of the discount rate
(Dalen et al., 2008).

® There will be a wake behind the turbine. A waka leng trail of wind which is quite turbulent asidwed
down, when compared to the wind arriving in frohthe turbine. The expression is derived from tlakev
behind a ship or a boat.
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6.4.1 The Capital asset pricing model

To capture the risk involved in public investmeat®nomists often focus on the stock
market. It is assumed that in the stock marketatiers will diversify until they are only left
with the systematic risk. Systematic risk is tlek wne cannot diversify away from. The most
common model used to put a price on risk is théalagsset pricing model (CAPM).

Letr be the risk free interest ratis the return from investment in project j aRglis the
return from the market portfolio. The risk premiimprojectj, defined as the difference
between expected return from the projEc[Rj], and the risk free interest ratgis
proportional with the market portfolio risk premiuf{R,,,] — r, where the factor of

proportionality isf;. This gives the following condition
(E[R)] -7} = B{EIR,] ~ 7}

or

E[R)] =7+ B{E[R,] — 7} .

In words, the risk premium of project is equa{@E|[R,,| — 3.

An asset with a beta of 0 means that its pricetsahall correlated with the market, a positive
beta means that the asset generally follows th&ethaand a negative beta shows that the

asset inversely follows the market. The formul#éhef beta of an asset within a portfolio is

ﬁ __ cov(Rj,Rm) _ Pjm0j
;= =

2 )
Om om

wherecov (R}, R,,,) is the covariance between the rates of retgrando,, is the standard
deviation in the risk distribution to projgcand the market portfolig;,, is the correlation
between the return from projgcand the market portfolio returfi; can be estimated from the

stock market.

To evaluate the risk associated with a given ptajeeconomic terms, information on the
extent to which the return from the project cortetawith the country’s total wealth is
needed. The return from the total wealth is théonat incomeR,,, represents this return. The
risk premium E[R,, — r], can be calculated as the difference betweeretiienrfrom the

index at the stock market, i.e. the Oslo Stock Erge, and the risk free interest rate. When
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this number is multiplied with the corregtfor the given projeqt, an estimation of the

economic risk is provided.

6.4.2 What is the right level of the discount rate?

Gjalberg et al. (2007) bases their research onatieeof return within the new renewable
energy industry on the CAPM-model. First they la@blselected firms within the renewable
industry and compare the systematic risk with the within the more conventional energy
industry. They find that during the past yearshib&a-value has increased for all energy
companies, though it seems like the beta-valuedorpanies within the renewable energy
industry has increased more than what is the casadre traditional and integrated energy
companies. Further, they compare different pod&bf renewable energy companies, which
has been established during the past years, amgmbonal energy indexes. They find that
energy is a risky industry, and new renewable gnerghnology is riskier than the
conventional. Total risk measured by the standaxdadion is high for all energy indexes. For
the period 2004 to 2007 wind power has a standewvthdce of 33 percent, while it is 26
percent for oil, 18 for an index of all energy canfes and 7 percent for the world index.
Based on the indexes they conclude that the bét-¥ar renewable energy in general is
relatively high, as high as 1,49-1,67 for the p&2004-2007. This indicates a high

systematic risk and, according to the authors,drigiian the conclusions of other papers.

Gjaglberg et al. (2007) find the beta-value for wpaver at 0,80. They use a 5 percent
nominal risk free interest rate, which is the ckted from the sum of the long term real
interest rate at 2,5 percent and the Norwegianr@eBank’s inflation target at 2,5 percent
per annum, a market premium at 4 percent, a dabtab0,4 and a credit premium at 1, 5
percent. Through the CAPM-model they then findrtite of return for Norwegian wind
power at the 8 percent level.

This level is 2 percentage points higher than de®@mmendations of the Norwegian Ministry
of Finance (2005) and Dalen et al. (2008). Gjglkargl. (2007) bases the deviation from
recommendation of the Norwegian Ministry of Finaocethree arguments; (i) the Ministry
bases it analysis on the present interest rengr#itlan the long term interest rate, (i) the
Ministry uses a too low credit premium and a toghhdlebt ratio, and (iii) the Ministry uses a
too low beta-value at 0,5, which is a represerngabeta-value for Norwegian companies
registered on the Oslo Stock Exchange, but noesgmtative for investments in energy

related companies. By adjusting for these meas@jedherg et al. (2007) argues that the
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correct recommendation from the Norwegian Ministfyrinances should be a rate of return

at 9 percent.

