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Abstract: This paper is motivated by a large tendency of shift towards low emission
electricity production, which can be achieved by substituting the conventional energy
sources by renewable energy sources. Therefore, a share of renewable energy sources is
continually growing. However, large-scale integration of renewable energy sources into the
power system is a challenging task, since it depends on a balance between demand and
supply at any time and because of the nature of renewable energy sources. The production
from some sources such as the photovoltaic and wind power plants fluctuates depending on
meteorological conditions, so it cannot be regulated. However, large hydropower plants can
be regulated, so they are suitable for electricity balancing. In this paper, an optimization
model is set for a system with 100 % renewable energy sources, which includes models for
correlation of meteorological data and the production of electricity from different variable
renewable energy sources. The resulting model gives an optimal ratio of production of vari-
able renewable energy sources, which depends on the share of these sources in the total
electricity production. The objective function of this optimization problem is to minimize
the excess and lack of electricity production. For this purpose, hourly data for electricity
consumption and hourly meteorological data are included. The results show that if only
wind and photovoltaic power plants are considered, for the case of Macedonia, this opti-
mum is found at 72% wind and 28% photovoltaic power production. However, if the al-
ready installed capacity of the big hydropower plants and the maximal potential of the small
hydropower plants which make together 30% of the total installed capacity is taken into ac-
count, the optimal ratio of production from the other sources is: 50% wind power genera-
tion and 20% photovoltaic power generation.

Keywords: optimization model, renewable energy sources, Macedonian case study.

1. INTRODUCTION

There is an obvious trend of increasing renew-
able energy sources integration in the total electricity
production. Key elements of future power systems are
the variable renewable energy sources such as the
wind and photovoltaic power plants [1]. A worldwide
rise of the installed capacity of renewable energy
sources is dramatic. For example, the installed capaci-
ty of wind power plants increased from 94 GW in
2007 to 283 GW in 2012 [2]. 100 GW of this installed
capacity is located in the European Union [3]. The
increase in the installed capacity of photovoltaic pow-
er plants is even greater. Globally, in 2007 the in-
stalled capacity was 10 GW, and by 2012 it increased
10 times and it is about 100 GW.

* Corresponding author: lkocarev@ucsd.edu

Therefore, modeling of the integration of va-
riable renewable energy sources in the power system
is of crucial importance. If the share of variable re-
newable energy in the system is not large, their vari-
ations can be absorbed into the system without con-
sequences, but with an increase of their share, the
stability of the system becomes more uncertain. In
order for the integration of variable renewable ener-
gy sources in future systems with 100% renewable
energy to be optimal, it is necessary to maximally
exploit these sources, but with minimal needs for
balancing the energy sources and minimal require-
ments for electricity storage [1].

Currently, there are three variable renewable
energy sources in Macedonia: wind, solar and small
hydro power plants. Therefore, in this paper we first
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made individual models for electricity production
from these three sources, depending on the appropri-
ate meteorological conditions. Then the optimization
model has been applied to these models in order to
get the minimum mismatch of electricity production
and consumption. The optimal ratio depends to a
large extent on the share of variable renewable ener-
gy sources in the total production.

The analysis of optimal ratio of electricity pro-
duction from wind, sun and waves in the systems with
large shares of variable renewable energy sources is
made in [4]. In the paper the EnergyPLAN model is
used which requires a big number of inputs, and is
applied to the electric power system in Denmark.
More practical and simpler model is presented in [5],
which calculates the optimum electricity production
only from photovoltaic and wind power plants. The
model is applied to Europe as a whole. In [6] this
model is extended to determine the necessary balanc-
ing and storage of electricity needs, because of the
huge time difference between the electricity produc-
tion and consumption from VRES. This model is also
applied to the electric power system in Europe. In [7]
this model is applied specifically to the electric power
system in Denmark, and in [1] the model for the pow-
er grid is also included. The correlation between the
integration of variable renewable energy sources, sto-
rage and balancing needs with the power grid is ana-
lyzed in [1], and so the model is applied to most of
the countries in Europe.

