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Abstract - This paper is related to the topical problem of
expanding wind production integration to the power system and
electricity markets. The model for simulation of wind production
curves according to the development of wind capacities in Baltic
is proposed. In order to evaluate the effect of the wind power
integration to the price formation as well as level of system
penetration by wind, methodology and algorithms taking into
account the development scenarios in Baltic are presented.
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1. INTRODUCTION

A number of wind power projects in the Baltic region were
proposed within the last period. Integration of wind generation
into power production mix has significant impact to the power
system (PS) operation as well as to the electricity market.

The aim of the study is assessment of wind production
impacts related with considerable wind installation in future,
developing of methods and algorithms enable simulations
from wind conditions to final impact on a system. The paper
proposes the algorithms and methodology for estimation of
those impacts including model which is capable to generate
wind production curve assuming real wind conditions in a
region. The results of regional wind production modeling
presented in this article contain wind production and duration
curves with application of different smoothing approaches,
estimation of seasonal diversity of wind generation in different
stages of future development of wind installations as well as
comparison of annual production obtained by the proposed
model with expected targets in the field of wind production in
Baltic. The final part of the study is aimed to an estimation of
power system penetration by wind generation and assessment
of merit-order effect according to the development scenarios
of the PS in Baltic till 2020. The wind power production is
based on real wind conditions in the Baltic region and
expected development of installed wind capacities.

II. WIND GENERATION MODELLING

Wind power and thus its modeling is significantly different
from the other power technologies. Generation has specific
characteristics, including variability and geographical
distribution. The methodology and model presented in the next
part integrate specific features of large-scale wind generation
deployment and regional wind conditions.

A. Tendencies of installed wind capacities in Baltic

The development of wind capacities in Baltic assumed in
this study is based on planning and assumptions presented in
National Renewable Energy Action Plans (NREAPs)

published by three Baltic states (EE, LV, LT) related to the
development of wind generation capacities, both onshore and
offshore by 2020 [1]. The offshore installations in Baltic are
planned from 2017 mainly in Estonia and to a lesser extent in
Latvia. Considering the technical availability of wind turbines
which is generally at the very high level compared to other
types of production sources, for further assumptions is
envisaged at 97% [2]. The values of decreased available wind
installed power Ppgc in Baltic are in table 1.

TABLE L

TECHNICALLY AVAILABLE WIND CAPACITY
Year 2011 2016 2020

Poec (MW) | 402 1124 1553

High level of technical availability is one of the significant
advantages regarding to reliability of the supply from
distributed wind power installations in the power system. The
requirements of maintenance or unplanned breakdown of
single unit has a negligible effect on the overall wind
production.

B. Estimation of regional wind conditions

Annual wind conditions applied for simulation of wind
power production were measured at hourly basis in height of
10m at coastal part of Estonia in 3 localities and subsequently
recalculated for wind speed conditions in height of 60m by
equation 1

o
V, :VO(E) ; for ¢ =0,35 (1)
0

In further calculations, the averaged wind speed values are
used. Occurrence of averaged annual wind speed is
demonstrated in Fig. 1.
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Fig. 1. Averaged wind speed occurrence.
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C. Aggregated wind power characteristics modeling

To derive power output of installed wind capacity, the
following model expressed by equation (2) has been
introduced. This expression merges typical aggregated wind
farm power curves both offshore and onshore [2]

f(x)=a -e (b0 > ay - (0202 )2
B L A (N N ©)
rag e (D9)/es) g o= ((x-g) /e

ta, g~ ((x=by)/e7)?

Variable “x” represents averaged wind speed (m/s) per
every particular hour. Values of the coefficients to the formula
2 are shown in table 2.

TABLE II.
APPLIED COEFFICIENTS
al | 0,03402 b3 | 16,13 c5 | 3,818
bl | 7,712 ¢3 | 0,5106 | a6 | 04647
cl 2,281 a4 10,7 b6 13,16
a2 | -0,1338 | b4 | 2143 | ¢6 | 4,155
b2 19,48 cd4 | 2496 | a7 | -10,07
c2 1,606 a5 | 0,6206 | b7 | 21,45
a3 | 0,009714 | b5 17,15 c7 2,44

In order to obtain generated power according to wind speed
via production curve of aggregated wind farm (Fig. 2), the
difference in characteristics between onshore and offshore
installations are neglected.
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Fig. 2. Production curve of aggregated wind farm.