On the other hand, Dalen et al. (2007) points  anguments that point in the direction of
the long run discount rate not to be based ontivate capital market; (i) manager’s short
horizon can lead to myopic behavior (Stein, 198%) @) inefficient stock markets. In the
former case the firm’s manager typically misleagl tarket about their firm’s real market
value by boosting short-run earnings on the costraf-term investment. Through this
behavior they can achieve a higher stock pricbénshort run. Estimations of the discount
rate based on a stock market with a high level ydpic corporate behavior may lead to a too
high discount rate. There is a conflict of intefestween the stockowners and managers, who
want to maximize short-term profits, and the betgriest of society. In the latter case
inefficient stock markets are caused by overratecks. A rise in the stock price is caused by
an adjustment in the underlying value of the conyphnt this does not necessarily mean that
all actors in the stock market have the same vizalgn et al., 2008). Dalen et al. (2008) refer
to Bolton et al. (2006) and argue that the stockketasometimes receives overoptimistic
actors, and that this optimism causes other atddsehave shortsighted and speculate in

companies with even negative net present values.

Dalen et al. (2007) argue that the discount rateilshbe 6 percent in the first face of the

projects’ lifetime, and decline to 4 percent aféryears.
6.5 Other cost components

6.5.1 External costs

External costs of energy production are those warehborne by third parties and are not
reflected in the market price of energy. Thesescast often associated with environmental
damage, nuisance for people, etc. In Great Briteerexternal costs of wind power was
examined at two different sites by the means oillangness to pay method (ECON, 1998).
This method, however, is much debated and attealdsof criticism. There is no consensus
on specific methods for estimation of external sostit it is accepted that external costs exist
and therefore should be included when calculategcbsts of energy production (Tande et
al., 1994). However, compared to energy generdtmn non-renewable sources, it is widely
accepted that the external costs of wind energgmaial or negligible. This paper analyses
the costs of 12 Norwegian wind power projects.&lhave been evaluated by the Norwegian

Water Resources and Energy Directorate (NVE) antabrojects are accepted through cost-
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benefit-analyses. Based on the NVE’s analysesasssimed that the benefit of the projects

exceeds the costs, hence the external costs arexappted to zero and not considered.

6.5.2 Economic lifetime

Most of the wind turbines that were installed ie #980s are either still operating or were
replaced before the end of their technical life ttuspecial repowering incentives. In their
payment assessment, Enova bases the calculatiars@onomic lifetime of 20 years. The
economic lifetime should not be set to a valuedatban the technical life of the wind
turbines. Modern wind turbines are commonly dedigioehave a life of 20 years, and this

paper assumes a 20 year economic lifetime.

6.5.3 Salvage value

The salvage value is defined as the difference dmtvihe scrap value and the
decommissioning cost of the entire scheme at tdeoéthe economic lifetime. If the
economic lifetime is set equal to the technolodétime of the wind turbine, the salvage
value may not be zero as land, electrical cablesdy still have capital value. Although this
may be true for Norwegian wind sites, the NVE reggithe projects to decommission the
installments at the end of the authorization perivé will here assume that the

decommissioning costs equals the scrap value, ltbealvage value is set to zero.

6.6 Long-run marginal cost curve

When all cost components are defined, we are readglculate the long-run marginal cost
curve for wind power. Figure 6.1 shows the long-marginal cost curve, based on the cost
components and calculations in Table 6.1 and 6.2, fanction of full-load hours per annum
for discount rates at 6 and 8 percent.
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Fig. 6.1: Long run marginal cost curve as a functidthe hours of total production per annum. 2@éi8es.

6.7 Uncertainties
In the previous sections we have presented theeséistates of the input parameters. In this
section we will look at the sensitivity of each qaueter 9;, defined as the partial derivative

of the LPC with regard to the specific parameter,

SLPC

o ;.

We would expect the partial derivative of the LP{thwespect to the annual hour of
production and the economic lifetime to be negatinether words, as both these parameters
increase, we would expect the levelized produatmst of wind power to decrease. Vice
versa, for the three other parameters, the invedtare O&M costs and the discount rate, we

expect increasing costs as the parameters increase.

The uncertainty analysis is done by calculatingléhvelized production cost based on the
investment and O&M costs provided above, a discoatetof 6 percent, 2800 full-load hours
per annum and an economic lifetime of 20 yearafd/5MW turbine. Then, keeping all other
parameters constant, the specific parameter hasrbeeed marginally in the positive and
negative direction. The result is presented in Fadgu2.

