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INTRODUCTION

Since the first power systems were set up hundeagdsyago, the main fluctuation,
with small adaptation, has been the load variatamsed by consumer habits. The
water flow in hydro power station, usage of coalsbale, gas and other fossil
based energy sources in thermal power plants farep@eneration have been
controllable if compared with load variations. Dhgithe century, the load predict-
ability and consumption forecasting has improveddierable level. The power
systems, with long payback times, long planningzeor and large investments are
quite expectant to everything new and unproven raed time to overcome its
inertia. So far, for all power plants regardlesshaf fuel used, there has been visi-
ble amount of supply and reserves from hours tasydapending on the size and
type of the power unit.

The intensive use of fossil fuel is leading manktodsituation where energy
sources formed during millions of years will be kgégd within centuries. The
present situation in economy, society and to sortenein science is looking at
renewable energy sources as a solution to conspiling energy consumption
day by day. Wind energy is taken to be new anaitefienergy source that could
spare us from reducing everyday energy consumptloiortunately, the reality
today is that wind energy can replace energy seggdliom conventional sources
but not the need for most of their capacity. Inecawind energy, we are predict-
ing the volume and duration of the supply and uséhen it is available, not when
it is needed.

The impact of wind energy on different power systafepends on the particu-
lar power system. Hydro power, on one hand is cemed to be a fast regulating
and good power source for balancing purposes antiewother hand suitable for
covering base load. If we add the renewable labdiydropower, we get system
with two renewable energy sources — wind and hydifoat can be mutually bene-
ficial. In countries like Estonia and similar cones where electricity generation is
basically based on thermal power plants, the imp&etind energy integration is
considerably diverse.

The aim of this thesis is to analyze the capabdityossil fuel power plants to
cooperate with wind parks. It is shown that thd Renomy and the reduction of
greenhouse gases emissions in the power systenstiagpf mainly fossil fuel
power plants are not proportional to the electrigtoduction of wind turbines.
Participation of thermal power plants in the congagion of fluctuating production
of wind turbine generators brings up special camceand with regards to these
reduces the expected positive effect of wind enelgyaddition to fuel economy
analysis the impact of wind turbine generators dwgr quality in weak distribu-
tion grids is investigated. For the first time exwe power quality field measure-
ments on Saaremaa island were made and analyzsdlt®Rare interpreted using
PSCAD/EMTDGQmodeling program and as an example of a weakSpatemaa is
used.
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1. WIND ENERGY SITUATION IN THE WORLD,
EUROPEAN UNION AND ESTONIA

In the beginning of year 2009, it was acknowleddggdGlobal Wind Energy
Council [1] that USA has become the leading couirirthe amount on installed
capacity of wind energy, leaving the former lea@G@rmany as the second and
Spain as the third. If China continues to increasgalling new wind energy in-
stallations (China’s total capacity doubled for tioeirth year in a row) China
would be well on its way to overtake Germany andiSpo reach second place in
terms of total wind power capacity in 2010 [1]niust be instantly reminded that
despite of large numbers of wind installations i8AJand China, its share from
total installed capacity is still modest, but exgiag. On the same time, Denmark,
as the country with the longest history of modemndaenergy, is planning to have
30% of its electricity from renewable energy sosrbg year 2025 [2] and 50% by
year 2050 [3, 4, 5]. At the end of 2006 Europeanobr(EU) set its renewable
energy target on 20% from overall energy consumgbip year 2020 [6]. The pro-
portion of wind energy could be as high as 14.3%0f electricity demand ac-
cording to European Wind Energy Association (EWBX)year 2020 [7]. This
means 180 GW of installed capacity of wind turbjnekile in the end of year
2008 the total number in EU was 65 GW and met 402%U electricity demand
[8]. The triple increase should take place withia hext 11 years. All this will be
integrated to grid already containing conventigg@aber plants, like coal, oil-shale,
gas fired power plants or nuclear power plants.

The total installed power generation unit commitingnEU in 2007 is seen on
Fig. 1.1.

B Nuclear 17%

B Large Hydro 15%

@ Natural Gas 21%

B Coal 30%

Figure 1.1. EU mix of installed power generatiompaaity (Total 775 GWg]
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As indicated by Eurostat [9], the installed capaaf electricity generation
plants, as well as the total power generated irEtdéncreased by 17% in the pe-
riod from 1996 to 2006 and have been growing irataar steady rate per year.
Overall, in the case of the EU, the bulk of thediied capacity came from thermal
power plants, which were accountable for 58% in62@@th a 15% increase since
1996. In 2006, power generation for the majorityEdd countries came mostly
from thermal power stations with few exceptionstvgen 1996 and 2006 power
generation from thermal power stations grew by 18%U, while power genera-
tion from hydro declined by 5%. However hydro capagrew by 5% in the last
decade but its share in total installed capacily lie year 2008 according to [10]
43% of new installations in Europe were wind tudsirand only 3% were hydro
power plants.

During the negotiations with EU, Estonia set aridative target for production
of electricity from renewable energy sources. Theetdcity produced from RES
must cover at least 5.1% (ca 400 GWh) of the girdasd electricity consumption
by 2010. In spite of the availability of remarkak¥end potential, only 75 MW of
wind capacity was in operation by the end of yédi&in Estonia. The total energy
produced by renewable energy sources in 2008 wast I8Wh [11], which is
more than 2% of Estonia’s in land energy consumptio

Wind energy projects were infeasible during a lpegod due to low electricity
price and Estonia’'s very limited subsidies for wgeherated -electricity.
Nowadays, the purchasing obligation and feed-iiff¢afor electricity from RES
have been written into the legislation and consipacof wind generators has
increased substantially [12, 13]. In the new Market, ratified by the Parliament
in March 2007 [12], there are provided measuresrcfase obligation) for
supporting renewable energy. Network operator Igyed to buy electricity with a
fixed feed-in tariff (0.074 EUR/kKWh) produced fraenewable sources within the
network it is operating. This has recently causgeak of interest in wind energy
investments.

In the beginning of 2009 the largest wind park witktalled capacity of 24
MW is situated in the eastern part of Estonia (Miligula wind park) [14], Pakri
wind park on Pakri peninsula (18,2 MW) [14] and dvipark with 13 turbines and
39 MW in total on the western coast of Estonia Epa wind park) [15] is under
construction. The overall amount of wind power adyathat is applied for
connection is around 5000 MW.

It is a considerably large number compared to dve@sumption. Winter
peak load in 2007 reached up to 1525 MW and sunmi@mum was around 450
MW [16]. Consumption forecast, made by Estoniangnaission system operator
(TSO), is foreseeing winter peak load of 1665 MW year 2010 according to
most probable base scenario and 2016 MW for ye@0.280 it is clear that the
capacity of planned wind parks is decisively exaegdhe foreseen peak demand
until year 2020 [17].
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2. NATURE OF WIND POWER

2.1. Power in the wind

The veracity of wind power plants is almost uncolfdible due to the fact that their
power varies rapidly and frequently within a widmge as their output power is
the function of wind velocity in the third power.

power in wind:%pAve' (3.1)

where,
p —air density,
A —swept area,
V —wind velocity.

The power in the wind is converted into mechanrcéhtional energy of the
wind turbine rotor which results in a reduced spieeithe air mass. The theoretical
optimum for utilising the power in the wind by regilg its velocity was first dis-
covered by Betz, in 1926 [18]. According to Bete theoretical maximum power
that can be extracted from the wind is

Pocs = PRV Crap, =2 AV 059 (3.2)

If all the losses in WTG-s are neglected, the maximpower which can be util-
ised by wind turbines is still only 59%.

Thus velocity and direction of wind change rapidiigh time and in tune with
these changes, the power and energy availabletfterwind also vary. The varia-
tions may be short time fluctuation, day-night a#idn or the seasonal variation.
Depictured on Fig. 2.1 are the seasonal wind vBla@riations caused by changes
in daylight during the year due to earth’s tilt ailibtical orbit [19].

Wind velocity, m/s

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 2.1, Monthly variations of average wind et [19]
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The wind velocity values on Fig. 2.2 presented @sninute and 1 hour averages
on top of 90 meter wind turbine [20]. Fig. 2.3 sisothe electricity generation
fluctuations at the wind park in December 2006 [l].

—— 10 minute
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A—1 hour /,// A\‘\,/
" ///\A\/
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Wind velocity, m/s
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Figure 2.2. Wind velocity variations as 10 minudesl 1 hour averagelR0]
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Figure 2.3. Wind Park’s electricity generation geur in December 200
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Wind velocity at which the rated generator poweteigched (rated wind veloc-
ity) is approximately 12 to 15 m/s on modern windbtnes. Power curve of 2.3
MW wind turbine is presented on Fig. 2.4.