The  resulting production curveis  labeled  as “raw”
production curve with relatively high volatility of production.
Averaging of the wind speed has partial impact to the shape of
output production curve, so dynamics of variations has been
decreased. However, in order to achieve characteristics
observed and measured in real conditions, incorporation of so-
called large-scale deployment smoothing effect (LSDSE) of
wind production is performed in the next step.
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D. Large-scale wind generation deployment

Large-scale wind power deployment has a significant

impact to the shape of aggregated wind production curve. The
more wind deployed the less dynamic fluctuations are
achieved and therefore decreasing effect of aggregated wind
generation in territory as production from “intermittent”
energy source.
In order to incorporate this effect, the output curve of the
aggregated wind farm (Fig. 2) is smoothed by the moving
average method. A moving average smooths data by replacing
each data point with the average of the neighboring data points
defined within the span. This process is equivalent to lowpass
filtering with the response of the smoothing. Smoothing
algorithm applied in this task is given in figure 3 below.

| Begin Hj=lHi=lH
N2

while i < 8760
Alhour(i)=P()—-P(i+1)

T -
Alhour > | v. . J=1+1
SIS PP

/|\
N while i <8760
(o)
P (i _PG-j)+PG-j+D+..+P>i+j)
End ||Ts®= span

Fig. 3. Flowchart of incorporated smoothing algorithm.

Where, P(i) is the wind production value per hour i, Ps(i) is
the smoothed value for the i data point, j is the number of
neighboring data points (hours) on either side of Ps(i), and
2j+1 represents the span.

The moving average smoothing method follows these rules:

The span must be odd;
The data point to be smoothed must be at the center
of the span;

e The span is adjusted for data points that cannot
accommodate the specified number of neighbors on
either side;

e The end points are not smoothed because a span
cannot be defined.

Taking into account the experience and measurements of
extreme variations of large scale regional wind installations
also shown in literature [2], the following criteria for
dynamics of changes in wind production were selected. The
maximally allowed positive and negative ramp rate between
neighboring hours is at 30%, within 4 hours at 50% and within
12 hours at 70% of technically available installed wind
capacity (Ppgc). In addition, the 2 approaches in smoothing of
“raw” production curve are applied. The first, labeled as
“sequential smoothing” involving all aforementioned criteria
for dynamic changes successively, the second labeled as
“direct smoothing” employs in smoothing directly only
criterion about 70% maximally allowed positive or negative
ramp rate within 12 hours. The results of applied smoothing
are shown in figure 4.
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After the smoothing of “raw” production curve has been
incorporated the term ‘intermittent’ is for system-wide wind
power substituted by the term ‘variable output’ and used
instead in further considerations.

The procedure that was used to simulate power production
by wind power plants in Baltic is summarized and presented
by the algorithm in figure 5. Input data to the simulation of
actual wind production comprises, estimated real wind
conditions (dashed box) and installed capacity decreased by
technical availability. Subsequently, the curve obtained
through model of aggregated wind farm is smoothed by the
methods in detail described in chapter D.
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Fig. 5. Wind production curve simulation algorithm.
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III. RESULTS OF REGIONAL WIND PRODUCTION MODELING

The deliverables obtained from simulation of the wind
production are presented in this part of the article and contain
raw and smoothed production curve in Baltic 2020 scenario;
monthly diversity of wind generation and duration curves with
different smoothing approaches for 2011, 2016, 2020

scenarios; capacity and load factor estimation as well as
comparison of the annual Baltic wind production obtained by
model and expected values in NREAPs 2011-2020.

Using the algorithm shown in figure 5 according the Baltic
wind development scenario 2020 has been generated
smoothed wind production curve in Baltic given in figure 6
below. The smoothed production curve should be regarded

without curtailment of wind production as physical
production.
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Fig. 6. Annual’raw” and smoothed Baltic wind generation in 2020.