Krohn et al. (2009) state thathe turbine’s power production is the single mosportant
factor for the cost per unit of power generatethspection of Figure 6.2 proves their point.

The wind speed, location of the wind site and tivedviurbines has a large effect on the
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production costs. For example, will an increasenf@800 full-load hours to 3080 full-load

hours, an increase of 10 percent, decrease theastifrom NOK 0,61 to NOK 0,57 NOK.

Since wind power is a capital intensive industngpection of the LPC-formula in chapter 5
shows that the cost of capital is an importantdiadiience, the choice of the discount rate
plays an important role. As illustrated, doublihg tiscount rate from approximately 5
percent to approximately 10 induces an increasiedmproduction cost level from NOK 0,59
to NOK 0,80 or 35 percent.

1,4
1,2
1
£ discount rate
E 0,8 .
= —&— wind
g 0,6 —a— CAPEX
0
© 04 —e— OPEX
' —lifetime
0,2
0

04 06 08 1 1,2 14 16 18

Fig. 6.2: Variation of input parameters. The inpatameters considered are the discount rate, tie sgieed
measured as full-load hours per annum, the invedtoest, the O&M cost and the economic lifetime.
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6.7 Costs: A closer look at specific wind sites in Norway

In this section the levelized production costsifdwind energy projects are calculated. The
selection of these specific projects are basedhi@etcriteria: (i) The NVE must have
approved the wind farms application for concessfmnthe wind farms must through their
application for concession report of planned invesits larger than 10 MW, and (iii) the
wind farms are to be constructed onshore. It isageable to assume all offshore wind power

plants to be significantly more expensive than onshvind power plants per se.

6.7.1 Cost components reassessed

The reported cost levels of the different costdestn Table 6.4 are based on the calculations
presented above and data from the Norwegian WirlgynAssociation and ECON (1998).
For the latter the data has been adjusted accotdlitige Consumer Price Index (CPI) and are

explained further below.

ECON (1998) predicts the cost for overhead poweslito NOK 250 per meter, including
works. Ground and submarine cables are certainhg xpensive, and were estimated to
NOK 650 and NOK 1000 respectively. The total lengfticabling per wind site is reported in
the application for concession to the NVE. BasedhenCPI, the 2008-price would be NOK
307, NOK 800 and NOK 1200 per meter respectively.

ECON (1998) reports the 1998-price for medium ghhioltage transformers in the area of
NOK 7-8 million. Based on the consumer price inder, 2008-price per transformer would
be NOK 9,85 million.

One of the criteria for approval of the concessipplication is that the wind farm is located
in areas in the need for new electricity productidaormally the grid fee charged by the TSO,
Statnett, is Ngre 0,53/kWh, but in the regionsletticity shortfall there is a rebate at Nagre
0,1/kWh. We will assume that the wind farms consadan this analysis and reported in
Table 6.4 below have received approvals based img becated in shortfall regions.
Therefore the grid fee calculations are calculatethe basis of Ngre 0,1 per kWh and that
the total generated electricity is supplied toghd. The tariff rebate agreement between the
producer and Statnett is valid for 15 years (Stt@809), but it is for simplicity assumed to

last five more years.
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DEVELOPMENT COSTS (kNOK) Cost Unit

Announcement 250 NOK
Concession application 4500 NOK

Wind measurement 1000 NOK

Data analysis 100 NOK

Appeal 500 NOK

OPEX (NOK)

Service agreement, year 1-5 500000 NOK/turbine
Service agreement, year 6 -20 700000 NOK/turbine
Ecology studies 500000 NOK

Grid fee, year 1-20 0,1 Ngre/kWh
Electricity import 0 NOK
Property tax (of 70% of CAPEX) 70 %

Road maintenance 100000 NOK/annum
Financial cost 20000 NOK/annum
Administration cost 0 NOK

Site costs 300000 NOK/annum
CAPEX (kNOK)

TSA 25675 NOK/turbine
Transformer (690V / 22 kV) 440 NOK/turbine
Foundation 1800 NOK/turbine
Crane pads 300 NOK/turbine
External roads 2000 NOK/km
Internal roads 1000 NOK/km
Transformer (22kv / 132kV) 10000 NOK/turbine
Aerial cabling 300 NOK/km
Underground cabling 800 NOK/km
Submarin cabling 1200 NOK/km
Service station 10000 NOK/turbine
Connecting to the grid 20000 NOK
Organization 10000 NOK
Insurance 3000 NOK
Contingency 5 %

Table 6.4: The table provides an overview overcithg components which upon the estimations ofdhelized
production costs for the Norwegian wind power siesbased.