In this paper the model described in [5] is
used as a basis for the optimization model, which is
supplemented to include the production from small
hydropower plants and so an analysis of the optimal
ratio depending on the total share of variable renew-
able energy sources in the total production is con-
ducted. The model provides an opportunity for mak-
ing a simple analysis and provides clear presenta-
tions of the guidelines and the limits of the devel-
opment of 100% renewable energy sources-based
power systems. For more specific and detailed anal-
ysis of some of the scenarios, a more precise model
may be needed that will include more data, such as
the cost of implementation of the same.

The paper is organized as follows. In chapter
2 a short overview of the current state of the electric
power system of Macedonia is presented. The next
chapter describes the individual electricity genera-
tion models for each of the three variable renewable
energy sources analyzed: photovoltaic, wind and
small hydro power plants. Appropriately, examples
of their production, compared to the average con-
sumption in Macedonia are given. In chapter 4 the
generation optimization model is shown, which is

applied to the Macedonian electric power system in
the following chapter 5. Additionally, in this chapter
the results provided by this model are presented
along with an appropriate discussion. Finally, the
conclusions are drawn in the last chapter of this pa-
per, as well as the directions for future work.

2. ELECTRIC POWER SYSTEM OF THE
REPUBLIC OF MACEDONIA

When it comes to electricity production in
Macedonia, 64% of the installed generation capacity
in 2014 depended on fossil fuels (mainly coal) [8].
Additionally, 36% of the installed capacity in 2014
was from renewable energy sources. This group in-
cludes large and small hydro, photovoltaic and wind
power plants. There are 10 big hydropower plants
with the total installed capacity of about 603 MW.
The total capacity of small hydro power plants in
2014 was 59.5 MW, which is 3% of the total in-
stalled capacity. The installed capacity of photovol-
taic power plants in 2014 was about 15 MW (1% of
total capacity), and the installed capacity of the wind
power plants was about 37 MW (about 2% of total
capacity). However, a share of renewable energy
sources is growing, which is also indicated by the
following facts:

— The total installed capacity of small hydro-
power plants in Macedonia in 2014 is 0.61% higher
compared to 2013.

— The total installed capacity of photovoltaic
power plants in Macedonia in 2014 is 0.36% higher
compared to 2013.

— The first wind power plant in Macedonia
was built in 2014 (with installed capacity of 37 MW)

3. VARIABLE RENEWABLE ENERGY
SOURCES MODELING

The variable renewable energy sources (VOIE)
are a kind of renewable energy sources whose produc-
tion cannot be controlled, because it only depends on
meteorological conditions. Examples of VRES are the
photovoltaic, wind and small hydropower plants. Un-
like them, there are renewable energy sources that can
be controlled to some extent such as for example, large
hydropower plants with accumulation or the biomass
power plants. Although the amount of available, for
example, photovoltaic and wind energy may meet the
annual needs of electricity consumption, the problem is
that they are not available whenever they are needed.
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3.1. Photovoltaic power generation modeling

The power production from photovoltaic power
plants depends directly on the weather, that is, on the
solar radiation on the analyzed location. Additionally,
when analyzing the power production from photovol-
taic power plants, the following assumptions for the
characteristics of the electricity generator should be
taken into account: angle of inclination, orientation and
whether they are fixed or have an opportunity to follow
the sun. The location that is analyzed is determined by
its geographical coordinates. In order to calculate the
hourly electricity production of this type of production
facilities, it is necessary to calculate hourly solar radia-
tion. In this paper, a combination of the Collares-
Pereira and Rabl model [9] and the Liu-Jordan, Klein
model [10-11] is used for hourly solar radiation calcu-
lation, which is explained in details in [12].