30000001 | | | | | | | | | |
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< | | | | | |
10000001 I I I I I I
l T T R
I I I I I I
I | I
500000 ~ - T T T T T T T T T R e Y e 60-second-average measured values |
I I
| I — Polynomial (6. order) |
0 l T T l T T t t t t t t t l
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Wind speed as 10-minute-average value, m/s
Figure 2.4. Power curve of 2.3 MW wind turbiji2€]

When this value is compared to wind velocities oevpus figures, we can see
that most of the time WTG-s are not operating dadgower and during summer
months not even close to that. The latter resnlthé low capacity factor which is
the ratio between mean power production and irstalbpacity. The low capacity
factor depends on wind resources and can be fr@fmif.low wind regions to 0.4
to high wind regions and offshore [18, 22]. On Hane time the availability of
wind turbines (fraction of time in a year that tend turbine is able to generate
electricity) is relatively high (from 97% to 99%33].

The utilisation time in hours per year is defined a

8760 annuamearpower
installedcapacity

utilisation time= (3.3)

In general, if the utilisation time is high, theituis most likely to be operating
at rated capacity comparatively often. Compareti Witse-load power plants, such
as coal or nuclear power plants, the utilisatiometiof wind power plants is lower.
This implies that in order to obtain the same epgngduction from a base-load
power plant and wind park, the installed wind pealpacity must be significantly
larger than the capacity of the base-load powentpls].
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2.2. Wind power fluctuations

At low penetration levels, uncertainties in windwgs generation will not have
significant impact on power system operation beganghis case the wind power
can be regarded as a negative load. However, ashdre of wind power in the
system increases, the system operator needs tonhare spinning reserves and
dispatchable capacity to handle the fluctuationss Ts the present situation in the
power system of western Denmark as described ih [4dssive development of
wind parks in the area has resulted in a situatibere the system operator is
forced to sell exported wind power for a low priddoreover, the unexpectedly
low wind velocities can cause power deficit in #rea which has to be covered by
imports.

The Danish example referred from [25] reveals tfishore wind park active
power fluctuations measured in Horns Rev A in Wiest@enmark, that the fluc-
tuation can be much more intense than ever segheoaggregated wind power
production on land. The active power of the offehaind park can change up to
100 MW in 15 to 20 minutes. In part, this can bplaxed by the large amount of
wind power concentrated within a relatively sma#a(about 25 kf) resulting in
a stronger correlation of power outputs from théites in the wind park.

If we take the annual power generation of the wiadk and transform it into a
histogram, we get the picture seen on Fig. 2.5.tMbshe working hours for that
wind park were through year in the low generatiamt @nd average wind park
power output was 4.88 MW which is 27% of instaléegbacity (18.4 MW).

1800

1600 4

1400 /\

12004

1000 /

800 A

Hours of yeal

600
400 4

200 A

or—r+—+——————
o 2 4 6 8 10 12 14 16 18

Mean hourly wind power ranges, MWh/h

Figure 2.5. Wind park’s annual electricity geneaatidistribution[l]
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2.3. Wind energy forecasting

Load forecast in the power system is made fromrséyears and months up to
hours ahead. If the wind power plant is consider®d conventional power plant, it
must have its power generation forecast. Fig. Bdws the hourly power fluctua-
tions and forecast of wind energy. The presentegtést is given daily for the next
24 hours.

Used example for one power system might be examgticompared to
Germany or Denmark as only 50 MW of wind energfprecasted in whole power
system, but on the other hand it describes thempatiof forecasting situation per-
fectly since similar occurrences are pointed oudtiblications like [24, 26].

Generally, the root mean square error (RMSE) ardhtkan absolute error or
mean absolute percentage error (MAPE) are the atdndtoncepts for
characterising forecast errors. With current tottie, forecast error, represented by
the RMSE, for a single wind park is between 10% 20% of the installed wind
power capacity for a forecast horizon of 36 ho@@.[

45 ]
= Planned
40 / \ - - = Actual
i ‘ ‘
35 o
| /N
30 s Y )
L Vi {
3 ;) .
3 Lo :
D? 20 '\: K \ : \,\| “ s} \
15 +—= L A T — /
A U A 2 L S\
10 : " . 8
oo X N Nl
5 Al VN e
w
0 T T
) ) ) ) ) ) ) )
Q¥ Q»Q & 9»9 VQ@ 0»0 Q»Q 0»0
S g v ) 0 q

Figure 2.6. Planned and actual generation of wintkrgy in Estonian power system in
January 200911]

Following examples are referred from [18] and [27]:

1. Holttinen calculated the MAPE of wind power prediotto amount to 8—
9% of installed capacity for the Nordpool electsiginarket.

2. Woyte found for different wind turbine sites in Belm that forecast errors
of less than 10% and 20%, occur only 60—70% an®®@%-of the time,
respectively.

3. MAPE of the Prediktor system developed by Riso &l Laboratory, is
around 15% of the installed capacity. The perforreaaf the prediction
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model deteriorates very gently, as the error irsgealuring 36 hours by
less than 10%.

Wind speed forecasts, however, still remain lessuiiate than load forecasts
given that the latter have more predictable diuaral seasonal patterns. The un-
certainties associated with weather forecastingprabably never be fully elimi-
nated [28].

Review made by Costat al [29] gives an overview of the short-term
prediction and points out further actions needeidmrove forecast accuracy.

In Ireland, in 2004 only 80% of all forecasts wenade within 85% accuracy
and in 6% of cases, wind forecast accuracy was tlems 75% [25]. The same
report reveals that the maximum hourly change ofdwpower output was
approximately 33% of the total installed wind powggneration capacity and
during some 15-minute periods the net change ofl wyeneration could exceed
25% of the total installed capacity.

It is safe to conclude that the accuracy of thedwinwer generation forecast is
generally between 10% and 20%, while some errohsgin wind might be as large
as 35% or more [30, 31, 32]. High quality foreqagtof the power output of wind
turbines is required for improving the managemednthe balancing power from
traditional power plants.

2.4. Wind power cooperation with power system

Maintaining the capacity balance of the electripalver system and managing
the power system in real time is one of the maskddor the transmission system
operator. As load varies, the generation must\asyp. Under circumstances where
generation starts to fluctuate and load remainstani, the other generation units
must compensate it. The latter is the case foelaogle wind energy.

As the capacity of the unpredictable sources adaldthe power system in-
creases, occasions when available power from sagttes cannot be used occur.
If the penetration is substantial, there might beqas when the available power
from renewable energy sources exceeds demandnnotthe accumulated. How-
ever, Ferris and Infield in [33] appoint that eviefore this stage is reached,
energy from variable sources will have to be shathbse the power system would
need to keep a minimum level of thermal plant gaeti@n in order to maintain
adequate operating reserve.

Based on different studies made in the United KamydBoyle in [26] sums
them up by affirming that total conventional plaapacity will never be less than
the peak load irrespective of the amount of addied wapacity. He also concludes
that, as a consequence of the variable outpus, seen that wind power, among
other renewable sources, can replace energy sdpipien conventional sources,
but not the need for most of their capacity.

The analysis demonstrated by Strbek al. [34] showed that in order to
accommodate intermittent generation it may be rsaggsto retain a significant
proportion of conventional plant to ensure secuoitysupply under conditions of
high demand and low wind. Hence, the capacity valugtermittent generation
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will be limited as it will not be possible to digge conventional generation
capacity on a “megawatt for megawatt” basis [34.dlso admits that intermittent
generation is not easy to predict and various foofmadditional reserves will be
needed to maintain the balance between supply emauad.

Holttinen et al [35] points out that the requirement of additionegulat-
ing/reserve capacity in Sweden is comparativelylis@aleast for the time horizon
one hour and with an approach including probabéitgl forecasts. By referring to
another study Holttinen concludes that wind powgedration costs are lower in
hydro dominated countries (especially Norway) coregao thermal production
dominated countries (Germany, Denmark). One ofélasons is the very low cost
of hydropower production connected to part loadrafyen and start-up, and the
fact that hydro dominated systems are generally qooistrained in regulating
capacity.

In larger power systems with wide energy generagiortfolio the regulating
units most likely exist and wind will be additiohaintegrated to replace the oldest
generating units. The amount that wind energy egtace fossil capacities is the
capacity credit defined as the fraction of insthllenewable capacity by which
conventional capacity can be reduced without a ilos®curity of supply [34, 36].
The capacity credit varies for different regionsl anarket sizes, but a large share
of hydro storage allows to increase the capacgyitiof wind turbines.

In countries, where first WTG-s will be installeddacognition for balancing re-
quirement comes afterwards are probably in a maggivileged situation, as in-
vestment requirement can be directly drawn to wandrgy. The status of power
station generation by type for Estonia, Poland,téthKingdom (UK), Denmark,
Germany, Latvia, Finland and Sweden is seen on2rig.

B Thermal @ Nuclear B Hydro @ Other RES
100% R
80% -

60% -

40%

20% -

0% - I

Estonia Poland UK Denmark Germany Latvia Finland Sweden
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Figure 2.7. Power station generation in per centyjye for different EU countrig9]

It can be derived from Fig. 2.7 that the impacivixid power integration on the
power systems can not be taken uniquely. If windddmons can be taken to be
relatively similar, at least in coastal areas, té@hnical conditions for example for
Estonia and Poland are entirely different if congplato Sweden or Denmark. In
addition to power plants, other technical condsitike local grid conditions, inter-
connections and even climate conditions must bsidered. The amount of power
that can be integrated without a major impact ® gbwer system and the power
that wind power can replace and emissions redueetharefore different.