6.7.2 LPC-assessment of Norwegian wind power plants

Table 6.5 reports the levelized production costgie 12 wind farm projects. The
calculations are based on public available apptinatfor concession at the NVE. The LPC
ranges from NOK 0,47 to NOK 0,67 given a discoae iof 6 percent. A discount rate of 8
percent leaves us a cost interval between and N64&a@d NOK 0,76. The estimated full-
load hours are based on estimations by the NVE ffabie 6.3.
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Full- Discount Discount

Project Owner Region load GWh rate6% rate8%
Ytre Vikna NTE ENERGI Nord-Trgndelag 3360 765 0,47 0,54
Harbaksfjellet ~ WIND POWER Ser-Trgndelag 3360 255 0,49 0,55
Kvitfjell NORSK MILI@KRAFT Troms 2 890 532 0,54 0,61
Andmyran ANDMYRAN VINDPARK Nordland 2 850 420 0,55 0,62
Hgg-Jeeren JAEREN ENERGI Rogaland 2780 205 0,57 0,64
Fakken TROMS KRAFT Troms 2 890 113 0,60 0,68
Midtfjellet MIDTFJELLET VINDKRAFT Hordaland 2 680 185 0,61 0,69
Haram HARAM KRAFT Mgre og Romsdal 2670 147 0,61 0,69
Nygardsfjellet 2 NORDKRAFT VIND Nordland 2 850 72 0,62 0,70
Tysveer TYSVAR VINDPARK Rogaland 2 860 86 0,62 0,70
Mehuken 2 KVALHEIM KRAFT Sogn og Fjordane 2940 54 0,64 0,73
Lista NORSK MILI@ ENERGI S@R  Vest-Agder 2460 175 0,67 0,76

Table 6.5: Levelized project costs for selectiomNofwegian wind power sites based on a 6 and 8pérc
discount rate. The estimates are based on 2,3 MW wirbines and estimated full-load hours repobiethe
NVE.

The annual full-load hours might be too optimigticTable 6.6. Hofstad (2009) reports that
the average annual full-load hours to 2189. In &#&b6 the LPC is calculated as function of
the updated full-load hours.

Full- Discount Discount
Project Owner Region load GWh rate6% rate8%
Kvitfjell NORSK MILI@KRAFT Troms 2189 403 0,71 0,80
Andmyran ANDMYRAN VINDPARK Nordland 2189 322 0,72 0,81
Hgg-Jaeren JAREN ENERGI Rogaland 2189 161 0,72 0,81
Ytre Vikna NTE ENERGI Nord-Trgndelag 2189 498 0,73 0,82
Haram HARAM KRAFT Mgre og Romsdal 2189 121 0,75 0,85
Midtfjellet MIDTFJELLET VINDKRAFT Hordaland 2189 151 0,75 0,85
Harbaksfjellet ~ WIND POWER Sgr-Trgndelag 2189 166 0,75 0,85
Lista NORSK MILI@ ENERGI SR Vest-Agder 2189 156 0,75 0,85
Fakken TROMS KRAFT Troms 2189 86 0,79 0,90
Nygardsfjellet 2 NORDKRAFT VIND Nordland 2189 55 0,80 0,91
Tysveer TYSVZAR VINDPARK Rogaland 2189 65 0,81 0,91
Mehuken 2 KVALHEIM KRAFT Sogn og Fjordane 2189 40 0,86 0,98

Table 6.6: Levelized project for selection of Nogian wind power sites calculated as a functionl@&®annual

full-load hours.

What if we assume an 8 percent decrease in thdenastrelative to the calculations provided
in Table 6.5? An 8 percent cost decrease relatggtmaximum expected cost decrease for
wind power by the use of experience curve methago(eee Section 8.2 for more on

experience curves). The result is presented ineT@!.
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Full- Discount Discount