Seasonal diversity of wind production affect proportion of
wind impact to a overall PS and exposing needs for power
capacity reserves. Result of average monthly generation by
wind for assumed development scenarios indicates figure 7.
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Fig. 7. Average monthly Baltic wind generation.

Within the year considerable variations in average wind
generation may be observed. The lowest contribution in
compliance with figure 7 is expected during the 1st (January
to April) and 2nd (May to August) thirds of the year, however,
during the 3rd third (September to December) a substantial
contribution of wind production could be expected. Observe
the seasonal and inter-annual variation of wind power
production is crucial in tasks of wind power integration to a
power system. The results are important in strategic power
system planning as well as for estimation of long-term impacts
to the electricity prices. The less important and significant
these results are for a short-term power system management
and operation.
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Fig. 8. Baltic wind duration curves for development scenarios 2011, 2016 and

2020.
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Duration curves in figure 8 illustrate the relationship
between the level of wind generation and the number of hours
for 3 development scenarios (2011, 2016, 2020), moreover,
with estimation of changes in shapes due to the incorporation
of the smoothing effect. The curves are made by sorting all
generation values of the 8760 hours in particular year in the
order of decreasing. Comparing the shapes of “raw" and
"smoothed" production curves is evident that improvement of
flatness decreasing production in peak production hours,
however, spreading this production to the remaining hours of
the year. Capacity utilization rate provides important and easy
comprehensible characteristics of production source. In
general might be concluded, the flatter generation-duration
curve, the better it is for grid operation.

The capacity factor (Cy) and load factor (Ly) of wind generation
obtained from simulation and calculated by Eq. 3 and 4
reached the value 0, 26 and 0, 29 respectively.

t
[p(t)dt
Cr=0 ; (,MW,MW) 3)
Fnst *t
Pav
Lf :P_! (_5MW9 MW) (4)

Where, Pjng is the total wind installed power; Py is the
average wind generation in time period t; Ppa represents peak
production of wind plants during the time period t.

Results of annual wind production simulation comparing to
the targets in National Renewable Energy Action Plans
(NREAPs) of the Baltic States are presented in table 2.

TABLE III. SIMULATED AND EXPECTED WIND PRODUCTION
Results | NREAPs Results | NREAPs
Year | MWh MWh Year | MWh MWh
2011 | 942476 901000 2016 | 2632868 | 2385000
2012 | 1399022 | 1095000 | 2017 | 2850606 | 2853000
2013 | 1640172 | 1579000 | 2018 | 2979375 | 3087000
2014 | 1914100 | 1843000 | 2019 | 3389096 | 3251000
2015 | 2061600 | 2133000 | 2020 | 3637270 | 3697000
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IV. IMPACTS OF THE WIND DEVELOPMENT ONTO A POWER
SYSTEM AND ELECTRICITY MARKET

Integration of wind generation into power production mix
has impact to the power system operation as well as to the
electricity market due to the specific technical/economic
features of such type of power source. In this chapter
algorithm (Fig. 9) including evaluation of the system
penetration and estimation of so-called “merit-order” effect
(see Ch. IV-B) according to the PS development in Baltic is

proposed.
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Fig. 9. Merit-order effect & wind penetration of PS — estimation algorithm.

In order to evaluate the effect of the wind power integration
to the price formation and level of system penetration by wind,
the development changes in power production mix and
extension of cross-border transmission capacities in Baltic are
based on following assumptions: increase in overall RES
production is in compliance with data published in NREAPs
[1]. Capacities of other power plants in Baltic generation mix
for development scenarios 2016 and 2020, only the main,
confirmed projects are taken into account. Marginal costs of
production for different types of power production technology
are based on present and projected values published in [4].
Assumed new interconnection projects between Baltic and
neighboring countries are: By 2013 Estlink II 650 MW (EE-
FIN) and by 2016 NordBalt (LT-SWE) 700 MW. The LitPol
contribution (LT-PL) is to be considered on SOOMW in 2020.
Towards non-EU countries, the constant 1500 MW
transmission capacity is considered [5][6][7].

