
at SciVerse ScienceDirect

Energy 48 (2012) 80e87
Contents lists available
Energy

journal homepage: www.elsevier .com/locate/energy
A 100% renewable energy system in the year 2050: The case of Macedonia

Boris �Cosi�c*,1, Goran Kraja�ci�c 2,3, Neven Dui�c 2,3

Faculty of Mechanical Engineering and Naval Architecture, University of Zagreb, Zagreb, Croatia
a r t i c l e i n f o

Article history:
Received 4 November 2011
Received in revised form
29 June 2012
Accepted 29 June 2012
Available online 1 August 2012

Keywords:
EnergyPLAN
100% Renewable energy system
Energy system of Macedonia
Economic evaluation
* Corresponding author. Tel.: þ385 16168242; fax:
E-mail addresses: boris.cosic@fsb.hr (B. �C

(G. Kraja�ci�c), neven.duic@fsb.hr (N. Dui�c).
1 http://www.powerlab.fsb.hr/bcosic.
2 http://www.powerlab.fsb.hr/gkrajacic.
3 http://www.powerlab.fsb.hr/neven.

0360-5442/$ e see front matter � 2012 Elsevier Ltd.
http://dx.doi.org/10.1016/j.energy.2012.06.078
a b s t r a c t

The most important problems the energy sector faces in Macedonia are an unfavourable energy mix with
a high prevalence of lignite, a strong dependence on energy import, poor condition of the energy system
and inefficiency in energy production and use. This paper investigates the prospects for realization of the
100% renewable energy system in Macedonia by making use of the EnergyPLAN model. Analysis was
conducted for two renewable scenarios designed for the years 2030 and 2050. First scenario, the 50%
renewable energy system, has been created for the year 2030 and represents the first step towards the
100% renewable energy future of Macedonia. The second scenario has been designed for the 100%
renewable energy system based only on the renewable energy sources (RES) in the year 2050. Special
attention in the design of these systems has been given to intermittent RES and to storage technologies.
The analysis reveals that at the moment the 50% renewable energy system seems much more likely than
the 100% renewable energy system, but with additional energy efficiency measures, which will lead to
a decrease of consumption and with installation of new generation capacities this goal can be easily
achieved.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The rising dependency on energy imports, increase of green-
house gas (GHG) emissions and high and unstable energy prices are
some of the problems that Europe is facing today. One of the most
promising ways for reducing Europe’s dependency on energy
imports and for diversification of energy resources, which at the
same time reduces GHG emissions, are renewable energy sources
(RES). Hence, the common goal of the European Union is to increase
the share of RES in the final energy consumption to 20% in 2020 and
to reduce GHG emissions by 20% until 2020 in comparison to their
levels in 1990, and by 30% until 2030 if the other developed
countries undertake similar steps [1]. The main problem of RES,
except biomass, geothermal and hydro, is their intermittent nature,
so in order to use them effectively it is necessary to have energy
storage in the system [2,3]. Because of the high investment costs in
the storage systems the usage of RES is becoming even more
expensive [4e6].
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Analyses for the 100% renewable energy systems have been
conducted in many studies and the conclusion is that the devel-
opment of such systems with existing technology is possible and “it
is not a matter of technology, but rather a matter of making the right
choices today to shape tomorrow” [7]. Analyses of 100% renewable
energy systems are already conducted for countries: Denmark [8],
Croatia [9], Portugal [10], Ireland [11], New Zealand [12] and
Australia [13]; towns: Aalborg [14] and Frederikshavn [15]; islands:
Island of Mljet [2], Island of Sao Vicente [16] and Porto Santo Island
[17]; and recently, incentives for 100% renewable energy future of
the European Union [7]. In most analyses, biomass is used as the
main resource for reaching 100% renewable energy systems [8,11].
Also, pumped hydro storage in the combinationwith wind, biomass
and heat pumps has been proposed in many studies as the solution
for the 100% renewable energy system [9,12,14,18].

In the case of Macedonia, energy production is based mainly on
the low-quality domestic lignite, biomass and hydro. According to
EUROSTAT [19], in the year 2008 the share of lignite in total primary
energy consumption was 51%, followed by biomass with 6%, hydro
power with 2.3%, and geothermal energy with the share of 0.3%.
Furthermore, in the energy balance for the year 2008, imported
electricity participated with 7.6% [19] in total primary energy
consumption and in the recent years import of electricity has had
even rising trends due to increased electricity demand [20]. Also, the
highest load demands occur in thewinter season,mainly because of
the electric heating used to supplement fuelwood heating in the
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residential sector during very cold periods [21]. In short, the most
important problems that energy sector faces with are unfavourable
energy mix with high prevalence of lignite, strong dependence on
energy import, poor condition of the energy systems and high
degree of inefficiency in energy production and use [22,23].