Project Owner Region load GWh rate6% rate8%
Ytre Vikna NTE ENERGI Nord-Trgndelag 3360 765 0,44 0,49
Harbaksfjellet ~ WIND POWER Ser-Trgndelag 3360 255 0,45 0,51
Kvitfjell NORSK MILI@KRAFT Troms 2890 532 0,50 0,56
Andmyran ANDMYRAN VINDPARK Nordland 2850 420 0,51 0,57
Hgg-Jeeren JAEREN ENERGI Rogaland 2780 205 0,52 0,59
Fakken TROMS KRAFT Troms 2890 113 0,55 0,63
Midtfjellet MIDTFJELLET VINDKRAFT Hordaland 2680 185 0,56 0,64
Haram HARAM KRAFT Mgre og Romsdal 2670 147 0,57 0,64
Nygardsfjellet 2 NORDKRAFT VIND Nordland 2850 72 0,57 0,64
Tysveer TYSVAR VINDPARK Rogaland 2860 86 0,57 0,64
Mehuken 2 KVALHEIM KRAFT Sogn og Fjordane 2940 54 0,59 0,67
Lista NORSK MILI@ ENERGI S@R  Vest-Agder 2460 175 0,62 0,70

Table 6.7: Levelized project for selection of Nogian wind power sites, now calculated with a 8 patc

decrease in the cost level relative to Table 6.5.

If a technology is to reach its grid parity it mes#ther reduce its long-run marginal cost or the
energy price has to increase. The cost decreasdgedpn Table 6.7 will be discussed in

relation to the electricity price in Chapter 8.
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7. Price scenarios

Chapter 5 underscores the fact that the cost lat produced unit of electricity at the point
where it equals the demand for electricity perrdgén reflects the market price. Hence, wind
power reaches grid parity at the point in time vehiie levelized production cost equals the
market price for electricity. In order to identiflye point in time where the levelized
production cost of wind power equalizes the mapkiete, information about the future
electricity price is needed. This section describesprice setting in a liberal market and uses
scenario methodology to simulate the future praanario in the Norwegian electricity

market. Appendix A shows the results for the simaokaof the northern European markets.

7.1 The liberalized electricity market

This section is based on Morthorst et al., (20B®\w will the prices in the Norwegian and
European electricity market develop in the futurean assessment of the development of
wind power, the question proves to be importanstFihe electricity price plays a large role

in the profitability of wind power, after all theipe you can get for the good in the market
does play a significant role in any firm’s reven8econd, along with the long run marginal
cost development, the market price developmentddesdf and when a given technology is to
reach its grid parity. Third, the size of futurdsiglies to technologies that has not reached its
grid parity, given government’s positive willingrse® invest in these technologies, is largely
dependent on the market price.

A lot of factors influence the price setting of@lecity: The oil and coal price, the
development of new energy capacity including wioaver, the development of the price for
CO2 and demand. In addition may a full liberaliaatof the European electricity market

influence price.

Electricity markets that are highly dominated byio/power production normally see price
variations in regard to normal, wet and dry ye@tsanges in the amount of river flow will
correlate with the amount of energy produced bgira.dn a dry year diminishing river flow
may result in power shortage and higher pricea,wet year more than average river flow

will normally result in lower prices.

Countries with a high portion of wind power in teergy mix are also subject to annual
variations in the wind speed. In years with litiland, less power will be generated and the
price will generally increase. Vice versa, in winggars the expected power generation is
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higher and the power price lower. According to Morst (2005) a windless period during a
normal year can lead to price peaks of 500-600 N\DKh in Denmark.

The integration of hydro and wind power providegjue opportunities. By the fact that
hydroelectric power plants normally have at leawst storage reservoir, the load factor is
highly predictable. At the same time, wind powevasiable in its nature. The combination of
the two power sources presents real-time smoottfimgnd power’s production variability,

as well as an option for energy storage.

Countries with a large energy production from hyplogver also benefit from the flexibility
from the storage reservoirs. Hydro power plants pragluce electricity to supply at high
peak demands during daytime, and thereby reduciuttteations in price.

The temperature during the winter season also @dgsge role. Cold winters lead to higher
demand for heat and electricity which again cabhsgiser prices. When it comes to demand,

it is worth mentioning that electricity price eliagy is rather low. This means that an increase
in the price of one unit has a small impact on dam&leasures to increase the price
elasticity would contribute to a reduction in efexnty consumption at periods of high prices.

