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EFFECTS OF WIND FARM OPERATING REGIMES
IN THE POWER SYSTEM OF MACEDONIA

Anton CauSevski, Tome BoSevski

A bstract The trend for achieving sustainable energy
development, keeping the environment clean and utilization of
renewable energy sources are imperative to the energy develop-
ment in several countries. Through legislation and economical
benefits, countries tend to encourage potential investors for
building the technologies for energy production from renewable.
In order to achieve the EU energy target to have 20% renewable in
2020, the technologies for producing electricity from renewable
energy sources (RES) are used to cover the needs with more
intensities. The most dominant renewable is the wind power plants
(WPP) or wind parks, which are used to supply electricity to more
power systems (EPS) and whose installed capacity in some
European countries reaches thousands MW. This paper treats the
issue of operational work of wind power in the power system of
Macedonia. It is made of simulation work with wind power plants
with total installed capacity of 150 MW with an annual production
of 300 GWh. The considered power system of Macedonia is
projected for the period of 2015 with an annual consumption of
10,000 GWh. The power plants considering operating in the
simulated period are the existing thermal power units and hydro
power plants together with the planned gas power plants and
hydro power plants. The aim of this paper is to analyze the effects
of the power system operation in case to have installed wind
power plants, or what operation mode of thermal power plants
(TPP) and hydro power plants (HPP) is most convenient when the
system has a source of technology from the renewable with
stochastically nature. This is especially important, because
conventional power plants (TPP and HPP) operate and regulate
the needs of consumption in the power system, but the wind
power plants operate when the wind occurs within certain limits of
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technical operating mode for wind turbines. Although wind is free
renewable energy source, frequency of occurrence of wind with
unpredictable nature and stochastically, has additional adverse
impact in terms of power system operating mode. Certainly the
impact of wind power on the overall the power system operation
depends on power plants and configuration of the power system.
In other words, the base load is covered from TPP fossil fuel or
nuclear plants, and the dynamic nature of wind power can be
incorporated in the power system depends on how much power
plants for peak load are available in the system (storage reversible
hydro or gas turbines), or how variable power can be accepted in
the power system.

Key words: renewable, wind, power, thermal, hydro, storage

WIND ENERGY POTENTIAL IN MACEDONIA

According to the investigations for potential locations of wind power in
Macedonia only certain sites are suitable for construction of such technologies
for utilizing the wind energy. Macedonia, according to geographical location as
a landlocked country with a predominantly mountain-valley configuration, and
of course taking into account meteorological conditions, is most suitable wind
turbines to be installed in relatively inaccessible areas that require additional
investments in infrastructure. According to the studies of possible sites for wind
farms, technically feasible and economically to deliver the energy are wind
parks with installed capacity of around 50 MW and a capacity factor of about
23%. Based on these studies and projects concerning the wind power in Mace-
donia, the paper illustrates the simulations of the Macedonian power system
operation with wind power plants with total installed power of 150 MW and
annual production of 300 GWh. The installed power of 150 MW in wind farms
is around 10% of total installed power today in Macedonia, which is acceptable
for power system operation.

MODELLING THE OPERATION OF WIND FARMS IN POWER SYSTEM

The main feature of the renewable, especially wind energy, is the un-
predictable nature and stochastically of the wind. The wind blowing is a result
of air masses streams, and its intensity depends on many natural, climatic and
meteorological conditions, so the wind has strongly expressed stochastic nature.
Therefore, in order to have and recognitze some "security" of the occurrence
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and intensity of the winds, it is required to take multi-measurements in the po-
tential sites for the wind farms.

In the model for power system operation, which consists of power
plants on fossil fuels (coal, oil and gas), hydro (storage, reversible, or run of
river) and wind power plants, electricity consumption is considered in chrono-
logical form, which is especially important for renewable with stochastic na-
ture. The model consists of finding the optimal mode of thermal and hydro
power plants operation in a case when the wind power and energy are injected
with certain intensity which depends on wind occurrences.

Let the number of contracted power plants which operate in power sys-
tem consists of:

* k — thermal power plant contracts, each engaged with the power of
P ter (t)a
* m — hydro hydropower plants, each with power engaged Pyyq (¢)

* n — additional systems or interconnections with the power of engaged
Py (1)
* w — number of wind farms, each engaged with power Py, (7).