The current Macedonian energy strategy is not directed towards
the 100% renewable energy system, but the usage of RES is maxi-
mised in all official scenarios. According to the Macedonian energy
strategy [24], planned consumption of the biomass for the
combustion in 2030 is around 3000 GWh, consumption of
geothermal energy is expected to be 620e730 GWh, RES for the
production of electricity are planned at 4600 GWh and planned
share of RES in the electricity generation in 2030 is 30%.

This paper presents scenarios for the renewable energy future of
Macedonia based only on the RES used for production of electricity,
heat and biofuels. First scenario, the 50% renewable energy system,
has been created for the year 2030 and represents the first step
towards the 100% renewable energy future of Macedonia. The
second scenario has been designed for the 100% renewable energy
system based only on the RES in the year 2050.

2. Methodology

In order to conduct analysis for the 100% renewable energy
system of Macedonia, the EnergyPLAN model has been used [25].
The EnergyPLAN model is the input/output model used for the
annual analyses of regional and national energy systems in steps of
one hour. In order to complete calculations in a very short period of
time and to have a very simple simulation process, the EnergyPLAN
model uses analytic programming instead of iteration, and aggre-
gated data inputs for the different units in various sectors.

The EnergyPLAN model is specialized in the large scale inte-
gration of the renewables in the energy system [26,27], optimal
combinations of the renewables [28], implementation of the
combined heat and power plants (CHP) in the energy systems [29],
implementation of transportation in the energy sector [30,31],
simulation of the 100% renewable energy systems [8,9,15] and for
identification of the most appropriate market auction settings for
electricity in the fossil free energy systems [32]. Typical input data
are demands, RES, generation unit’s capacities, storage capacities,
fuel consumptions in individual, transport and industry sector, fuel
Fig. 1. Schematic diagram of th
costs, investment, variable and fixed operation and maintenance
costs of different units, CO2 emissions factors of fuels and different
regulation strategies. The output data are annual, monthly and
hourly values of electricity production, electricity import/export,
import expenditures and export revenues, fuel consumption, CO2
emissions and the share of RES. The model for analysis requires
demand time series for electricity, district heating, individual
heating, cooling and transport as well as distribution curve with an
hourly resolution for wind, hydro, solar thermal, photo voltaic,
geothermal and nuclear. Schematic diagram of the EnergyPLAN
model is presented in Fig. 1.

Furthermore, the model can be used for technical analysis,
market exchange analysis and feasibility studies. For these analyses
technical regulation and electricity market strategies can be used.
The technical regulation strategies try to minimise the import/
export of electricity and fuel consumption while in the market
exchange analysis each plant optimises according to businesses-
economic profits, including any taxes and CO2 emission’s costs.
The model has four technical regulation strategies, and one elec-
tricity market strategy. The most commonly used strategies for the
analysis are listed below:

1. Technical regulation strategy e balancing heat demands. CHPs
produce only according to the heat demands

2. Technical regulation strategy e balancing both heat and elec-
tricity demand. CHP plants operate according to electricity and
heat demand

3. Electricity market strategy. Plant optimisation based on busi-
ness economic marginal production costs

Technical regulation strategy e balancing both heat and elec-
tricity demands, has been used in the analysis of Macedonian
energy system. In this strategy, large heat pumps in combination
with CHP units are used to minimise export of electricity. Decrease
in electricity production from CHP units lead to decrease in heat
production which is balanced by increase in the heat produced by
the large heat pumps at the CHP plants. Also, during the summer
period, when the heat demand is very low and electricity load high,
large CHP plants in district heating group III are working as
condensing plants. Furthermore, in the analyses of the Macedonian
energy sector in Refs [34,35], EnergyPLAN model and technical
e EnergyPLAN model [33].