The participants in the electricity market delitleeir bids to the Nord Pool spot market based
on generation predictions 12 to 36 hours beforktmea production. The producers make
their bids in the estimated production capacitg given hour, and the consumers, mostly
represented by the utilities, inform the market hnouch they demand to what price at the
given hour. Together this information establishesdaggregate supply and demand curve for
electricity, whereas the price is decided by thaldayium, see Figure 7.1. In the perfect
market all producers and all consumers are pricer$a The producer will offer all its

available capacity at a price level that equalsh@@t-term marginal cost, which implicates
that he is willing to produce when he at least cawer total variable costs. Production
technologies with the lowest short-term marginatsavill typically be capital intensive wind
and nuclear power production. These technologie®fore make up the lowest part of the
supply curve and will normally run at full capaciBower plants that normally have high
(short-term) marginal costs, i.e. natural gasand coal, make up the upper part of the supply
curve. In the case of hydro power the price bidktypically depend on the level of water in

the reservoirs.
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Fig. 7.1: Price setting in the electricity market.

In the perfect marked market, the demand curvectdlthe total marginal willingness to pay.
The consumers’ total willingness to pay providdsimation about how much the electricity

is worth in terms of utility. The market equilibnureflects the maximization of the aggregate
supply and aggregate demand curve. Through théilgun the market defines an electricity

price and production which maximizes the economiplsis.

7.2 Price variations in the perfect competitive market

Price variations in the electricity market are tlueariations in demand and supply, and
security of supply. The consumption of electricityries during a given day. Normally, we
will see lower consumption during nights and thereflower prices than during daytime
when consumption and the price is higher, see Eig. At nighttime the demand for
electricity usually is covered by the power planith the lowest variable costs. At some
hours during the day, the demand can exceed thentiwsupply. In these situations the price
setting is based on the consumers’ willingnessagpagnd not the short-term marginal
production costs. These situations, however, dy @rcur in cases of capacity restrictions.
The consumers’ willingness to pay is therefore aga@ in hours of shortage in electricity
production.

As described, the price for electricity varies doi@ariations in demand at a given daytime or
season. The supply, on the other hand, variesyetnly or seasonal resource availability, i.e.
wet or dry season, windy or wind still seasong] gnaintenance or grid havoc, start-up costs

and grid constraints.

Situations in which price peaks occur are showrRigure 7.2. At the higher part of the cost
curve we find the gas powered power plants. Thetradgy supply is in this situation not high
enough to clear the market. Since all capacity isse, the price must increase in order for the

market to clear. Hence, the price reveals whattmsumers are willing to pay at the margin.
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Fig. 7.2: Shifts in the demand curve and price peak

Seasonal inflow variations have a large influenceh® price construction in the Nordic
electricity market. The inflow to hydro energy piairs free, but the use of stored water in
current power consumption has a opportunity cogit@mn be stored for future power
consumption. The opportunity cost of stored wagaeferred to as the water value. The water
value depends on the total water stored relatiteg¢aoormal water level at a given time of
the year. The hydro power has a significant eféecthe price setting on the spot market at

the Nord Pool. During wet years the supply curvit mvove to the right and generate lower
prices than what we usually see during normal years

As we saw in chapter 6, the short-term marginal fayswvind power production is low. In the
construction of the electricity supply curve, wipower constitutes the lower part of the
curve. If large production from wind power concwigh price peaks or higher consumption,
it will influence the electricity price. At the sanime the price effect from wind power is
negligible during periods of low consumption. Gextlgr due to low short-term marginal

costs a high penetration level of wind power wahldl to a lower average electricity price.
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Fig. 7.3: Price variations in cases with more widver in the electricity market.
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The supply of electricity decreases at longer mriaf power plant breakdowns. The supply
curve shifts to the left. This has an effect ortlaée consumption periods, all though the

sharpest price increase happens in the high contgamgnd price peak regions.

7.3 Future price scenarios

The scenario projections in this paper are derfi@u a large-scale mathematical model, the
BID, originally designed by ECON. The BID-model sitates the water value and then
simulates the electricity marked for given exogenassumptions. The model is short-sighted
with no investments, and assumes perfect compettiarkets. The current analysis draws on
historical data provided by the BID and the autb@ssumptions on the future energy trends.
The assumptions are based on the «wind and consumguowth-scenario» originally
designed by Statnett (Statnett, 2088yhe main elements in this scenario are a largevtiyr

of wind energy in Norway and a potent climate pplithe former relies on the introduction

of an ambitious incentive regime for renewable gpeAlong with an assumed technological
progress within wind power, this creates the bfasitarge scale wind power energy
production. For the latter it is assumed that ye-and-trade system, similar to the Emissions
Trading Scheme that is currently operating in theoBean Union, is continued at a CO2-
guota price of €25 per tonne, which is reflectethe power prices. In this scenario the world
economy is growing at a moderate pace with theriike set close to IEA’s expectation at
$60 per barrel (IEA, 2008). Further, it is assurtiet climate change will causes increased
inflow and increased production from hydro powerps. The relative high growth in power
supply gives a moderate price level for electrizvpoand weak incentives for energy
economization in this scenario. It is also assuthatisome transition to electricity in the

transport sector, which causes a somewhat higmeaide.
The main elements of the scenario:

e Increased oil activity in Finnmark and the eleatafion of offshore oil sites results in
consumption growth in the petroleum sector of 11ATW