Optimal mode of power system operation consists of finding the mini-
mum integral costs of the entire power system throughout the period, according
to the relation:

K T N T )
kZI ZlKk(Pter(t)) At + Zl ZlKn (Psys(t)) At = min (1)
=lt= n=lt=

Where, K expreses the cost characteristics of TPP contract, and K, ex-
preses the cost characteristics of the additional systems or interconnections.
These cost characteristics are presented with a 3 degree polynomial.

Also the model includes the conditions for the balance sheet as follows:

— Power balance between generation and consumption in each time in-
terval according to the relation:

%Pter(t) + ZPhyd (1) + ZPsys (t) = Reonsume () _ZPpr ) @

— Water balance in storage hydro power plants (,), taking into account
the storage capacity and the water inflows for each subinterval 7,,,:
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m, Tmv . .
discharge inf low
L L My -(Vm,rmj ~Vin.Tmj ) (3)
m=1Tmj=1
— Power balance for each TPP contract during the whole period:

K T
2 i | X Ber (1) - A=Wy 4
k=1 t=1

The powers from wind farm and from the load are on the right side of
relation (2). The wind power has unpredictable and stochastic nature, whereas
the electricity consumption (Fyqume(?)) has seasonal variation (winter-

summer) or in respect of (day-night) variations. Power of wind farms (P, 1))

in each interval is taken based on the wind measurements in some locations in
Macedonia, which does not mean that it happens in each year or every interval.

The model and application is implemented with the software package
developed by the authors. The optimization procedure respects the balancing
power and energy in each time interval, balancing power under contracts with
TPP, and balancing of water resources in the HPP.

INPUT DATA FOR THE POWER SYSTEM OF MACEDONIA

The power system of Macedonia has been taken as an example of
analysis of the impact of power system operation in case of wind power plants.
According to the investigation of wind power in Macedonia, the first wind farm
can realistically be built in 2015. Therefore, the simulations are made of the
power system for the period 2015-2020, which consists of the existing lignite
TPP: TPP Bitola and 1, 2, 3 Oslomej, the oil fired TPP Negotino, and the new
gas TPP: TE-TO Skopje, Kogel and the Energetika ELEM. The hydro power
system is taken with all existing HPP parameters after revitalization, including
the storage Lukovo pole, HPP Sv Petka and HPP Boskov most. The annual con-
sumption is 10,000 GWh represented by chronological hourly loads (8760).
The wind power is represented with a wind farm with installed capacity of
150 MW and annual generation of 300 GWh. Tablel, and Table 2 give the ba-
sic data for TPP and HPP in the power system of Macedonia.
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Table 1
Basic data for TPP
TEC Pnet, min Pnet, max Annual generation Fuel
MW) MW) W (GWh)
Bitola 3x129=387 3 x209=627 3 x1450=4350 Lignite
Oslome;j 73 109 650 Lignite
Negotino 1 boiler/2 boiler 65/129 100/ 198 1000 Oil
TE-TO Skopje 139 230 1600 Natural gas
Kogel * 0 30 150 Natural gas
Energetika ELEM 20 30 160 Natural gas
Total 684 /748 1126 /1224 7910
* 10 motors, each of 3 MW
Table 2
Basic data for HPP
N % Qinst(unit) Qinflow Pinst

HPP Basin (m®/s) (m®/s) MW)

Vrben* Mavrovo 2x4.6 3.75 13

Vrutok* Mavrovo 4x8 11.81 157

Raven* Mavrovo 3 x10.7 11.81 22

Tikves Crna river 4 %36 27.40 116

Boskov Most  Radika 2x10.5 5.33 68

Globocica Crn Drim 2x27 28.47 42

Spilje Crn Drim 3 x36 45.16 84

Kozjak Treska 2 x50 21.15 82

Sv. Petka Treska 2 x50 22.53 36

Matka Treska 2x20 23.91 9

Total 629

* taken into account the inflows from Lukovo pole
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It should be mentioned that the simulations are made taking into ac-
count the planned outages for thermal power plants and the water inflows for
HPP for the representative of the average hydrological year.