The Estonian authorities have reached the knowlduagefulfilling the expec-
tations of EU by supporting renewable energy sauaddiges balancing units in
co-operation [38]. The best way to manage wind ggnéluctuations, in a sense of
emissions, is to cover these with other renewabirgy sources, such as hydro
power plants. As a contrast to this and as prelyosaid, the power generation
from thermal power plants grew by 19%, while pogeneration from hydro de-
clined by 5%. During the same period the wind epaygneration has grown al-
most 17 times [8].

It is stated in [39] that the regulation of windwer is not yet a problem for a
hydro-dominated power system, but other issuedilaly to arise before regula-
tion. In case all the fluctuations of wind powendze compensated with other re-
newable energy sources, the integration of WTGesdwt cause additional emis-
sion and the environmental gain is linearly projooil to the amount of produced
electricity. In power systems without hydro powdgins or without considerable
interconnections, the options for balancing largedyower fluctuations are there-
fore limited. One of the options is to use conablé power generating units like
gas and coal or other fossil fuel based power glamhich is not a pollution-free
way to support wind energy.

The possibility to increase renewable energy patietr in one country to 50%
or more is analyzed in publications like [2, 27]te&hnical system analysis with an
increased wind power penetration in Denmark isqgeréd by Salgi and Lund
[40]. Their suggestion is to store surplus poweni®ans of compressed air energy
storage (CAES). Proposals for being able to achigte penetration of renewables
are explained in [2]. It is concluded that it carlyobe done if energy consumption
is notable reduced, other renewable energy souikceghotovoltaic, wave and
biomass installations increased and efficient apgks taken into use. Ngrgaard in
[41] analyses the transport sectors potential impeaation with wind power and
points out that electrical vehicle concepts provitteresting and valuable poten-
tials regarding environmental impact, fossil fuepdndency, energy system flexi-
bility, and driving characteristics. Grid operat@muld use electric vehicle as an
energy storage technology, proposes Georgilak[g2h Typically, electric vehi-
cles charge their batteries at night when the obgiower is low. Consequently,
their use increases the flexibility of the powestsyn and allows the increased
integration of wind power into the system.
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The characteristic of wind energy, particularlystechastic nature can be con-
sidered as negative aspect for large scale windygnés aforementioned, all re-
newable energy targets established by differeritutions are set on the level
around 20-30% from total energy consumption. Rafgrto that, majority of our
consumption in near future will still be generatgdmeans of conventional power
plants.
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3. THERMAL POWER PLANT MOBILITY AND
REGULATING CAPACITY

Nature of production availability in Estonia anchet power systems depending
mainly on thermal power plants, e.g. slowly regatathermal units (startup up to
14 hours), constitutes requirements. There areeptlyr no fast regulating units
available for balancing and reserve power for wpadks in Estonia, and therefore
balancing power should be imported. For regulatingposes, it is only possible to
buy energy from systems synchronously connecte&simnian power system.
Scandinavian regulated market is only useable éan&inavian TSO-s and power
form spot-market can be bought two hours in advalmcaddition, limitations due

to transfer limits arise and may therefore not beable for the export/import of
additional power. Generally one should considert tBatonian export/import

possibilities are 650 MW [l].

In power systems, the best solutions for coveraqjd power fluctuations are
the use of gas turbine power plants. Their workiogrs are traditionally kept rela-
tively low (less than 1500 hours) and investmenrthat range of working hours is
smaller compared to other generating units (see3-1g.
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—— Gas turbine power plant
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Figure 3.1. Annual costs of power plants per one kidbending on hours of use of
installed capacity43]

Estonian TSO requires installation of fast-stamegating units to be installed
together with new connections of wind power — alvnwind parks which are
planned to be connected to the grid, affeofLJuly 2007, are obligated to have fast
regulating power plants on Estonian territory.
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In any given power system, the amount of wind polsgng generated depends
closely on the speed of the wind. The need to kggygration and consumption in
balance at all times places constraints on thelaggg capacity of the rest of the
power system.

This happens at two timescales [44]:

¢ In the short term (minutes or hours), wind is tigkly unpredictable and

frequently delivers either more or less than thedast amount of power.
This means that conventional power plants have d@kenmup the shortfall

when wind speeds are lower than expected, androduption when the

reverse is true. Both courses of action lead toeaed costs, which should
presumably be covered by wind power.

¢ In the medium and long term (days and weeks), gn@bility of the wind

means that there will be many times when littlenomwind power is avail-

able. In the power system where wind makes up atantial fraction of

the generating capacity, either consumption wilvehdo fall, or other

forms of generation capacity will have to fill tgap. Again, this has both
systems and cost implications.

3.1. Dynamic characteristics of the thermal power plant

During the constant load or during slow load chanifpe static input-output char-
acteristics of boilers, i.e. the characteristicgsegponding to steady state of the unit
can be used. If the unit participates in coveragid changes in the power system,
the static characteristics are no longer valid #vel dynamic characteristics of
boiler must be used. In these conditions the badl@perating in non-continuous
operation. During the rapid increase of load, #lative heat loss with flue gas at
boiler exit and relative heat loss due to unburoeghnic matter increase notably.
Due to abovementioned reasons the boiler efficiadeyreases and inevitably the
relative fuel consumption increases. When the Iagidly diminishes, the losses
exist as well due to deteriorate burning regimes ltomplicated to calculate the
precise operation point on dynamic characterissipeeially for fossil fuel power
plants. As the tests of this type are expensivaedke and complex to measure, the
literature lacks real dynamic characteristics afdve and large scale power units.
In [45], it is stated that efficiency will be redzet up to 1% during fast increase,
which results in notable increase in cost charities. The dynamic and static
characteristics based on measurements of 200 Mvwh#heunit based on natural
gas are presented by Girschfedal in [46]. Without knowing the precise dy-
namic characteristics of oil-shale power plant, eee assumed it to be higher
similarly to thermal unit based on natural gas (B&p 3.2). Using the dynamic
characteristics gives opportunity to get more s#ialiresults than the linear meth-
ods of calculating fuel consumption and emissions.

Estonian oil-shale power plants contain severalbtiopower units, but these
power units can also operate as mono power undsbl@ power units consist of
two boilers and a turbine generator and its opamais therefore more flexible.
Detailed overview of power plant optimization cariead from [43].
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Figure 3.2. Static and dynamic characteristic dfshiale power plant

Comprehensive description about oil-shale powentples available in [47].

In the power plant where double power units opeaatenono power unit, it is
possible to optimize the load dispatch between pawds and the unit commit-
ment schedules of power units. In case of doublgepaunit operation it is also
possible to optimize load distribution between bloders and boilers’ commitment
schedules. The fuel costs, consumptions and emgsi&n be read from the corre-
sponding characteristics of thermal plants usingutated optimal powers.

If we deal with the necessity of compensating wpmiver fluctuations with
thermal power plants, the fuel cost characteristicst be considered as dynamic
values. Under dynamic characteristics the fuel degtends on load and speed of
load changes. When balancing fluctuations, the lohdnges are constantly
changing in time as in equation (3.1).

B(P,t) = B(P(t),%ft),tj (3.1)
where
oP(t)

——— - load changing speed of the power unit

In calculations used in papers [l, 11], the timeipd is divided into intervals and
the load in time intervat depends on the power in intenkalpower in intervak—
1, and speed and direction of the change of poser aquation (3.2).

B, =B(R.,P_;,K) (3.2)
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3.2. Regulating capacity of the condensing thermal poweplant

Electricity unbalance between consumption and pogeneration causes
several problems for system stability and mustetfoge it must be avoided. Base
load in power systems are traditionally coverechwitrge thermal power plants
(Estonia, Poland, etc.), nuclear power plants &amr hydro power (Norway).
Gas turbines and gas engines are used only oceligitm cover peak loads. Due
to relatively high operational cost, the workingur®of gas turbine are kept as low
as possible.

In Denmark in 2007 according to [48] the installB$il MW of gas turbines
generated 60 GWh of electricity, which results titisation period at maximum
capacity only to 80 hours in a year. Good interemtions with neighbouring
countries and usage of combined heat and power YOblénts with heat
accumulators diminishes the utilization time ofsheostly power units. Because
all that, when we start to use generation basedabmral gas for balancing wind
power, the working hours of gas based power plargsincreasing together with
emitted hazardous gases.