¢ Wind power increases to 19 TWh, including 2,5 TWinf offshore wind energy
production.

e Hydro power increases with 3 TWh.

e Electricity consumption in the paper industry deses with 5 TWh.

e Kilincreases with 5 TWh.

9 The price calculations are done by the author.
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e The power surplus is 7 TWh.

e Three cable connections to UK, Holland and Dennaagkfinalised.

In addition, the analysis includes a Swedish gstificate market, with certificate prices set
to €16/tonnes CO2 and the green certificate remergs set to 12,6 percent of the total
electricity consumption for households, services imdustries, excluding power intensive
industries. When it comes to the Norwegian clinpaikcy, the analyses does not include a
specific type of subsiding regime other than adafject reflected in the relatively large
production of Norwegian wind power. Regarding wpaWer the full-load hours for

Norwegian sites is set to 3000.

The estimations are done by simulating 25 diffenefidw years for 8760 hours per annum.
The average price for the every hour (1,2,...,24fgiven week (1,2,..., 52) is reported in
the figures below. Due to capacity constraintsdifferent parts of Norway do to a certain
extent exist as independent price areas. The asdlgs taken this into consideration and the
results are presented for the five areas FinnniNokth-, Mid-, West- and South-Norway. The

eastern region is excluded as the constructionirod wower here seems improbable.
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Fig. 7.5: Future price scenario for Finnmark.
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Fig. 7.6: Future price scenario for North-Norway.

0,45
0,4

035 perpereptetlfyey ST T AR

LV

0,25
0,2
0,15
0,1
0,05
0

NOK/kWh

nmi

Week

Fig. 7.7: Future price scenario for Mid-Norway.
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Fig. 7.9: Future price scenario for South-Norway.

For all five price regions, we see the same daity seasonal tendencies: Higher prices during
daytime and winter and lower prices during nightd aummertime. We also see a trend of
rising prices from the summer weeks towards fdile ore volatile prices for Finnmark can
be explained by grid capacity constraints. The ayemprices are NOK 0,33 for all regions.
Finnmark records the both the maximum and minimuieep at NOK 0,47 and NOK 0,02

respectively.
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8. Grid parity and future cost development

The purpose of this work has been to study themartty for wind power — the point at which
the cost of electricity from wind power will equéle cost of producing electricity by
traditional means without taking into consideratsutsidies. This section compares the
levelized production costs derived in Section 6with the average price for Norway,
Sweden, UK, the Netherlands, Denmark and Germartgdyse of a Salter-diagram. In the
Salter-diagram the column width represents theymrtion of a given wind project while the
column height represents the LPC. The average @icemputed from the price data from

the scenario in Chapter 7. In the Salter-diagraioh gatrity is reached at the point where prices

are equal the long-run marginal cost.

8.1 Grid parity

Figure 8.1 shows the Salter-diagram based on théot®egian wind farms addressed in
Table 6.5. In order to reach its grid parity theCLRust equate the cost of conventional power
production reflected through the energy price. étsipn of Figure 8.1 shows no signs of grid
parity.

UK —-— - Netherlands - Germany ----- Denmark —--— Norway/Sweden
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Cumulative production (GWh)

Fig. 8.1: Salter-diagram.
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8.2 Future cost development

Experience curve methodology describes how cosingscwith cumulative production,
where cumulative production is used as an appraxaméor the accumulated experience in
producing and employing a technology (Neij et2003). Characteristic for the experience
curves is that cost is reduced by a constant pergemwith each doubling of the total number

of units produced. Generally, an experience cus\expressed as
Coym = Co - CUMP

whereC.yy, 1S the cost per unit as a function of outglyis the cost of the first unit produced,
CUM is the cumulative production over time, dnis the experience index. For each doubling

of the cumulative productioUM, = 2CUM,) the relative cost reduction will be

CCUMl - CCUMZ

=1-2P

CCUMl
where2P?is called the progress ratio. The progress ratitsésl to express the progress of cost
reduction for different technologies. For exampl@rogress ratio of 90 percent means that

costs are reduced with 10 percent each time thesladive production is doubled.