A. Wind penetration of power system

The impact of wind power on the electricity system depends
mostly on the level of wind power penetration [8]. For Baltic
scenarios 2011, 2016 and 2020 are calculated coefficients of
wind penetration according to development of generation,
transmission capacities and forecasts of system load.
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Wind energy penetration is determined as the percentage of
total demand W ora covered by wind energy Wy, geq in Baltic
region estimated on an annual basis according to equation 5:

W,
=" 100 ; (%, MWh, MWh)  (5)

WWP - W
A total

The wind power capacity penetration shows relation of total
installed wind capacity Ppgc to the peak load P nay in region
for the estimated time period (winter/summer) as follows:

_ Poec . (0
Cyp = =25-100; (%, MW, MW)  (6)
I:’Lmax
The maximum share of wind power focused on power
balance assessment in region is based on minimal load value
Pimin, maximal wind load Pwmax and available cross-border
capacity Pyrc calculated as:

Sw max =

PW max

100; (%, MW, MW, MW)  (7)
PLmin T Pyt

0% <Sy max <100 % - Non-curtailed wind production;

Sw max > 100 % - Required curtailment of wind production.

However, requirements for the wind production curtailment
could appear due to the internal network constrains, therefore,
non-curtailed wind production is assumed only in the case
when capability of internal network is sufficient

The disproportions in seasonal availability mainly CHP and
hydro production could significantly devalue veracity of
results, thus, calculation is performed for winter and summer
conditions. Results of wind penetration assessment for all
scenarios are summarized in table 4.

TABLE IV. BALTIC SYSTEM PENETRATION BY WIND

Scenario/Year 2011 2016 2020
Wwe 3.4 8.4 10,4
Winter 7,7 19,1 23,7
CWP
Summer 11,5 28,2 34,9
Winter 7,9 16,1 21,1
SWmax
Summer 5,6 11,2 14,5
SwWmax Winter 11,7 21,2 27,2
Only Pyrc to EU
(Only Prre ) | Summer | 97 15,8 20,1

B. Merit- order effect of the wind production

Currently, the merit-order effect characterizes influence of
the electricity produced under feed-in-tariff (FIT) law to the
wholesale electricity price in way that average cost of
electricity decreases. The FIT are proposed as temporary
system of subsidies, however, in long-term perspectives may
be direct merit-order effect caused by wind production
(currently covered by FIT) expected as well. The reason is
bidding strategies which are used by power producers to join
the short-term organized markets (e.g. Nord Pool Spot). The

offer bids of generators on those short-term markets are often
placed on level of so-called short-run marginal costs (SRMC)
of particular producer [9]. The SRMC of wind production are
close to zero, it means that wind production enters bottom of
the marginal cost curve i.e. supply curve.

An example of engagement wind production into estimated
Baltic merit-order generation at the basis of SRMC extended
with transmission capacities for summer (July) and winter
(January) conditions in 2020 scenario are shown in Fig. 10 and
Fig. 11 respectively. Level of load in the system represents
estimated minimal, average and maximal load during January
and July in Baltic 2020. To better distinguish situation, the
supply curve is shifted at maximally achieved level of wind
production in 2020.
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Fig. 10. System price formation in winter scenario 2020.

The most significant difference in the presented snapshots
is caused by CHP production, which is for summer scenario
considered at 500 MWe and for winter scenario 2000 MWe.

Load of system (demand) is modeled as inflexible,
determination of market clearing price (MCP) and market
clearing volume is based on power pool principle, so-called
one-sided auction.
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It is quite evident that shifting of entire production curve
due to inclusion of wind power is not constant throughout the
year. The variation differs according to the wind condition
seasonally and partially from year to year. The range of
shifting and its duration might be clarified by duration curves
of wind production. These have been on annual basis obtained
by wind production modeling and presented also for 2020
scenario in figure 8. However, to the price formation process
and thus on the resulting price have impact countless number
of factors. In mid and long-term perspectives such as structure,
disposition and availability of power sources, level of
commercial capacities of cross-border lines and also structure
and level of demand. The demand side management programs
appear to have a crucial role in future integration of wind, to
deal with negative impacts to a power system as well as
reduce the price volatility.