The power plant efficiency depending on load andiglaload operation is
undesirable because it reduces the power plamiarftiy [49, 50]. The most effec-
tive electricity generation is performed when tht is operating on a rated load
(see Fig. 3.3). If we have to balance wind fludtuzst, we will have to operate at
times on partial load with higher specific fuel samption. Every thermal power
plant participating in the compensation operateffimiently, but balancing reserve
must be held. Constant fluctuations in large basd lnits reduce the lifetime of
boilers and increase the frequency of planned raadmtce [34].
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Figure 3.3. Gas engine power plant efficiency arakb specific fuel consumption (BSFC)
dependency on logé1]
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If we use unit for balancing small power variatiove are using the unit inef-
fectively, resulting in notably lower emission retlan as expected. Power plant
operating on partial load with lower efficiency ¢enhazardous gases on a same
level or even increases in partial load situatii@®s 51]. The emission dependency
of load is given in Fig. 3.4, where unburned hydrarbon (UHC), carbon
monoxide (CO) and nitrogen oxides (NOx) are presgtnEngine is designed to
work most efficiently on rated power. When we startnanoeuvre with the load,
we are moving along the efficiency curve. Wind powapact on thermal power
plant load efficiency, specific fuel consumptiordamissions are further analysed
in Chapter 4 starting on page 29.
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Figure 3.4. Gas engine power plant emission depecylen load51]

3.3. Regulating capability of combined heat and power pints
equipped with heat accumulator

Heat accumulators are used for storing energyerfadhm of hot water for district

heating systems. When heat accumulators are useahibination with CHP that

traditionally follow heat load, the flexibility oflectricity generation is increased
and is therefore available to balance wind flusturet Heat accumulators facilitate
two types of response options for better integratibintermittent power into elec-

tricity system [52]:

o for storage of heat produced by CHP, operation lotkvis usually heat-
demand driven.

e for storage of electricity surplus, coming fromemnhittent generators such
as wind turbines, as another form of energy — hela¢re heat is produced
by heat pump or electrical boiler and reducing ailment of intermittent
power production.
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When there is no district heating or low heat demmndout high electricity de-
mand with high prices CHP can produce electricittilaccumulator is filled up. It
can stop operation and electricity production agylas heat accumulator is dis-
charging and supplying heat. By using electricaleo® and heat pumps during low
electricity price in case of surplus wind genenatfor heat production, CHP can
directly save cost on unburned fuel and reduce saoms.

This results both in reduced randomness of windgsaeneration and in saved
costs on district heating. One possible solutiomépictured on Fig. 3.5 where
wind turbine generators and cogeneration powenghaith heat accumulators are
presented.
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Figure 3.5. Cooperation of cogeneration power plantl wind turbine$VIll]

Here B — boiler, EH — electrical heater, C — comapoe, GT — gas turbine, G —
generator, ST — steam turbine, HE — heat exchahifer; heat accumulator, DHN
— district heating network, WTG — wind turbine geater, BB, BGT — fuel con-
sumption of boiler and gas turbine respectively.

3.4. Thermal power plant optimal operation with wind parks in power
systems

Thermal power plant optimisation in power systemssist two problems:
e Optimal unit commitment
¢ Optimal load dispatch between operating power units

Optimal unit commitment depends mostly on startagsts of power unit
(Fig. 3.6) and specific fuel consumption charasters (Fig. 3.3).

When thermal power plants have to balance powetuétions of wind parks,
the determination of optimal operation conditioagather complex. Later results
in increased cost over total power system, butrattire have no effect on wind
park operators.
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During normal operation the power plants are optyrlaaded (it means their
incremental fuel costs are even) [43].
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Figure 3.6. Start-up cost characteristics of thaveo unit[43]

If any plant must balance unintentional deviatithe, operation is not any more
optimal and fuel consumption augments. Overcostratheristics caused by
deviations from optimal load is depictured on B¢,

where,
AP = Pactual - I:)optimal (3.3)
AP — load deviation
P.a - actualload
Pima  — OPtimal load

Power system overall costs, including fuel consummptare lowest when every

contributing power plant is operating on optimuraddhat corresponds to existing
power requirement.

%[ AB
2
\ /l
\ y
1
\ /
\ /
\ /
/
AN 4
N s
~d // AP
\\ __ -
0
-10 -5 0 5 10 %

Figure 3.7. Power unit fuel overcost dependingaad|deviation
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Deviation from optimum load operation is basisifareased fuel consumption
as presented on Fig. 3.7. Figure depictures poniefuel overcostAB depending
on load deviatioAP , between actual and optimal operation point.

PA
AB= [b(P)oP (3.4)
Ro
where
b(P) — unit incremental cost characteristic
Po — optimal operational point
P» - actual operational point

Under the circumstances described, intermittentggdvom wind parks has di-
rect impact on power system operation and caudeofigecosts in thermal power
plants.
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4. BALANCING IMPACT ON EMISSIONS IN THERMAL
POWER PLANTS

One of the options for dealing with increased fiations in the power system due
to enlarged amount of fluctuating energy sourcethésuse of power generation
forecasting. The obligation that the power delidet@ the grid must correspond to
the forecast must be introduced also for wind enekExceptions can be made
during emergencies and if required by balance pesvior TSO, but must be
exactly described in contracts and used only winewitable. During the normal
operation one should keep to forecasted powerrelfiijiencreasing or decreasing
available power generation if not according to préoh. Following analysis is
based on assumption that this clause is introduset two options for power
systems containing mainly thermal power plantsrreduced:

e The first approach is to investigate a small getiregaunit, in the range
from 5 to 15 MW. The unit in this range can be a gagine power plant
(GEPP) [51, 53]. Device like this is in principleable for wind parks to
cover one’s forecast error. By taking the averageedast error to be
around 20%, the appropriate capacity of the wintt pauld be within the
range of 25 to 75 MW.

e The second approach is to study a larger oil-sipai@er plant with
balancing range up to 100 MW. In this case speattaintion is drawn to
fuel consumption by investigating its dynamic cleéeastics. These power
plants are generally base load power plants dedigmeover base load.
Power plant in this range could be appropriateldoger wind parks on-
shore and offshore and even suitable for smallerepsystems. By using
the same forecast error (20%), the installed cépaci wind power could
be approximately 500 MW.

4.1. Balancing wind energy fluctuations with gas engin@ower plant

Gas engine power plants can be used as backuparniswer units for smaller
power systems. By assembling several units intopmwveer plant, the plant could
start the engines and ramp-up to full load in kss ten minutes. Similar power
plant is established in Montana, USA, which sugplieserve capacity to the
electric power grid and also plays an important parsupporting the new wind
energy resources being implemented in region [53].

Schematic description of the balancing mechanisrwiafl turbines with gas
engine power plant is presented on Fig. 4.1.
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Figure 4.1. The balancing mechanism of wind turbine
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Reference marks used on Fig. 4.1:

k — index of time interval,

K — number of time intervals in the given timeipe;

Pt  — Minimum value of wind power forecast when thatmower plant is
started

P R — minimum and maximum load of thermal power plant

R/, Ry —forecasted and actual power from wind park

P — power generation of thermal power plant

AR, — power forecast error

Pour  — power output to grid

B(P) - thermal power plant's fuel cost characteristic
E(PT) — thermal power plant’s emissions characteristic

For this study several simplifications have beemend-or example, it is esti-
mated, that wind park operators must predict the day hourly wind power out-
put in advance for 24 hours. If actual power is légan predicted, the underpro-
vided power must be covered by other means of gébar(gas engine power
plant in our case). The situation when the powepuwius more than predicted has
not been analysed here as there are several opticmdve it, like limiting power
output of wind turbines or transferring the balagcproblem to others by giving
electricity away for reduced price or for free [24]

It is estimated that wind park operator stops thgiree on periods when the
wind power forecast is less than agreed power aiioit.

Rik < Rimit > P =0 (4.1)

Possible limitations could be gas engine’s ratedgrpcertain percentage of in-
stalled wind park capacity calculations based @rage forecast error or any other
option.

The engine can balance forecast error, when poifferehces are not larger
than balancing range

ARy <Py — P 4.2)

If the error is larger than the corresponding rarige power plant is operating
on full load and surplus power must be providedther means or the penalty for
inaccurate forecast must be accepted.

The power generated by gas engine power plant @eifephour is

PTk = Rjk + APWK (4.3)

and corresponding fuel consumption, efficiency anmdssions are calculated based
on that outcome.
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Power delivered to the grid and the power that Ehoorrespond to forecast is
Four = P + PV\I/A;( = PV\'/: (4.4)
where power generated by GEPP is added to actodl géneration.

The paper [I] is based on the previous method an@s found that in the case
of 15% forecast error, 30 MW of wind turbines antl BIW GEPP during one year
would have generated 53.4 GWh and 15.6 GWh reseéctby using 3.5 million
m® of natural gas as a result. Due to the balancing energy shortages during the
investigated year, the GEPP has emitted 2.2 t of C&®t of NQ and 4.5 t of
UHC. The power plant has operated on partial lodth @wverage efficiency of

40.6%, compared to the efficiency at full load 44.5The concluding results are
seen on Fig. 4.2.
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Figure 4.2. Annual electricity generation and enuasof the gas engine power plant
depending on the forecast erridf

Despite the fact that surplus generation is cabseithaccurate forecast, larger
forecast error results in higher utilization timegas engine with higher total effi-
ciency. Almost quarter (23%) of electricity genexhwithin this system accounts
to gas engine and owing to wind energy, 12 milliohof natural gas was not
consumed and tons of hazardous gases were noeémits an advantage of this
scheme most of the fluctuations were kept local iamghct to total power system
was mitigated.