3.1.1. 100% photovoltaic power
generation in Macedonia

If only photovoltaic power plants are used for
electricity production, then that production should be
compared with the electricity consumption. In order
to achieve this, we set the total annual electricity
production to be equal to the electricity consumption
in a typical year. Although the annual electricity
production is equivalent to the annual electricity
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consumption, the hourly and seasonal distribution of
production and consumption differ a lot. Figure 1
shows the hourly electricity consumption for a typi-
cal year (which is calculated as the average con-
sumption in four years (2010-2013) [13]), and hour-
ly distribution of electricity production from photo-
voltaic power plants, when solar energy is the only
source of electricity production. For these calcula-
tions, in the model for solar radiation, the data for
Macedonia were entered [14]. It may be noted that
in the summer there is much higher production than
in the winter, which is opposite of the electricity
consumption distribution. But, on the other hand, the
production is carried out only during the day, when
consumption is higher. Of course, there is no pro-
duction during the night, but also, the consumption
at night is much lower than during the day. Anyway,
this scenario leads to a great need for balancing and
storage of electricity.

3.2. Wind power generation modeling

The production of electricity from wind power
plants also depends on meteorological data. In this
case the distribution of electricity generation de-
pends on the hourly wind speed. In order to make a
correlation between the power generation and wind
speed, it is necessary to use the production curves
for the specific wind power plants.
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Figure 1. Hourly photovoltaic power production and consumption in a typical year in Macedonia

3.2.1. 100% wind power generation
in Macedonia

The data for the production curves of the wind
power plants are taken from [15], where there is in-
formation about wind power plants of four major
manufacturers. This includes data for the kind of

wind power plant that is currently installed in Mace-
donia, which is SIEMENS SWT-2.3MW-93m [16].
This scenario assumes that the only sources of
electricity are the wind power plants. In this case, al-
so, the annual output is equivalent to the consumption
of electricity in a typical year. Figure 2 presents this
scenario. It may be noted that the highest electricity
generation from the wind power plants is in winter
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which coincides with the maximum power consump-
tion. Additionally, the minimal electricity production
and consumption are during the summer period.
However, the variations of the electricity consump-
tion are much smaller than the variations of the pro-

3500.0

duction. Furthermore, wind power generation is high-
er during the nights when the consumption is lower.
Consequently, in this case also, there is a huge need
for additional electricity generation and storage.
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Figure 2. Hourly wind power production and consumption in a typical year in Macedonia

3.3. Modeling of small hydro
power generation

Another type of electricity generators that de-
pend on meteorological conditions is the small hy-
dropower plants that have no possibility for water
accumulation. Their production is directly dependent
on the flow of water at a given time.

3.3.1. 100% small hydro power
generation in Macedonia

The information about the flow of water on a
monthly basis in Macedonia is taken from the
dispatcher reports of MEPSO (Macedonian system

1600

operator) [17]. As an initial approximation, in this
paper the distribution of the monthly flow of water at
the hourly level is uniform. Figure 3 demonstrates the
production of electricity from small hydropower plants,
if they are the only source of electricity, and the
electricity consumption in a typical year. Again, the
annual production is equivalent to the annual
consumption. It may be noted that the greatest
production is in the spring period, when despite the
flow of water from precipitation, there is also flow of
water from melting snow. The lowest -electricity
generation is during the end of the summer period and
the beginning of the autumn period.
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Figure 3. Hourly small hydro power production and consumption in a typical year in Macedonia
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4. OPTIMIZATION MODEL
4.1. Generation-load missmatch

The main equation of the optimization model
is equation (1) (which is based on the equations of
the models given in [1] and [5—7]), where the differ-
ence or the imbalance of the production and the con-
sumption is presented.

A@) = [a*=w(@)+b*s(t)+c*h@)]-1(6) (1)

In this equation, w(¢), s(2) and h(?) represent
the power production at hour ¢ from the wind, pho-
tovoltaic and the small hydro power plants, respec-
tively. The electricity consumption at hour ¢ is pre-
sented by /().