Table 1
Fuel prices and CO2 content in the fuels used in the calculation.
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regulation strategy e balancing both heat and electricity demands
have been used.
Crude
oil

Coal Fuel
oil

Diesel Petrol N. Gas LPG Biomass

2008 fuel
prices
[V/GJ]

e 2.1 10.76 14.8 16.2 4.87 11.27 2.66

2020 fuel
prices
[V/GJ]

17.44 3.76 12.93 17.78 19.50 10.18 13.54 3.26

2030 fuel
prices
[V/GJ]

20.93 4.53 17.78 22.02 25.04 12.25 17.6 3.80

2050 fuel
prices
[V/GJ]

34.88 8.29 30.71 34.88 38.02 22.43 26.86 7.06

CO2 content
in fuels
[kg/GJ]

e 101.2 74 74 74 56.7 66.7 e
3. Planning of the macedonian energy system

3.1. Reference scenario for the year 2030

The reference scenario for the year 2030 is created by expanding
the 2008 scenario from Ref. [34] and the 2020 scenario from Ref.
[35] with the assumed rise of demand in agricultural, forest,
commercial, industrial, transport and residential sector according
to the baseline scenario from the Macedonian Energy Strategy [24].
According to authors Ref. [24], Macedonian electricity demand is
expected to rise from 7.68 TWh in 2008 to 12.37 TWh in 2030,
equal to an annual rise of 2.11%. Furthermore, the final energy
demand in Macedonia is expected to rise from 109.61 PJ in 2020 to
140.09 PJ in 2030 [24] with the highest increase in transport sector.

Total installed capacity of thermal power plants in reference
scenario is 1375 MW [24] with a technical minimum of 510 MW
[35]. Installed capacity of large hydro power plants is 800 MWwhile
the installed capacity of pumped hydro storage power plant is 347/
332 MW [24]. Also, the reference system includes 300 MW installed
wind power capacity, 100 MW photo voltaic and 160 MW of
running river capacity [35]. Distribution curve with hourly resolu-
tion for wind was created using hourly wind speed provided by
METEONORM program [36]. Hourly production data for hydro
power plants have been obtained from the Electricity Transmission
System Operator of Macedonia [37] for the year 2009 while hourly
load data for the Macedonian power system have been provided by
ENTSO-E for the year 2008 (Fig. 2 [38]). The load curve for the hourly
district heating demand has been calculated by using degree-day
and temperature obtained from METEONORM program [36].

Investment costs for new energy units have been obtained from
Refs. [14,15,39] and from the Strategic Energy Technology Infor-
mation System (SETIS) web calculator [40]. The fuel prices in the
year 2008, 2020 and 2030were obtained from [9]. The fuel prices in
the year 2050 were calculated using the price ratio between crude
oil and different types of fuels. In order to identify the future price
of fuels in the year 2050, assumption of 200 $/bbl for crude oil price
was used [7]. Also, the following price ratios were used to identify
different prices of fuels in the year 2050 [35] and [41]: ratio of crude
oil to coal was 0.24, crude oil to fuel oil 0.71, crude oil to diesel 1,
crude oil to petrol 1.09, crude oil to natural gas 0.64, crude oil to
liquefied petroleum gas (LPG) 0.977, and crude oil to biomass was
0.2. The CO2 content in the fuels used in the calculation were ob-
tained from [35]. The fuel prices and CO2 content in the fuels used
in the calculation are presented in Table 1.
400

600

800

1000

1200

1400

1600

1800

0 740 1480 2220 2960 3700 4

[M
W

]

Fig. 2. Hourly power load for
3.2. Input data for the renewable energy system in Macedonia e

closed system calculations

The renewable energy scenarios for the years 2030 and 2050 are
based on extensive energy savings through introduction of new
technologies and phasing out old ones, and on high penetration of
RES in combination with storage technologies. These changes are
introduced in the reference scenario for the year 2030.

In order to quantify energy savings, fuel mixes and long term
energy demand projections in industry, transport, residential,
public services and commercial sector, energy demand models
developed for Croatia have been used [42e45]. The model required
extensive input data such as population information and future
fluctuation, total number of vehicles, type of vehicles and
consumption, available floor area, available envelope surface,
specific climatic regions, hourly distribution of temperature, heat-
ing and cooling degree days, etc. all of which can be imported into
the model. In the case of Macedonia, all specific data were obtained
from the Macedonian Bureau of Statistic [46], the Macedonian
Energy Strategy [24] and from the International Energy Agency
[47]. Taking into account the specificness of the analysed country,
energy savings and fuel mixes for different sectors were estimated,
and following data have been proposed for 50% renewable energy
system in the year 2030:

Individual:
� Reduction of electricity demand in buildings (residential,
commercial and service) by 25%

� Reduction of heat demand in buildings by 35%
440 5180 5920 6660 7400 8140 8880

Macedonia in 2008 [38].
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Fig. 3. Primary energy supply and biomass required for different wind production in the 100% renewable energy system of Macedonia.