There are several inadequacies in this systemekample, it does not appro-
priately take into account the situation where alchower generation is more than
forecasted as the power plant is still operatingnammum load, while it could be
stopped. In case forecasting errors are relatiselgll compared to rated power of
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the power plant, the power plant is operating ently inefficiently. As a result, it

does seem sensible to accept penalty for inacctioateast and to detach the
power unit. Using higher minimum load or smalleitsim parallel could solve the
situation, but only to some extent, as it will fbksraise an economical dilemma.
If forecasting errors are rapid and relatively &rthe output from balancing power
plant itself starts to fluctuate in opposite ph&sevind power, resulting in the

furthermore increase in fuel consumption. In pEtithe constant manoeuvring
with load marks moving along the efficiency curaed as most of the hours will
be in low load range, the fuel consumption, emissiand overall costs will

increase. Frequent starts and stops, which indyitake place in these conditions,
have a negative impact on the lifetime of the devand cause excess fuel
consumption during forced starts and stops.

4.2. Balancing wind energy fluctuations with oil-shale hermal power
plant

It should be a known fact that most of Estoniatceicity originates from oil-
shale. In Estonian new long-term public fuel andrgp sector development plan
until 2015 [54] construction of new oil-shale powdants are included. Until new
power plants are under discussion, existing unustrwithstand the base load gen-
eration and provide necessary balancing capabilitye following method is
developed to analyse wind power balancing obligatiopact on oil-shale power
plant. The use of dynamic characteristic is undanited inspection as it allows
taking into account more details than linear chiarastics. In order to keep the
calculations on computable and easily understaedaitl, several simplifications
are described hereatfter.

On Fig. 4.3 the calculation mechanism of balandiifgrences between fore-
casted and actual wind power is presented. Folipwafierence marks have been
used:

B(PT) — fuel cost static characteristics of thermakgoplant
B’ (PT) — fuel cost dynamic characteristics of thernwker plant
R, B — minimum and maximum load permitted for balagainit;

I — rate of power deviations (%) of neighboriimge intervals;
k — index of time interval,
K — number of time intervals in the given timexipd,;

AR, , AR, ,— wind power forecast error in time interkend in earlier
time interval (i.ek — 1);

AB,, AB; - increase of fuel cost in time interkadnd in the whole
given time period;

Rl P, —forecasted and actual total generated wingepgeneration
in time intervak.
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Figure 4.3. Algorithm for calculating the fuel oeest of balancing power unit
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Wind power forecast, as also used in the previcasngle, is taken to be fore-
casted 24 hours in advance. Wind power errorgrir fieriod are

AR, =PRi — P, k=1,...K (4.5)

When the wind power forecast and actual generatifiarences are negative
I.e. more wind power is generated than predictee,power plant deregulates its

generation down to minimum lod&j, . Deregulation of the power plant in these

calculations is done according to static charagtierilt is assumed that the fast
drop in forecast error (predicted and actually geteel power is equal or close to
each other) do not need covering and the powet daoperating in continuous
mode at minimum load.

The wind power forecast error (4.5) can not bedathan investigated power
plant’s balancing capacity i.e.

ARy <P =P (4.6)
The thermal power plant load during the balanceng i
P = P + ARy (4.7)

The boiler is not always operating according to afgit characteristic. It is
taken that power plant characteristics depend mcésting error (power) and can
be adjusted by changing the multipliewithin limits from 0 to 100% of the error
of previous hour:

APWk - APWk—l > |

AR leL={0%..;1} (4.8)

As this is not evident, it is assumed that whemrdast error in the following
time intervals differs more than certain percent gur calculationd = 0.2 i.e.
20%), then on those periods the boiler is operaticegprding to dynamic charac-
teristic. The calculations are made according teeldifferent estimations of dy-
namic characteristics (with the biggest differenéiesn the static characteristic
1%, 5% or 10%), as differences between static gndrdic characteristics vary.
The calculations based on this method are publighfif]. Brief conclusion of the
results is given hereafter.

In the paper two reference scenarios were seleateereas the first, 50 MW
scenario was based on the real situation in theoégdar 2008. In Estonian power
system 75 MW of WTG-s were installed, but as timngdat wind park was not fully
available, only wind parks with total of 50 MW wefiarecasted. The second, 200
MW scenario was chosen as it is approximately #rabunt of installed wind
power which is currently supported by feed-in faghd might be integrated by
2010. Both scenarios were calculated using doulden@dono power units.

Fig. 4.4 and Table 4.1 depicts the two analysedast@s based on one week
data. Referring to calculations in [ll], it can b&ated that covering wind energy
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forecast error with oil-shale power plant and tgkinto account the difference
between static and dynamic characteristics, fuakgmption increases by 0.2 to
1.5% depending on nature of dynamic characteri$he. increase in emitted gases
is expected to be within the same extent.

Most of the weaknesses are similar to the methed irs[l], but in this case the
starts and stops are even more expensive and /mabre important, the startup
time from cold state is considerably longer. If thimd power generation forecast
is predicted to be low for days and base load pawerot required, it can be
stopped. Anyhow, frequent starts and stops musavoéded, as it has also an
impact on lifetime of the power plant.
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Figure 4.4. Oil-shale overcost in thermal powermilaue to balancing obligation of wind
energy

Besides that the calculations in this case do ake into account the real re-
duction and increase of wind generation, only theedng of power differences
between forecasted and actual generation. By addiag following the actual
overcost could be larger as more fluctuations akimg place.
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Table 4.1. Balancing results of investigated system
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MW 56 9782 92 1703p 57 0.15] 0.70 | 1.39

* - Difference between static and dynamic charasties
4.3. Conclusions

Both methods briefly described hereinbefore andeitails in [l, 11] are based on
the history of planned and generated wind powea dat do not take into account
information uncertainty and inaccuracy. This uraety is the basis for increased
fuel consumption as information about wind patteiret is available for analysis
afterwards is not present during real operationdésiled data is difficult to ob-
tain, one hour averages are used as an input $e ttelculations. Obviously the
wind fluctuations are remarkably faster and de@per using hourly average might
be too simplified.

It is found that when gas engine power plant iseciogg wind parks’ power
error, a quarter from total electricity is genedaby burning natural gas. The part
load operation results in 4% lower efficiency congohto operating only on full
power. If oil-shale power plant is used to coveretast error, the difference
between linear and dynamic cost characteristiésusd to be in a range from 0.11
to 1.53%.

Truth is that the real situation is more complidatand simplifications made
within this calculation may impose an effect ontbhetays from actual values.
Taking that into account, it is clear that usingdibfuel power plants for balancing
fluctuating wind power causes extra costs dueltovitng reasons:

e increased fuel consumption due to operation irficieht load area
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e surplus fuel consumption due to fast regulationchliauses heat loss with
flue gas at boiler exit and unburned organic matter

e extra cost for starting and stopping the power tglauring long periods of
low wind

e increased maintenance cost and reduced lifetinuaiof

Participation of thermal power plants, especiallifsbale power plants, in
keeping the reserve capacity for wind turbines enthe compensation of wind
power fluctuations substantially increases fuelstmmption and emissions. In sys-
tems containing mainly fossil fuel power plant® gositive effect of wind turbines
is notably smaller than compared to power systém@asdontain hydropower or use
intermediary storage. Taking everything into acdptime positive effect of wind
energy due to balancing obligations is reduced,mdaanced with fossil fuels. It
is popularly believed that the smoothing effect Idotelp to level out the
fluctuations, but when single operators have tqpKesance, the smoothing effect
disappears. Hence it must be agreed on what lewetlcaer which region the
balancing must be held.

Study made by Liilet al to find out the influence of increased wind peat@bn
into Estonian power system is presented in [56, Sifhilar impact in Germany is
analyzed by Leonhard and Miiller in [58].
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5. POWER QUALITY IN WEAK GRID

In the early days of wind power when the turbinesenrelatively small (20-250
kW), they were intended to produce local power ttw@ild be used in the near
vicinity [59]. Local generation and consumptionas obvious advantage to the
power system, since it will reduce the losses enghd. As long as the maximum
power from wind turbines is less than the minimwad in the local grid, all their
power will be consumed in the local area. From yeayear, the larger wind tur-
bines are being constructed and the advantagealfdonsumption is diminishing.
When connecting large WTG-s or wind parks on aanidlin addition to grid con-
ditions and wind velocity other issues such asnmegtueserve areas (Natura 2000)
and bird nesting locations must be considered [60].

As balancing options of wind energy were introduoedtwo levels — gas en-
gine for small scale fluctuations and oil-shale farge scale fluctuations — the
power quality, in principle, could be divided basedlocal and system wide level.

Single wind turbine generators or smaller onesraugs have direct impact on
local grids connected to substations in the viginithis involves mainly power
quality issues like voltage fluctuations, flickerdeharmonics.

Secondly, large scale impact of wind energy to poguelity can be stated as
impact to system reliability and therefore powerligy issues like frequency
deviations, voltage level stability, compensatioh reactive power, fault ride
through capability and requirement to fulfil thelNcriteria.