V.CONCLUSIONS

The article proposing algorithm and manner of wind

production simulation based on real wind conditions. Effect of
the large-scale deployment wind generation has been
considered through different approaches of wind production
curve smoothing and incorporated to the proposed algorithm
of wind production modeling. Subsequently, simulated wind
production curves were applied in order to calculate wind
penetration of Baltic power system according to forecasted
state of generation, transmission and load in particular
scenario and seasonal conditions with summarized results.
According to deliverables and results of this study the several
conclusion related to a wind penetration of power system and
electricity market could be made: the results obtained by the
model are comparable with targets published in NERAPs, the
level of system penetration by wind in compliance with
methodology and evaluation criteria shows that for all
assumed scenarios are values within acceptable range.
Though, the considerable difference of the results could be
observed in the case of disturbances when substantial amount
of generation capacity of conventional power plants or
transmission capacities is out of operation. Integration of the
wind production will increase price volatility, both seasonal
and short-term, however, estimate the exact effect of wind
production to the electricity prices is not easy task. One of the
expected influences of wind power on electricity market has
been presented in Baltic development scenario 2020 through
merit-order effect caused by wind production As could be
derived from presented snapshots, integration of wind
production will reduce need of most expensive conventional
plants which can lead to lower average prices for electricity.
Should be noticed that expansion of power production
capacities with low marginal costs of production might have
also negative impact to the conventional generators, mostly
caused by decrease of their load factors, hence, reducing
ability sufficiently cover total production costs.
From the long-term perspectives, effects of wind integration
into generating portfolio could be evaluated as positive,
regarding to improved generation and transmission
adequacy as well as system reliability.
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Artjoms Obusevs, Mario Turcik, Irina Oleinikova, Gatis Junghans. Véja raZoS$anas ietekmes novértéjums uz energosistému un tirgus veido$anos Baltija
Petljuma merkis ir novertet veja razosanas ietekmes, saistitas ar ieveérojamu v&ja elektrostaciju pieaugumu nakotng, izstradat metodes un algoritmus, kuri Jauj
veikt simulaciju sakot no v&ja apstakliem lidz galigai ietekmei uz sistému. Raksta tiek ierosinati algoritmi un metodologija $o ietekmju novertésanai, ieskaitot
modeli kas sp&j generét vEja razoanas raksturlikni ieverojot realos véja apstaklus regiona.

V&ja energijas model&$anai ir batiskas atskiribas no citam energijas tehnologijam. Generacijai ir specifiskas Ipasibas, ievérojot v&ja nepastavibu un geografisko
sadalijumu. Metodika un modelis apvieno sevi specifiskas Tpasibas licla méroga véja generacijas izvietoSana un regionalos véja apstaklus.

Rezultati, kas iegiiti no v&ja razoSanas simulacijas ir izklastiti dotaja raksta un ietver neapstradato un izlidzinato razoSanas raksturlikni Baltijas 2020. gada
scenarijam; ikménesa v&ja generacijas nevienadibas un ilguma liknes ar dazadiem izlidinaSanas panémieniem 2011, 2016 un 2020. gada scenarijiem; caurlaides
sp&jas un slodzes koeficientu noveért&jums. un Baltijas gada v&ja razoSanas salidzinajums starp rezultatiem iegltiem p&c modela un sagaidamam vertibam péc
NREAPs 2011-2020. Vgja iespieSanas limenis sisttma saskana ar metodiku un vértéSanas kritérijiem rada, ka visiem apskatamiem scenarijiem vértibas ir
pienemama robezu diapazona. V&ja raZoSanas integracija samazinas vajadzibu péc vis dargakam tradicionalam stacijam, kas var pazeminat elektroenergijas
vid&jo cenu. Bet jaievero to, ka elektroenergijas razosanas papla§inasanai ar zemam robezizmaksam var biit arT negativa ietekme uz tradicionaliem generatoriem,
galvenokart izraisot slodzes koeficienta samazinasanos, tadgjadi samazinot iesp&ju pietickami nosegt kop&jas razosanas izmaksas.