SIMULATION OF THE POWER PLANTS OPERATION
IN THE POWER SYSTEM OF MACEDONIA

Using the software program and input data listed in Tab.1, Tab.2, there
are made the simulation of operation of the Macedonian power system without
and with wind power in the system. The wind power has a total installed capac-
ity of 150 MW with an annual production of 300 GWh or 3% of total consump-
tion which is 10 000 GWh.

In the case of power system operation with wind power plants, it means
that we have the additional production of 300 GWh of wind farms, while in the
case of power system operation without wind farms, this production is supple-
mented by the system (electricity imports). In both cases, the electricity genera-
tion from TPP and HPP is the same, with the TPP contributed 7 970 GWh, and
the HPP in 1 730 GWh. This means that the power system should always have
an extra reserve of power and energy capacity, which can be enough for opera-
tion of the wind power capacities.

In order to analyze the operation of power plants, the following part
shows the operation of the TPP and HPP individually for the selected winter
and summer week of the year in both cases, with and without wind power in the
power system of Macedonia. It should be noted that the selected winter and
summer weeks are chosen based on the wind occurrences, having in mind the
role of the wind power in the power system.

POWER SYSTEM OPERATION IN THE SELECTED WINTER WEEK

In order to see the difference between power system operations with
and without wind farms, the selected winter week is certainly one of those
when there is wind energy in the system. The winter week is a characterized
with high consumption and the operation of thermal and hydro power plants
with the capacities near installed ones. Figure 1 gives graphically the cover of
total consumption with TPP and HPP, as well as the wind power for the se-
lected winter week.
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Fig. 1. Covering the demand and the wind power for the selected winter week

The selected winter week has a relatively long occurrence of wind with
almost maximum power that is injected into the power system. The wind blows
in the night hours of low consumption as well as during the daily hours of high
and peak load.

Fig. 2 and Fig. 3 present the hydro power plants operation, and the th-
ermal power plants operation respectively, for the same winter week for both
cases, with and without wind power in the system.
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Fig. 2. HPP operation for both cases, with and without wind power
for the selected winter week
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Fig. 3. TPP operation for both cases, with and without wind power
for the selected winter week

The simulations show that the part of low demand (during night hours)
in the case with wind power, the same one is injected into the system affecting
the power reduction in thermal power plants (suppression of TPP). Certainly,
the suppression can go to the technical minimum of TPP, while the excess wind
power will be injected in the system, and those hydro power plants which oper-
ate can certainly reduce the power engagement.

In the part of the high and variable demand (during the daily hours), the
wind power affects the power reduction of hydro power plants, which means
water saving potential in storage HPP. The storage hydro power plants are the
most flexible power plants in the power system, which can respond to the dy-
namic behaviour of wind power and can react appropriately to power system
requirements.

POWER SYSTEM OPERATION IN THE SELECTED SUMMER WEEK

The selected summer week is characterized with low consumption and
is a period when the thermal power plants are out of operation according to the
annual planned outages scheduling. Regardless of lower consumption, the oc-
currences of wind power can bring more variations in the engagement of TPP
and HPP in the system. Figure 4 gives the coverage of the total consumption
with TPP and HPP, as the well as wind power for the selected summer week.
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Fig. 4. Demand covering and the wind power for the selected summer week

Fig. 5 and Fig.6 present the hydro power plants operation and the ther-

mal power plants operation respectively, for the same selected summer week
for both cases, with and without wind power in the system.

In the case of a summer week when the thermal power plants operate in

low power, reduction at night in case of wind energy can be more then the tech-
nical minimum allows (bellow Pnet, min). The additional variable energy can
be obtained in daily intervals of high consumption when the storage HPP oper-

ates,

and can adequately reduce the power depending on wind power.
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Fig. 5. HPP operation for both cases, with and without wind power
for the selected summer week
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Fig. 6. TPP operation for both cases, with and without wind power
for the selected summer week

CHANGES IN OPERATING REGIMES OF POWER PLANTS
IN A POWER SYSTEM

As the part of the integral calculations and simulations, the previous
section illustrates the power system operation for the selected winter and sum-
mer week in two cases: with and without wind power. Based on the annual op-
eration of power plants, we can obtain the additional variable power and energy
in the system as a consequence of wind power occurrences. On the other hand,
we can determine the suppressed power and energy in the night hours, which
can mean lost energy in thermal power plants.