Author has been involved with several papers M, V, VI, VI, IX] and
reports [20, 20, 61, 62] during the last yearsteglalosely to power quality issues.
In papers [IV, V] the impact of wind parks on thewer system is analysed in the
viewpoint of the possibility to withstand faults jrower systems and the fault ride
through (FRT) capability. The possibilities and aop to integrate 1000 MW
offshore wind park into Estonian power systemsnalysed in [VI]. Hereafter
research on wind turbine generators impact on ldesthibution grid based on
papers [lll, V1] is briefly introduced.

5.1. Wind turbine generators in weak grid

Wind turbines have to be installed in locationshwstufficient wind energy. In
many cases these locations are neither denselylgtegunor industrial areas,
which could guarantee an existence of stronger pgwd. On the one hand it is
good that wind turbines could be erected withostutbing local residents, but on
the same time the absence of high voltage netwakem the investment more
expensive. Latter results in large investment meguoént into reinforcement of the
existing network in order to transport power todozenters. The instalment of
wind turbines in low load high wind areas affed¢ts bperation of the existing grid
and can cause deterioration or improvement of pawality. Wind turbines in the
common strong power systems might have a direcaainpnly on voltage: voltage
change, flicker, harmonics and transients. Thesevalues which also characterise
the so-called weak grid. Due to the unique charasteevery grid and different
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types of wind turbines it is difficult to evaluatiee impact without measurements
and/or modelling.

Load fluctuations cause voltage fluctuations in steady-state operation, espe-
cially in weak grids with long transmission linesdarelatively low voltage. Con-
necting wind turbines to this grid increases thibsgtuations because of short and
long-term changes in output power. If the grid msal, the input of active and re-
active power might change the voltage in connegbiaint or in any point close to
it. Capacitor switching, wind gusts, wind speednges in the steep part of the
power curve and fast changes of electrical torgaesed rapid fluctuations of both
real and reactive power. In combination with therskircuit impedance of the
network this causes voltage flicker. The flickerdecaused by a wind turbine de-
creases with increasing network short-circuit pof28i. For wind parks connected
to transmission networks, flicker is not an isswsnty due to the stronger connec-
tion point, but today also due to the use of vdeiapeed turbines and the diversifi-
cation of turbine locations.

Areas in Estonia with most wind resources are &tdar from main supply
sources and have only 10-35 kV grids with low traission capacity. When
connecting wind turbines to the existing distribatgrids it should be kept in mind
that these grids are initially planned for unidireal transmission of electric
energy. Until recently the opposite direction ohditurbines’ capacity and their
special characteristics has not been taken intoustén the grid development.

The most important factors in installing wind turés and connecting the tur-
bines to the existing grid are sufficient transmoisscapacity of the grid and the
issues of power quality. If the grid is not substdly expanded, both problems can
be considered technical restrictions that haveettulfilled and used for calculating
the permitted capacities of wind turbines connettethe grid depending on the
planned connection point.

Variable speed turbines such as doubly-fed asyncu® generators and full
converter units use pitch-control. The advantageheke systems is that they
deliver power with greater power quality with lddslihood of flicker. This is
because during a short lived wind gust the roteedpincreases and thus absorbs
some of the fluctuation in power in the form ofrstb mechanical energy rather
than directly translating the power fluctuationstoothe grid with fixed-speed
systems [25].

5.2. Overview of Estonian power system

Estonian power system is not the best place fodwiower integration. The elec-
trical networks in the coastline and islands, ugutde best wind park sites, are
weak. Estonian power system is operating in pdraliéh power system of
IPS/UPS of Russia. Estonia, together with otheti@alower systems, Latvia and
Lithuania, are only EU countries that belong toctyonous zone of IPS/UPS of
Russia.

The transmission grid within Estonia comprises 1BG0of 220-330 kV lines
and 3500 km of 110 kV lines. Estonia is interconneéavith Russia and Latvia via
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five 330 kV AC links (see Fig. 5.1). Since the esfd2006, Estonia made inter-
connection available with Finland via HYDC submarirable Estlink which made
it possible for energy market participants to entés the Nordic energy market. It
is decided that there will be a second interconoeatith Finland (Estlink 2) and
it should be operational in year 2013. Interconioest to the neighbouring areas
have a net transfer capacity of 200-1100 MW, dejpgnan real-time operation of

the power system [63]. Transit flows through Esdcanie typically+-200 MW.
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Figure 5.1. Power loop of IPS/UPS of Rugsia

In 2007, approximately 90% of domestic electriggnsumption, 7,2 TWh, in
Estonia was covered by conventional thermal powaantp burning local oil-shale
[16]. The installed net production capacity in tEstonian power system is
approximately 2315 MW — condensing oil-shale firgower plants 2000 MW,
CHP-s ca 200 MW, wind parks 75 MW, all other povpéaints including hydro
40 MW. The peak load during wintertime is about @@@W and low load in
summer decreases to 400 MW. The connection of deradle wind turbine
capacity causes extensive network building, additd sophisticated control and
monitoring devices and active and reactive powguleging capability to the wind
turbines, installation of gas turbines, reconstamctof primary and secondary
regulators of existing thermal generation unitg] amore intensive and extending
co-operation with neighbouring power systems [l].VI
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The island of Saaremaa has a large potential fod wnergy use, but it cannot
be considered as energy field for the whole couatrg today not even as the
solution for covering the local electricity consuiop due to various limitations
mentioned hereafter. Peak load in Saaremaa red6hd¥V during wintertime and
low load decreases to 9 MW in summer. The islandoisnected to mainland
through 110/35 kV transformers in mainland, sixk86marine cables and 35/110
kV transformers on the island. The weakness oh#teork is its poorly developed
35 kV Western part, which does not enable to canlager consumers or wind
parks into the network. The present network sass@urrent loads and has enough
resource left for 10 to 15 years. However, thisvoek cannot guarantee needs of
large consumers or wind energy projects. The maitidmeck is the connection to
the mainland through Lihula 110 kV substation émdouble circuit main 110 kV
feed line of Saaremaa on the dam of Small Stralti]!

The most important requirements for the conneatiforind parks into Estonian
power system are described in Estonian National Gdde (in force since July 1,
2003) [55]. Additional requirements affecting thend parks are described in
Estonian Electricity Market Act [12]. Estonian Gridode covers specifications
concerning supply security and technical requiregmdar electrical installation
due to security of supply. The issues concernirgctimnection of power plants is
covered in Chapter 3 of the Gird Code — “Technregjuirements for production
units” (incl. special requirements for WTG-s). Ttezhnical conditions for con-
nection of wind parks to the grid are elaboratedHgytransmission system opera-
tor. According to the Grid Code, a wind park witistalled capacity over 200 kW
must be able to participate in the control tasks aon equal level with the
conventional power plants, constrained only bylittnéations imposed at any time
by the existing wind conditions. All wind parks evB0 MW must be connected
only to the transmission network. Excessive ovevww@ Estonian requirements
concerning WTG-s can be observed from [IV, V].

5.3. Measurements made in weak grid

Openness to wind and therefore higher wind speentease the interest to develop
wind energy projects on the islands. It is a pregite idea, at least in principle.
Unused wind potential and increased support froregonents drive wind power

developers to islands to utilize all available gyetUnfortunately due to relative

isolation and absence of energy content factohiespobwer grids on islands are
usually sufficient for one way energy transport ang not suitable for wind energy
integration.

During the implementation of this study, numbersnodasurement series on
several years were carried out in Saaremaa grid.mdin interest was on Laatsa
35/10 kV substation, where at presently 3 MW of dviarbines are connected.
First results were presented to Saaremaa diswitagfiid operator in [61] and fur-
ther analyzed in [IX, 62].
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Figure 5.2. Map of the Estonian power system 1336-kV[11]

Laatsa 35/10 kV substation is situated in the seesih corner of Saaremaa (see
Fig. 5.1 and Fig. 5.2) and connection to main 1¥0skbstation is made through
one 35 kV overhead line which limits the WTG-s ailgition in the region. The
investigated wind park is connected to Laatsa 3§ @ubstation on 10 kV level.
During the first measurements in 2004 the wind manksisted three 500 kW wind
turbines. By year 2007 three 500 kW WTG were adaiedl wind park contains 6
turbines with total capacity of 3 MW, two Vestas39-induction generators
coupled directly to the grid and four 500 kW gesslesynchronous, Enercon E-40
generators. Further details about measurementsdnsameasured equipment and
grid characteristics can be obtained from [lll,.62]

On the basis of results it can be concluded thétegs there are moderate de-
viations from average voltage quality includinggbrémersions from the limits set
in the standard. Unfortunately there is no infolioratabout the voltage quality
prior to the installation of wind turbines and thiere these measurements do not
give cause to blame only the wind turbines for afiolg the voltage quality, al-
though the incidents have occurred apparently sseciated with them. Reactive
power consumption or excessive production was beeved. Power coefficient
during the full operation of wind turbines was @de one. The analysis shows that
limiting values of fast voltage changes given anstard EN 50160:2000 [63] was
frequently exceeded in comparison to nominal suppltage. Permitted maximum
value in an hour was exceeded several times. Adsge values of flicker and total
current harmonic distortion have been noted dusimgrt periods. Based on meas-
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urements made in 2008, it was noticed that THDfulhor half power (wind park
output was more than 1 MW) was within limits acéogdto standard [63]. When
the wind speed decreased and wind park generatisnbeiow 1 MW, the THD |
value was exceeding its limit of 5%. According 18], there is no known instance
of customer annoyance or damage to equipment esult of harmonic emissions
from wind turbines based on induction generatoesné& statement can be seen
from [63] where harmonic measurement must be mauie for wind generators
with converter.
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Figure 5.3. Voltage and active power fluctuationd &&tsa 10 kV substation

On Fig. 5.3, in order to present active power itigex; time period during the
night has been selected, as the overall consumptionld be constant and only
WTG-s power generation is fluctuating. The activewvpr on is measured as
negative load to the power system. The reactiveepomas also monitored, but
during the normal operation no direct correlationvbltage was observed, but
when active power generation increased, the inereéasreactive power was
noticed.