In our analysis, for the best case wind farm taiags grid parity, the LPC must decrease by
more than 32 percent. By the means of experience cuethodology this is equivalent to
progress ratio of 78 percent. As pointed out abowed power is capital intensive. In the
capital cost function, the wind turbine constitubé35-80 percent of the total cost. Hence, in
order to see future cost decreases one must igaestihe development in turbine costs.
Studies on experience curves for the wind turbmgleistry report the progress ratio to be 92
percent for Denmark and 98 percent for Germanyj@teil., 2003). This means that costs are
expected to be reduced with between 2 and 8 peeaehttime the cumulative production is
doubled. Therefore, even if it was the case thactimulative production of wind power
would double during a time span of 20 years, waikhpnot expect the industry to reach its
grid parity. Figure 8.2 shows the Salter-diagramaio 8 decrease in the LPC-level, still as a
function of a discount rate at the 6 percentagellé&wen if it was the case that the
cumulative production of wind power would doubleidg a time span of 20 years, we should

not expect the industry to reach its grid parity.
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Fig. 8.2: Salter-diagram for an 8 percent decré@afiee LPC-level and a discount rate of 6 percent.
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9. Concluding remarks

During the last 20 years Europe has seen a rapidase in the development of wind power.
During this period total generation from wind enehgs increased from 0,7 TWh to more
than 100 TWH and wind power is by far the energpuece with highest relative growth rate.
The large growth is largely attributed to the gnogvattention to environmental problems and
security of supply. Especially, does the SternaeviStern, 2006) point out that a
combination of higher carbon prices and the proamotif new renewable technology is
needed in order to stabilize the emission of CAaw&50 CO2&". Concerns regarding the
security of supply and environmental issues wese ele underlying motivation when
Norway introduced its target for the restructuraighe energy sector. Among these targets
was the production of 3 TWh from wind power by 2010

Since the long-run marginal costs of wind poweregalty have exceeded the market price,
the development of wind power has been highly tahtoon subsidies. Several support
schemes have been development, but the two moshoarare the feed-in tariff and direct
subsidies. Norwegian wind power development haslé&mge extent been driven by direct
subsidies. By 2009, the Norwegian wind power induisas been subsidized with more than
NOK 1600 million, which has generated more thanTMih*2.

Wind power is a capital intensive energy sourceéwBen 70-80 percent of the total cost is
related to the upfront capital cost, whereas mechCa70 percent of costs is related to

operation, maintenance and fuel for conventionalggdechnology.

The purpose of this work has been to study theafled grid parity — the point at which the
cost of electricity from wind power will equal tleest of producing electricity by traditional
means without taking into consideration subsidiég future price has been estimated for the
five price regions along the Norwegian coast ardadng-run marginal cost for 12

Norwegian wind farms has been calculated. The gegpaice for Norway is estimated at 0,33
NOK/kWh. The long-run marginal cost for the 12 wiiadms is calculated between 0,49
NOK/kWh and 0,71 NOK/kWh with a discount rate gbércent. Given stable costs, wind

power will not reach its grid parity.

1 See footnote 4 on CO2e.
12700 GWh are not yet developed.
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For the best case wind farm to reach its grid paiilowing experience curve methodology,
the progress ratio must be found to be less thaageal to 78 percent. The wind power
industry is capital intensive. In the capital chstction, the wind turbine constitutes of 75-80
percent of the total. Hence, in order to see futmst decreases one must investigate the
development in turbine costs. Studies on experieaoees for the wind turbine industry

report the progress ratio to be 92 percent for Dkraad 98 percent for Germany. This means
that costs are reduced with between 2 and 8 peeeshttime we the cumulative production

is doubled. Again, we cannot conclude that Norwegvand power will reach its grid parity

within the next 15-20 years.

When compared to early feed-in schemes used in &@grifnom 1990 to 1997, the Norwegian
subsidy regime established in 2000 seems to generate wind power in terms of GWh
during the 7 consecutive years (see Section 4t#3.thesis does not provide a thorough
analysis on the topic, it has not even been thpesobthe thesis. However, as the use of
direct subsidies for the benefit of Norwegian wpwver development continues, more data

will be available and these indications should ligexct for further research.
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Fig. A.1: Future prices UK.
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Fig. A.2: Future prices the Netherlands.
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Fig. A.6: Future prices scenario Sweden region 2.
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