The additional variable energy in the system as a consequence of the
wind power can be obtained in the intervals when the storage HPP or gas fired
power plants (CHP or CC) Kogel and TE-TO Skopje are in operation. In that
case, they can reduce the power related on power injected from wind farms.
These amounts of saved water in storage HPP or gas in gas fired power plants,
can be spent and used in other intervals depending on the consumption needs.

Suppressed energy in TPP and the whole power system can be obtained
with the relation:

VVsupressed = Z(PWPP - X Pp (I)J -At (5)

variable

But only for the time intervals Az when Pypp()> > FPpp(?)
variable
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Where 2. FPpp(?) is the sum of power for all plants entering the
variable

balancing of the variable of consumption (mainly storage HPP or gas power
plants). This means that in the intervals when the appearance of wind power
PBypp(2) is higher than the amount of power at all engaged storage HPP and

TPP entering the balancing of the variable portion of electricity consump-

tion > Fpp(?), the excess wind power (PWPP - X PBp (t)J can be

variable variable
accepted or can be suppressed in the TPP or interconnected power systems. The
intervals of suppressed energy are mainly in the night hours when the base load
power plants (TPP lignite or nuclear) operates on low power because of the
small consume.

The compensated additional variable power from the wind power
plants is the difference of the total wind energy less then suppressed power in
TPP and interconnected power systems, as the following:

Wyar. wpp ="wpp ~ supressed (©)

Depending on which power plants are in variable power balancing, the
following 3 cases are taken into consideration for the power system of Mace-
donia:

— Storage HPP are the power plants for covering the variable load,

Wsupressed = Z(P wep () — PstorageHPP (¢ )) <At

— Storage HPP and Kogel gas power plants are the power plants for
covering the variable load,

I/Vsupressed =2 (PWPP (- PstorageHPP (t)- PKogel (t)) At

— Storage HPP, Kogel and TE-TO Skopje gas power plants are the
power plants for covering the variable load,

I/Vsuppressed =2 (PWPP (- PstorageHPP (- PKogel (- Preto Skopje (t)) - At

The total annual wind energy in the system is Wjpp =300 GWh. Ac-

cording to the simulations, the obtained results for the suppressed energy in
TPP and the additional variable energy are the followings:
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— Storage HPP are the power plants for covering the variable load,

Waupressed =123,3 GWh (41%,) and W, wpp =176.7 GWh or around 59%.

— Storage HPP and Kogel gas power plants are the power plants for
covering the variable load,

Woupressed =114.8 GWh (38%,) and W,q; wpp =185.2 GWh or around 62%.

— Storage HPP, Kogel and TE-TO Skopje gas power plants are the
power plants for covering the variable load,

Waupressed =17.6 GWh (4%,) and W, ;. wpp = 282.4 GWh or around 96%.

Figure 7 gives the graphical presentation of the suppressed energy and
additional variable energy in the power system which depend on regulating
power plants for variable demand.
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Fig. 7. Suppressed energy and additional variable energy in the power system
which depends on regulating power plants for variable demand

In the cases when Kogel and TE-TO Skopje, both gas power plants,
participate as regulation power plants for covering the variable part, their role
in having additional variable energy as the consequence of wind power in the
power system is presented in Fig. 7.
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Fig. 8. Suppressed energy in TPP and additional variable energy for HPP
and gas power plants

The last two figures give the main point of the analysis for power
plants operation with wind power. When the number of regulating power plants
increase, the accepted variable energy from wind power is also increased and
the suppressed power to the base thermal power plants decreased. It means that
the additional variable can be accepted from the storage HPP or others regulat-
ing power plants (gas fired ones).

CONCLUSION

Dynamic and especially stochastic nature of the wind power and energy
injected into the system with a certain intensity which depends on third power
of wind speed, can cause additional disturbances in the power system operation.
In order to operate the entire system, it is necessary to have power plants in the
system that can accept dynamic mode of wind occurrences. Such power plants
can be reversible HPP, storage HPP, or special gas power plants, which should
be flexible enough to respond quickly to any change of power and energy in-
jected by the wind farms in the power system.