There have been some flicker values above limitbsestandards, but they
might be initiated by switching operations or byultircuits in local grid. What
was noticed for the first time during the measumaimiavere the differences of
flicker values in different phases. In Phase 1vidilee of flicker was 0.22 while in
phase three it was 0.37. There is no informatiooutisingle phase load, which
might cause flicker unevenly between phases. [Riffees in phases were also
noticed on 35 kV side in Sikassaare substatioh [llI

As there was no direct contact with wind park owenéhus source of any ab-
normal event caused by planned work or regulatiowind turbines was unno-
ticed. Graphics presented in this paper are vailgt for this measured grid with
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abovementioned wind turbines and are not expandedgpical characteristics. As
the EVS-EN 50160:2000 [63] standard standardisémg® quality in consumer

connection point and does not regulate disturbanaased by single devices, the
validity of standard EE 10421629 ST 7:2001 [64] hl® to be considered when
connecting the wind turbines.

5.4. Modelling of weak grid containing wind turbine geneators

The impact of WTGs impact on the local grid waslgsed using modeling
softwarePSCAD/EMTDCWhen modeling the weak grid, several simplificasio
were used.

The distance between investigated Laatsa wind gagdkmain power stations in
Narva (see Fig. 5.1 and Fig. 5.2) is relativelyg@nd for modeling power quality
in weak grid distribution grid the three-phase &g source model is sufficient to
be used. The source impedance is entered in redgary+jX format and positive
and zero sequence impedance values in ohms aptaagsf

Z, =18.2967+ j54.9907, Z, =18.3150+ j55.0127

Substations are modeled without switching equigmamsbars, measuring and
relay protection equipment and surge arresterqisfoamers are modeled without
tap changers and core saturation is not considé@dl110 kV power lines the
frequency dependent model is used, whereas on koikge levels and on shorter
lines then-section models are used to increase the calcnoldtioe and solution
step [66]. All the loads are presented as staticl lmodels and characteristics of
different load classes for residential and comna¢rareas are taken from [67].
While minimum and maximum loads on Saaremaa vatwden 9 MW and 40
MW the load in this case is 27 MW which correspotmsverage load. Aggre-
gated model of Saaremaa grid is given on Fig. 5.4.

The induction machine model was used for modelimgdviluctuations and im-
pact of sudden power injection. The purpose of thigleling was to look at grid
conditions and to look for the impact of power flumtions on voltage as was dis-
tinguished during the measurements. Therefore utidme circumstances the use
of specific wind turbine generator type was talkebd irrelevant.

The wind source used iIRSCAD/EMTDCmodel in this case in based on
Andersonet al model described in [68]. Anderson uses a fourfpament model
defined by the equation (5.1)

Vv = Vs T Vive +Vivr VY (5.1)
where,

Viys — base wind velocity

Vjye — gust wind component

Vg — ramp wind component

Vi — noise wind component
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Figure 5.4. Aggregated model of Saaremaa grid iICRB/EMTDC



In the calculations used hereafter the impact et gimd noise component was
observed. In the used examples, the highest gastispas 8 m/s for duration of 3
seconds. The duration and amplitude of possiblel girsts was derived from [69].

Fig. 5.5 shows the resulting voltage fluctuatiomgér unit (p.u.) on 10 kV side
depending on the installed power of the wind parkhis case for modelling only
the noise wind component is used. It is obvious thacase of large number of
installed power, the resulting fluctuations are tamgest. If more WTG-s with
higher capacities are installed, the voltage inghe rises, but is not presented on
figures, as no tap changers on transformers arelleddand the per unit values are
calculated from average voltage on that installeagy level not from voltage level
without WTG-s.
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Figure 5.5. Resulting voltage fluctuations modeb¢d 0 kV side

In order to see the affect of rapid increase inmvagbower on voltage the gust
effect is introduced. Wind gust as 8, 6, 4, 2 metarsecond higher then average
wind velocities results in power increase by 1.2, 0.9 and 0.5 MW respectively
as seen on Fig. 5.6. On Fig. 5.7 the resultingageltfluctuations are given. The
rapid voltage changes during constant operatiomatoexceed 4% from nominal
voltage and only in some cases the exceeding mayphe 6% [63]. Both limits
are also depictured on Fig. 5.7. These resultsritbesthe impact of the wind park
also to local consumption as they are connectédetisame transformer on 10 kV
side.

With the aim of controlling the correspondence éal rgrid conditions, the 3-
phase short-circuit on 35 kV side was applied amdety 700 amps were meas-
ured.
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Figure 5.7. Resulting voltage fluctuations at 18,ad 110 kV side and voltage limits

If the values of current and voltage are known,ghert-circuit powe, can be
calculated:

Sk = \/_aJline ’ Ilff (5.2)
where,
U, — line-to-line voltage
Ik3f — 3-phase short-circuit current
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Based on equation (5.2), the short-circuit po&ein Saaremaa 35 kV grid is ap-
proximately 24,5 MVA a which corresponds to thd sgation.

Estimating possible upper limit on power of WTGasSaaremaa 35 kV grid, it
is taken that theoretical maximum power that cargéeerated by wind turbines
without thermally damaging equipment is the sitativhere the local load is the
lowest and output from the wind park is the highest S __,~0, and

load

Siwts < S max - If We consider that the maximum allowed ampafutyAC-35 wire

is | =175 A in 35 kV power lines, the total power outpubest cases is less

35 max

than
Sic i =V3 U, L o = +/335:175=106 MVA. (5.3)

The real situation is that consumption in grid veh&C-35 wire is used today is
around 0.4 MVA and towards the end of line othenduviurbines are already con-
nected, which reduces the allowed amount of WT@es@vhen no power quality
issues are concerned.

5.5. Conclusions

Based on the measurements made in Laatsa 35/1@dtation, according to
EN 50160:2000 standard the wind park has causedidemable power quality
crossings. Integration of wind turbines into weddtribution grid requires precise
evaluation of grid conditions with reviewing thenditurbine characteristics. For
avoiding later disagreements between wind park osvaed grid operators on con-
necting WTG-s into weak grid, the field measuremsent the connection point
should be made prior to giving out the permissmmcbnnection.

Lowest power consumption on island during summér MW and as modelled
on power system load on 26 MW the 6 MW of instalgidd turbines results in
considerable voltage fluctuations.

Based on the calculations presented here and thsur@ments, the existing grid
does not withstand the instalment on considerambieuat of wind turbines without
grid improvement.

Conditions concerning power quality in Saaremaanateémproving until there
are investments made into the local grid or theneotion to mainland.. The first
important thing to do for opening more extra WT@apacities in Saaremaa, is to
replace existing six 35 kV cables with at least td® kV cables. The 110 kV ca-
ble is planned to build in 2014-2015. Also in maimrd, the very important Lihula
110 kV substation must be renovated from 110 to IB3Qo provide more grid
capacity and increased quality of supply. The ratiom can be made together with
other wind power projects on mainland, which coeléminate some of the
bottlenecks in the transmission grid.

As the wind conditions on Saaremaa and offshof®aafemaa are sufficient the
grid conditions could be improved when bigger pctgeare planned to be con-
nected on Saaremaa or Hiiumaa [VII].
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6. CONCLUSIONS AND FUTURE WORK

Results presented hereinbefore are based on paptesn during the last six years
and gives an overview of author’s field of reseatahing those years.

The main part of the work is focused on the codpmraof wind turbine
generators with thermal power plants. When largenbver of fluctuating energy
sources are introduced the power system must rdsglso with fluctuation. This
increased fluctuation is basis for increased ol/éwal consumption and depends
on the participating power plants. It is assumeat gimilarly to conventional
power plants, also the wind park operators aregatdid to present their power
generation forecast. If there is unbalance betvieertasted and actual generation,
the gap must be covered with additional generation.