The variable a shows a share of the electricity
generation from the wind power plants from the
overall electricity production. Similarly, b presents
the fraction of the photovoltaic power production
and the variable ¢ presents the fraction of the small
hydro power production.

There are three cases related to the difference
between electricity production and consumption.
The first case is when A(¢)=0, which means that the
production is equal to the consumption of electricity
at hour ¢. The second case is when A(#)>0, which
means that the production is higher than electricity
consumption. In this case, there is an excess of elec-
tricity production which should be stored in the sys-
tem. The last case is when A(¢)<0, or the generation
is less than electricity demand. Then, the lack of
production should be met by additional energy
sources.

4.2. Optimization of the VRES
power production

The model for optimization of the ratio of
electricity generation from the variable renewable
energy sources, depending on their share in the total
electricity production is given by the equations (2) —
(4).

The purpose of the model is to minimize the
gap between production and consumption of elec-
tricity. Accordingly, the objective function in the
model is given by the equation:

min:Z|A(t)|
’ ' 2
This function is subject to few constraints,
given by the following equations:

0<a<a,, 0<b<bh_, , 0<c<c, .

3)

where aax, Dmax, and cmaxare set to the corresponding
maximal fraction of power generation from wind,
photovoltaic and small hydro power plants.

Additionally, the following constraint should
also be included in the model:

a+b+c=x 4)

where x is the fraction of the variable energy sources
production in the overall electricity generation. This
means that, if x=0,8, then 80% of the production is
from variable renewable energy sources. The rest of
the electricity generation may be covered by other
renewable energy sources, whose production can be
controlled to a certain extent, as the big hydro power
plants or the biomass and biogas power plants. Of
course, if we do not analyze the system with 100%
renewable energy, coal or natural gas fired power
plants may also be included. In this model, these
technologies whose production can be controlled are
modeled explicitly, because it is assumed that their
hourly production corresponds to the consumption.

5. RESULTS AND DISCUSSION

The production from the wind and photovol-
taic power plants has a large seasonal and daily de-
pendence. For example, in the summer and during
the day the production of the photovoltaic power
plants is the highest. Unlike them, the production of
the wind power plants is the highest in the winter
period and during the night. Both of these energy
sources are interesting in terms of modeling because
they are able to balance each other to a certain ex-
tent. In order to minimize the need for balancing, the
optimum production from these two sources should
be found.

Firstly, a scenario where the only sources of
energy are the photovoltaic and wind power plants is
analyzed. Actually, it is assumed that there are no
small hydro power plants and that the variable c is
equal to zero and that the production of electricity is
only from these two sources, that isa +b =1. In that
case, if we use the meteorological conditions of Ma-
cedonia, as well as the electricity consumption in
Macedonia, the optimal production ratio is 72% of
the wind power plants and 28% of photovoltaic
power plants (Figure 4).

In this scenario, the total annual generation —
load mismatch is high and amounts to 4943 GWh.
Specifically, the positive difference is 2471 GWh,
which is equal to the negative difference.
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Figure 4. Optimal ratio of photovoltaic and wind power
production in Macedonia

As currently in the electric power system of
Macedonia there are small hydropower plants, logi-
cally, they should be included for electricity genera-
tion. The optimal ratio of production from wind,
photovoltaic and small hydro plants depends on a
share of the variable renewable energy sources in the
total electricity production. Figure 5 shows the op-
timal ratio of these three energy sources depending
on their share in the total production, which varies
from 10% to 100%. It may be noted that the small
hydropower plants have the highest share of variable
renewable energy sources, because of their greater
consistency, i.e. less variation in production com-
pared to the production from photovoltaic and wind
power plants. The share of production from photo-
voltaic power plants grows until the share of VRES
achieves 50%, and then it begins to decline. On the
other hand, the production from wind power plants
is completely opposite. Actually, it is reducing until
the share of VRES becomes 50%, and then it begins
to rise. It is interesting that electricity generation
from photovoltaic and wind power plants is balanced
to a certain level, among the different cases. This
conclusion is also presented in Figure 6 where the
installed capacity of these three VRES is shown,
depending on a share of VRES in the total produc-
tion.