The operating changes and impacts of the power system from the wind
power would be effectively amortized in the case of having storage hydro
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power plant(s) as regulated power plant(s) (with accumulated water) which can
appropriate respond to variable needs and to the dynamical behaviours of wind
power. If the power system does not have the appropriate storage hydro in-
stalled capacity, the dynamics of the system with wind power should be ac-
cepted by thermal power units or interconnected systems. It is especially impor-
tant mode of thermal power plants operation in the hours when storage HPPs
are not on grid or the night hours of low demand. In the case of having wind
power in these intervals when TPPs already operate on low power, it should be
further reduced their power but until to the limit of the technical minimum of
the units. Certainly, this reaction of TPP means lost energy (and fuel of course)
in thermal power units, because thermal power plants are not designed to work
in such dynamical mode. On the other side, this TPP operation mode means
faster ageing of the units and, of course higher probability to have more unex-
pected failures. However, if the need for reduced power in TPP because of
wind power emergence the blocks higher, it should be suppressed to the mini-
mum limit, and the excess wind energy should be injected into the system or
interconnected power systems should take this power.

The analysis for the operation of the Macedonian power system in case
with and without wind power shows that the additional variable energy in the
system as a consequence of the wind power is only in the hours of high con-
sumption or in the peak loads in the day. In these intervals, storage HPP can
reduce the power output according to the injected power from wind farms. This
energy, or saved water in the reservoirs means additional energy savings in
storage HPP, that could be spend in other intervals. For the analyzed power sys-
tem the additional variable energy is around 180 GWh or about 60% of the total
annual wind energy which is 300 GWh. The remaining approximately 120
GWh or about 40% can be saved in other regulated power plants in the system,
or otherwise can be suppressed in the thermal power plants or in interconnected
systems. In the case when gas power plants as Kogel and TE-TO Skopje par-
ticipate in power regulation to cover the variable part of consumption, then the
variable substituted energy in Kogel is 8,5 GWh or about 3%, while the TE-TO
Skopje is 97 GWh or about 32%, which remains suppressed energy in other
TPPs is 18 GWh, or about 6%

Finally, it should be noted that this analysis is based on the current and
future projected situations of our power system with water inflows for average
hydrology. The ratio between the suppressed energy and additional variable
energy in the system can change, depending on the configuration of regulated
power plants that can accept the variable energy in the power system and, of
course, depending on hydrology as available water in hydro power plants.
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Pesume

E®EKTU O] PABOTA HA BETEPHU ®APMU BO EEC HA MAKEJJOHUJA

TpeHnoT 3a MOCTUTHYBame HA OJPXKIMB E€HEPreTCKH pa3Boj, 3auyByBame Ha UHCTa
KMBOTHA CPEIMHA M KOPHCTEH¢ Ha OOHOBIIMBH M3BOPU Ha €HEpPTHja Ce MMIICPATUB 3a €HEepreT-
CKHOT pa3Boj. [Ipexy 3akoHCKa peryraTiBa ¥ eKOHOMCKH OeHe(HIUH, 3eMjUTe NMaaT TeHACHIHN]a
Jla TH 0Xpadpat IMOTEHIMjaTHITe HHBECTUTOPH 33 M3rpasda Ha TEXHOJIOTHHU 3a IIPOM3BOJCTBO Ha
eHepruja o ooHoBIMBH n3BopH. Co IIeT 1a ce IMOCTUrHe eHepreTckara neix Ha EY, texHomorun-
Te 3a MPOU3BOJICTBO Ha eJIEKTPUYHA eHepruja o oOHOBIMBH H3BopH Ha eHepruja (OME) c¢ moma-
COBHO Ce KOpHCTAT 3a MOKpUBamke Ha morpedute. HajMHOTY MOMHHMpaaT BEeTEpHU ENCKTPUIHHI
nentpamu (BEL]) mnm BeTepHM HapKoBH, KOM Ce€ KOPHCTAaT 3a CHaOXyBame Ha EIEKTpUIHA
eHepruja Bo moseke enekTpoeHeprercku cucremu (EEC) m 4umm wHCTanmmpaHW KamaruTeTH BO
HEKOH €BPOIICKU 3eMjH JOCTUTHYBAAT MJIjaIHULIN METaBaTH.