Two different approaches with different additior@neration unit sizes are
used. Firstly, the opportunity to cover forecasbem a small wind park with 6.1
MW gas engine power plant is investigated. As aultemevitably emitted
hazardous gases are calculated and the calcutagtimod described. Secondly, the
opportunity to balance large onshore or offshoredwpark with oil-shale power
plant with 100 MW balancing range is investigatiedcalculations the linear cost
characteristics are compared to dynamic load ctematics. The amount of the
emitted hazardous gases and reduced efficiendyeofvorking units shows that it
is not an emission-free way to balance wind fluttues with thermal power
plants. The supplementary generation can not bede&p because electricity
balance in the system has to be guaranteed. Emisaio be further reduced if we
can raise the wind speed forecasting quality, leitnieed for keeping the balancing
reserves still remains. It is concluded that theraase by two percent is inevitable
as the balance in power systems must be guaraates@ry moment regardless of
the connected generating units.

This information is essential for power system apans, thermal power plant
operators and for governmental bodies and to &krstwho calculate fuel con-
sumption, emissions and deal with long- term plagrand decision making. It is
useful for wind park operators in case the oblmatio assure forecast accuracy is
introduced and penalties for not fulfilling the éoasts are implemented.

In the second part the power quality issue in tleakvpower grid is investi-
gated. It is measured and proved with modellin@ 8CAD/EMTDCsoftware that
there are problems with power quality in the ergtgrid and before more wind
turbine generators are installed the grid needsawgment. Provided results are
useful for wind park developers who plan to instahd turbine generators, or to
other consumers with sensitive power equipmentdbald be influenced by power
quality not corresponding to set standards. Inféionas also essential to grid op-
erators for planning investments. Grid operatoSaaremaa is aware of the meas-
urement results presented hereinbefore.

There are several other sides of wind energy iategr that are not analysed
here. Deliberately so far no attention is drawr¢onomic questions as the situa-
tion can be entirely changed with support mechasisSuaffice it to say that subsi-
dies can be given and withdrawn, but physical fgples can not be changed. The

50



idea of economic impact is in progress as the remeént for balancing and grid
improvement makes the integration of wind energyemexpensive and extends
the payback time of total investments.

The work with previously discussed issues doesndthere. As the use of re-
newable energy sources is increasing, the methggatocalculate fuel consump-
tion should be further developed to take into aotdhe different power stations,
longer data period and to get more accurate resMtthe moment historical re-
corded data is used, but the uncertainty factoriacoimplete information should
be included to correspond to a more real situation.

The research on power quality continues with maagllas at the moment sev-
eral simplifications were used and several openesgemained unsolved. More
elements and whole power system could be includedhprove the accuracy of
model. With a smaller model the impact of differgnges of wind turbines should
be investigated which were currently excluded. Als® measurements should be
continued as several new wind turbines are preséeiihg erected on Saaremaa
island and their direct impact on power qualityig&known.
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ABSTRACT

Impact of Wind Parks on Power System Containing Themal Power Plants

Electricity consumption is increasing all over therld and also in Estonia.

European Union has set limits on allowed emissifmmspower generation and

renewable energy sources are introduced to mest tieguirements. Comparing to
thermal power plants, where fuel deposits are ctalde and power production

therefore predictable and controllable, the rendsva@mergy sources, especially
wind energy, is variable and complicated to predftdwer systems where power
generation is mainly based on thermal power plahescapacity of wind turbines

is not replaceable with the capacity of thermal goplants in one-to-one relation.
One unit of generated electricity in the wind pddes not reduce emissions from
thermal power plant in same amount. Until presetiiéy capacity of wind turbines

could not be taken into account for planning peakilin the power systems.

The main idea of introducing wind turbines in itgglg stages was to reduce the
dependence of imported fossil fuels. The obligatmneduce emissions with wind
turbines is added recently. The latter requiremsntery important in Estonia
where most of the electricity is generated usingsifofuels. In order to reduce
power fluctuations in the system, it is estimatadthis thesis that wind park
operators should provide wind parks power foref@sthe next day and should be
obliged to fulfil these forecasts by means of endérgeneration. Two possible
options are taken into consideration. Firstly, dip@ortunity to balance small wind
fluctuations with fast regulating gas engine poplant in a range 5 to 15 MW is
investigated. As a result of balancing obligatiord abperating on partial load,
additional specific fuel consumption, reductioroirerall efficiency and the cost of
constant operation is calculated. Secondly, thesiptisy to use large oil-shale
power plant for covering wind power forecast eiigoanalysed. Power plant with
regulating capacity of 100 MW is suitable for co@timg with large onshore or
off-shore wind parks. In the calculations the diéfeces between dynamic and
linear fuel cost characteristics of the power pknet considered.

Wind turbine generators are mainly erected in megiwvith sufficient wind
potential. These locations are not always withstinengest electrical networks and
installing generating units into those regions rhighve impact on local power
quality. Due to that reason the second part ofhiksis is focused on power quality
issues in weak grids. As an example of the weakepasid, Saaremaa island and
wind park connected to Laatsa substation is usedin® the implementation of
this study several measurements on Saaremaa weiedcaut and collected data
was analysed and results compared to modellindtselsy usingPSCAD/EMTDC
software.

The outcomes of this thesis are additional costs abcur when using thermal
power plants for balancing wind power fluctuatiotisis concluded that in the
power system that consist mainly of thermal powents, the positive effect of
wind turbines in considerably smaller comparedhi® power system with variety
of generating units.
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KOKKUVOTE

Tuuleparkide mdju soojuselektrijaamadega energiasiisemile

Maailma, sealhulgas ka Eesti, elektritarbimine k#s\Seoses Euroopa Liidu poolt
kehtestatud piirangutega elektrijaamade poolt ekatele heitmetele vdetakse
jarjest rohkem kasutusele tuuleenergiat. Vorreldaditsiooniliste elektritootmis-
tega, kus kutusevaru on reaalselt mdddetav ningasekektritootmine prognoosi-
tav ja juhitav, on tuuleenergia juhuslik ja raskg@sbgnoositav. Energiastisteemi-
des, kus peamisteks elektrijaamadeks on soojusgekhad ei anna tuulikute
siisteemi lisamine ks Uhest vditu. Uhe (hiku elekérgia tootmine elektrituuli-
kutega ei vahenda samas mahus heitmeid, mis kuhukdu soojuselektrijaamas
selle Uhiku tootmiseks. Elektrituulikute juhuslilkuarvestades, ei vahenda rajatud
Uhik tuulevBimsust soojuselektrijaamade koormustm&®i ei saa arvestada sis-
teemi tipukoormuste prognoosimisel elektrituulikufémsusega.

Elektrituulikute pistitamise peamine ja algne idéevdhendada elektrienergia
tootmisel imporditavate fossiilkiituste osakaaluleslviimasel ajal on tuuleener-
giale pandud kohustus vahendada keskkonnasaasttetiilnane asjaolu on Eestis
vaga tahtis, sest seni on elektrienergiat toodgtsdisteemi voimsusbilanssi hoitud
suurte pdlevkivi pbletavate soojuselektrijaamadégesolevas t66s on eeldatud,
et kbik tuulepargi operaatorid peavad esitama airgnjise paeva tuulevdimsuste
prognoosi ja seda prognoosi vajadusel katma tejstecreerivate vahenditega.
Vaatluse alla on vbetud kaks vdimalikku lahendu#tusana kaetava véimsuse
vajadusest. Esimene lahendus oleks kiirelt regitideid maagaasil pdhinevad
gaasimootorid suurusega 5 kuni 15 MW. Uuritud ondgetalitlust osakoormusel
ja sellisest talitlusest tulenevat kasuteguri latgsuurenenud kituse erikulu ja
tasakaalu kindlustamise tottu tekkinud taiendavekulu ja heitmeid. Teise voi-
maliku lahendusena on uuritud suurte pdlevkiviglgdmade kasutamist tuule-
vOimsuse prognoosivea katmisel. Selline, 100 MWakaalustamisvBimsusega
elektrijaam oleks sobilik balansseerima suuremaleparki maal vdi merel. Uuri-
tud on kiireid muutusi elektrijaama t66s, kasutakiata dinaamilisi karakteristi-
kuid.

Tuulikuid paigaldatakse ennekdike piirkondadesses &n hea tuuleressurss.
Tihti puudub seal aga piisavalt tugev vork ningk#leuulikute paigaldamine
piirkonda vdib avaldada tuntavat moéju kohalikulengakvaliteedile. Sellest
tulevana on k&esoleva t00 teine osa puhendatudtrielsrgia, peamisele
pingekvaliteedi uurimisele ndrkades elektrivorkudé@ddidisena on kasutatud
Saaremaad ja Laatsa alajaamaga Uhendatud tuulefadi valmimise kaigus
korraldati korduvalt mddtmisi nimetatud alajaamasgntulemusi analtusiti ning
hillem modelleeriti kasutadd3SCAD/EMTDQarkvara.

Uurimustdo tulemusena on leitud tdiendavad kuluig, tekivad fossiilkituseid
pdletavates elektrijaamades, kui neid kasutad&émgrgia tasakaalustamiseks. On
jareldatud, et elektrisiisteemis, mis koosneb pedtrfigssiilkituseid pdletavatest
soojuselektrijaamadest, on tuulikute positiivnekefaarkimisvaarselt vaiksem kui
naiteks hidroenergiat tasakaalustamiseks kasutdelesististeemis.
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