Aptem O6ymeB, Mapuo Typuuk, Upuna OuieiinuxoBa, I'atuc FOurxanc. Ouenka Bo3aeiicTBUsI IPOM3BOACTBA BETPSHOW YJHEPTrHH HA SHEPIOCHCTEMY U
¢opmupoBanue priHKa B cTpaHax bBaarun

Llenpto uccaenoBaHusl SBIAETCS OLEHKA BO3JEHCTBHS NPOM3BOACTBA BETPSIHOM SHEPIUH, CBA3aHHBIM CO 3HAUHMTEIbHBIM YBEIMYEHHEM KOJIMYECTBA BETPSHBIX
JNIEKTPOCTAHIMI B OymymmieM, pa3paboTKa METOIOB H alTOPHTMOB, MO3BOJIIONINX IIPOU3BECTU MOJAECIMPOBAHUS OT BETPOBBHIX YCIOBHI 0 OKOHYATEILHOTO
BO3JEHCTBHS Ha CHCTeMy. B cTaThe NpeNIOKEeHB! aTOPUTMBI M METOJMKH OLIEHKH 3THX IIOCIEICTBHH, BKIIOYAs MOJENb, KOTOpas CIOCOOHA IeHepHpOBaTh
XapaKTepHCTHUKY IIPOU3BOICTBA YUUTHIBAsl PeajbHbIE YCIOBUS BETPa B PETHOHE.

DOHeprus BeTpa U €€ MOJAENHPOBAHUE CYLIECTBEHHO OTIMYAETCSA OT APYTHX DHEPreTHUEeCKHX TeXHOJOrHi. I'eHepamus mmeeT crenuduyecKkue OCOOCHHOCTH,
BKJIIOYAsl U3MEHYHMBOCTh M Teorpaduueckoe pacmpesielneHus. MeToauka ¥ MOAenb OObeJHHSIET OCOOCHHOCTH KPYINHOMACIITAOHOTO Pa3MEIICHHs BETPSHOU
TeHepalluH ¢ y4eTOM PErHOHAIBHBIX YCIOBHI.

TlonyueHHble pe3ysbTaThl, IPEJCTABICHHBIC B 3TOW CTAaThe, COJIEPKAaT HEOOPaOOTaHHBIE U CIIIa)KEHHBIE KPUBBIC IPOU3BOACTBA B bantuu 11 npornosa Ha 2020
TOJ; ©KEMECSYHOE DPa3IMuMe BETPSHOU IeHepallid U KpPHUBBIE IPOJODKUTENBHOCTH IPH CIIaXHBaHUHM it cueHapueB 2011, 2016, 2020 rogos; omeHka
MPOIYCKHOH CIIOCOOHOCTH M KOO((UIMEHTa HCIIONB30BAHMS YCTAHOBJICHHOW MOIIHOCTH; CPaBHEHHE €XKETOAHOTO IPOHM3BOACTBA HOJYYCHHOTO C ITOMOIIBIO
mojenu u nensiMu NREAPs st 2011-2020 rooB. B cOOTBETCTBUM C METOAMKON U KPUTEPUSMH OLIEHKH, 3HAUEHUSI YPOBHS BIIMSHUS BETPA Ha 3HEPrOCUCTEMY
JUISL BceX CIIEHApUEB HaXOMAATCS B JIOIYCTUMOM JHana3oHe. MHTerpanus Ipou3BOACTBA BETPSHONW YHEPIUH IO3BOIUT CHH3UTH MOTPEOHOCTH B CAMBIX JIOPOTHX
TPaJULMOHHBIX CTAHIMAX, YTO INPUBENET K CHIDKCHUIO CPENHHMX IIEH Ha OJJIeKTPOdHEpruio. PaclnmpeHye NPOU3BOACTBEHHBIX MOLIHOCTEH C HHU3KHMH
3aMBIKAIOIIMMH 3aTPAaTaMH, NPUBOJANT K HEraTHBHOMY BIIMSHMIO HA TPaJAMLHOHHBIC TE€HEPATOPbI, B OCHOBHOM CHIDKCHHEM KO3((HIMEHTa HCHOIb30BAHUS
YCTaHOBICHHON MOITHOCTH, CIIEOBATENbHO, CHIKEHUIO BO3MOKHOCTHU MOKPHIBATH OOLIHE IPOM3BOICTBEHHBIEC 3aTPATHL.
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