OBOj TpyZ ro TpeTHpa IpanlamkeTo Ha OllepaTHBHATA paboTa HAa BETCPHUTE EIEKTPAHI
Bo EEC ma Maxkenonuja. HanpaBena e cumynamuja Ha paboTara Ha BETEPHU EJIEKTPAaHH CO
BKyITHa HHCTanupana MokHocT o 150 MW u rogumso npoussoactso of 300 GWh. Cumymanu-
jaTa e HampaBeHa Ha poekTupana coctojoa Ha EEC na Makenonuja 3a 2015 roguHa co roaumiex
kom3yM ox 10.000 GWh. IIpom3BogHnor cucreM paboTH CO IOCTOJHUTE TEPMOIEHTPAIH M
XHUAPOIEHTPAIN 33ae[HO CO IUIAHUPAHUTE TaCHU €NIEKTPAaHH M XUAPOETIEKTPUIHH LEHTPAH KOM
Tpeba na ce urpaaat no 2015 roauna.

Ilenta Ha 0BOj TPYyZ € Ja ce aHAIM3UpaaT epeKkTuTe Ha padorara Ha MHTerpupad EEC
coctraBeH of TepmoneHTpanmu (TEL) u xupponenrpamn (XEL[) co Bereprn enextpanu (BELI)
KaKo M3BOPH Ha TEXHOJIOTHja Off OOHOBIMBA CTOXAacTHYHA mpupoja. CToxacTudHaTa IpHpoja Ha
T0jaBa Ha BETPOT M COOJIBETHATA MHjeKTHpaHa MOKHOCT u eHepruja Bo EEC Moxe na ce KoMmeH-
3upa pokonky Bo EEC mMa moBeke n3BopH KoM MokaT aa mpudarar BapujabmiIHa IMpoMeHa Ha
KOH3yMOT Kako akymynamuonn XEL, pesep3ubmmam XEL[ mmm mak Apyrd TepMOEHEPreTCKH
MIOCTPOjKH KO Ce IOJTrOTBeHH 3a BapHjabmHa padota Bo EEC (racHO TypOMHCKY eNeKTpaHn).

EnexTpanu koM MO’KaT Ja ro HOKpHUjaT BapHjaOMIHHOT JIe] 0 KOH3YMOT CO JeHEeIIHaTa
m3rpageHoct Ha EEC Bo Maxkenonuja ce camo akymynanuonute XELl. MeryToa, mojaBara Ha
BETPOT € CO JaJIeKy ITOJMHAMUYHA TPOMEHa BO OJHOC Ha BapHjaOMIIHOCTa Ha KOH3yMOT. Bapwuja-
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OWJIHOCTA M JUHAMHUYHOCTA HAa KOH3YMOT Celak MMa HeKoja OYeKyBaHOCT U MpeIBHUAINBA popma
BO OJHOC Ha Ce30HaTa (3MMa—JIeTO) WM BO OJHOC Ha €JHO JNEHOHOKHe oJ 24 yaca (IeH—HOK).
BceymHocT, AMHaMHUKaTa Ha KOH3YMOT € OCHOBHA IPUYMHA 32 TapH(UPAHETO BO TEKOT HA JIEHO-
HOKHETO, OHOCHO BHMCOKa Tapuda BO 4aCOBHUTE HA BUCOK KOH3YM M aKTHBHOCT, KaKO M HHCKa
Tapuda BO HOKHUTE YacOBH Ha I0jaBa Ha HU30K KoH3yM Bo EEC.

MosHocTa 3a npudakame Ha BerepHH enekrpanu Bo EEC 3aBucu on cnocoOHOCTa Ha
XUJIPOEJIEKTPaHUTE (aKyMYJIALIMOHH U PEBEP3MOMIIHN) KOM MOJKaT Jia ja npudarar JUHaMUKaTa Ha
MPOMeHa Ha MOKHOCT M €Hepruja, Kako oJ1 KOH3yMOT Taka u of TexHojoruute Ha OUE.

Kinyunn 300poBu: 0OHOBIHBH M3BOPU Ha €HEpPruja, BETEpPHA €HEPruja, TEPMO, XUAPO, aKyMyJia-
nuja
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