The excess and the lack of electricity genera-
tion depending on the share of VRES in the total
electricity production are shown in Figure 7. The
excess is equal to the lack of electricity generation,
which is logical due to the fact that the total annual
production equals total consumption. From Figure 7
it can be concluded that the excess, as well as the
lack of electricity production is zero if the share of
these renewable energy sources is less than 50%.
With a share of more than 50%, the total surplus and
lack of production increases, which should be cov-
ered by some other electricity generation source or,
it should be stored in the system. It should be noted
that the total excess and lack of production is calcu-

lated by multiplying (I —x) by the sum of total con-

sumption, which in fact represents the production
from other energy sources.
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Figure 5. Optimal ratio of VRES depending on their share
in total electricity production
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Figure 6. Installed capacity of VRES depending on a
share of VRES in the total electricity production (where
the share of 10 represents 100% VRES system)
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Figure 7. Total excess and lack of electricity generation
depending on a share of VRES in the total production
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Currently, the main renewable energy sources in
Macedonia are the big hydro power plants that have
accumulation. Their average annual production equals
to about 20% of the average annual electricity con-
sumption [13]. Therefore, it is logical to consider a
scenario in which the share of variable renewable
energy sources is 80% of the total production. In this
case, the share of production from wind power plants is
about 12% of total production, the share of photovol-
taic power plants is about 3% and the biggest contribu-
tion is from small hydropower plants, which amounts
to 65% (Figure 8). However, with this share of electric-
ity production from small hydropower plants and their
availability throughout the year it ensues that their re-
quired installed capacity is 2096 MW. According to
[18] the maximum production from small hydropower
plants is considered to be 10% of total electricity pro-
duction. Therefore, if their production is limited, or

c_ is set to be 0.1, the optimal production ratio from

max

the other sources is: 50% wind power generation and
20% photovoltaic power generation (as shown in Fig-
ure 9). The total excess and lack of electricity genera-
tion in this case may be covered by a pumped hydro
power plant, which in the cases of excess electricity
production will pump the water into the reservoir or
will act as a consumer, and in times of shortage it will
generate electricity.

P power
3% .

Wind power
12%

. Small hydropower
B5%

Figure 8. Share of VRES when the share of big hydropow-
er plants is set to 20%

Small
hydropower
%

Wind power
50%

Figure 9. Share of VRES when the share of big hydropow-
er plants is set to 20%, and the share of small hydropower
plants is limited to 10%

6. CONCLUSION

In this paper an optimization model is defined
which includes models for production of electricity
from variable renewable energy sources that depend
on meteorological data. As a case study, the Mace-
donian electric power system is analyzed. This mod-
el shows the optimal ratio of renewable energy
sources in an electric power system. Additionally, by
using this model the required installed capacity for
electricity storage and balancing in each of the sce-
narios considered can be calculated, which could
reduce the excess and the lack of electricity produc-
tion to zero. In the current model, the power grid is
not taken into account. Therefore, in the future, a
model of the power grid may be incorporated in this
model, so an analysis of how the network capacity
impacts the integration of the variable renewable
energy sources may be conducted.
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TOXR

MOJEJI OIITUMU3ALINIE 3A ITPOU3BOAJBY U3 PASHUX N3BOPA OBHOBJBMBE
EHEPTUIJE: CTYJUJA CIIVUAJA MAKEJIOHUJE

Caxerak: OBaj paj je MOTHBHCAH BEJIMKOM TEHJCHIM]OM IIpeiia3a Ha IPOU3BOAY
eNIeKTPUYHE CHEPrHje y3 CMameHy eMHCHjy INTETHHX TracoBa, Koja ce MoKe MmocThhm
3aMjeHOM HM3BOpa KOHBEHIIMOHAIHE €HEepruje ca 0OHOBJFMBHM M3BopuMa eHepruje. Crtora
yIOHO M3BOpa OOHOBJFMBE CHEPrHje KOHCTAaHTHO pacte. MelyTuMm, MacoBHH]ja MHTETpaIlija
OOHOBJBMBHX M3BOpa €HEPrUje y eJNEKTPO CHCTEM je M3a30BaH 3amarak, Oyayhu na 3aBucu
ol paBHOTEXe u3Mel)y moTpakme W TOHyne y OmiIo KOM TpeHyTKy 300r mpupoze
OOHOBJBMBHX M3BOpa eHepruje. IIpon3Boama U3 HEKUX U3BOpa Kao MTO Cy (POTOHAIIOHCKE U
BjETpOEJIEKTpaHe Bapupa y 3aBUCHOCTH Ol METEOPOJIOLIKHX YCJIOBa, TaKo a jy je Hemoryhe
perynmucati. MelyTum, BellMKe XUIPOENEKTpaHe ce MOTY PEeryjucaTH, Ia Cy MOToIHe 3a
OanaHcHpame eJIeKTpUYHE CHepruje. Y OBOM pajy IIOCTAaBJEEH j€ MOJIET ONTHUMHU3AIMje 3a
cucreM ca 100%-THUM OOHOBJEMBMM H3BOpHUMA €HEpPrHje, KOjU YyKJbyuyje MoJeie 3a
KOpeJalyjy METEOpOJIONIKMX Tojaraka M IPOW3BOAY EINEKTPUYHE eHepruje U3
pa3IMYNTUX BapHjaOMIIHUX U3BOpa eHepruje. Mozen Koju ce 1obuje Aaje onTuManaH OIHOC
MIPOU3BOIHE M3 BapHjaOMIHUX 0OHOBJHPHBHX M3BOpA €HEpruje, IITO 3aBUCH Of YIIjela OBUX
W3BOpa Yy YKYIIHO] MPOW3BOAMKH elekTpuuHe eHepruje. LlmipHa (yHKIMja oBOT Mozena
OIITHMHM3AlMje je Aa ce Ha MHHHMYM CBEZI€ BUILIAK Ka0 U MambaK IPOU3BOIE EICKTPHYHE
eHepruje. Y Ty CBpXy, Jard Cy MOAAIM O MOTPOIIBM eNeKTPUYHE EHepruje |
METEOpOJIOLIKH MOAAIM, U3 cara y caT. Pesynrtatu mokasyjy Za ako ce pa3Marpajy camo
BjeTpoesiekTpane U (DOTOHAMOHCKE EJICKTpPaHe, Y ciay4ajy MakenoHuje, Taj ONTHMyM Ce
Hamasun Ha 72% 3a MPOW3BOMBY Yy BjeTpoesekTpaHamMa u 38% 3a MPOU3BOABY Y
(oToHarOHCKUM enekTpaHama. MehyTtum, ako ce y3me y 003up Beh HMHCTanMpaHu
KaltaluTeT BEJIMKUX XHIPOEJIEKTpaHa M MaKCHMallaH MOTEHLH]all MaJIuX XHIPOeNeKTpaHa
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koje 3ajenHo umHe 30% YKYNHO UWHCTAIMPAaHWX KalalUTeTa, ONTHMaJaH OIHOC
MPOU3BOIE W3 OcTaMUX u3Bopa je: 50% mnpomsBoama u3 Bjerpoenekrpana u 20%
MIPOU3BOIHA y (DOTOHATTOHCKUM TOCTPOjSEHIMA.

Kibyuyne pujeun: Momen onTUMU3aIije, OOHOBJBIBH H3BOPH €Hepruje, MakeZoHCKa
CTyIHja ciIydaja.