B. �Cosi�c et al. / Energy 48 (2012) 80e87 83
� Replacement of coal boilers in buildings with heat pumps
� Replacement of 35% of oil boilers in buildings with heat
pumps

� Replacement of 15% of natural gas and biomass boilers with
heat pumps

� Replacement of 50% of electricity heating in buildings with
heat pumps

� Supply 20% of heat demand in buildings by solar thermal
Industry:
� Reduction of electricity demand in industry by 35%
� Reduction of fuel demand in industry by 20%
� Replacement of 15% of oil, coal and natural gas consumption
in industry with electricity

� Replacement of 50% of coal and natural gas consumption in
industry with biomass

� Supply 20% of heat demand in industry by solar thermal
Transport:
� Reduction of fuel consumption in transport sector by 25%
with renewal of the fleet

� Replacement of 25% of fuels (petrol and diesel) for trans-
portation with biofuels and 30% with electric vehicles

Generation capacity:
� Decommission of 3 coal power plants (Bitola 1, Bitola 2 and
Oslomej)

� Increase in solar power from 100 MW to 1100 MW
� Increase in wind power from 300 MW to 1500 MW
� Increase in PHS from 350 MW to 700 MW
� Replace coal and oil DH boilers with natural gas
� Technical minimum of the PP is set at 125 MW
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In the case of the 100% renewable energy system in the year
2050, following data are proposed:

Individual:
� Reduction of heat demand in buildings by 10%
� Replacement of remaining electric heating in buildings with
heat pumps

� Replacement of remaining oil and natural gas boilers in
buildings with heat pumps

� Supply 20% of heat demand in buildings with solar thermal
Industry:
� Reduction of electricity demand in industry by 15%
� Reduction of fuel demand in industry by 20 %
� Replacement of 15% of fuel consumption in industry with
solar thermal

� Replacement of 5% of fuel consumption in industry with
electricity

� Replacement of the remaining coal, natural gas and oil fuel
demands in industry with biomass

Transport
� Replacement of the remaining conventional vehicles on
fossil fuels with electric vehicles

Generation capacity:
� Increase in solar power from 1100 MW to 1600 MW
� Introduction of 50 MW of geothermal power plants
� Introduction of 50 MW of large heat pumps in district
heating area

� Increase in pumped hydro storage from 700 MW to 1800/
1500 MW
7.5 8 8.5 9
ergy [TWh]

duction in the 100% renewable energy system of Macedonia.
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� Decommission of coal and gas fired power plants
� Biomass resources and wind power are used as residual
resources and they have to be calculated

4. Results and discussion

The analyses in the EnergyPLAN model are conducted for the
closed energy system, which means that the total electricity and
heat demand is covered by own production and in some cases
critical excess of electricity (CEEP) can occur. CEEP is the amount of
excess electricity produced that could not be used in the energy
system. This excess is the result of the mismatch between supply
and demand, and the inability of the energy system to absorb the
extra electricity. Furthermore, it is assumed that at least 30% of the
power at any hour must come from power units capable of
supplying ancillary services needed for grid stability (central power
plant, CHP and hydro power plant) [5,48].

4.1. Wind power and biomass in the renewable scenario for
Macedonia

After entering all assumptions in the model for 100% renewable
energy system of Macedonia, the optimum solution for wind power
and biomass resources mix has been investigated. The optimum
Fig. 6. CO2 reduction achieved through individual measures estimated for the fu
solution is the one which maximises the usage of wind power,
minimises export and import of electricity and at the same time
reduces energy consumption and hence lowers the primary energy
supply (PES). Analyses for CEEP, PES, biomass demand and import
of electricity were conducted by varying wind production from
5.5 TWh to 8.5 TWh in steps of 0.5 TWh and the results are pre-
sented in Figs. 3 and 4.

Fig. 3 shows that the increase of wind production in the
beginning phase lead to decrease of PES and after reaching the
minimum on 22.5 TWh (with wind production around 7 TWh),
PES increases with adding wind power. The PES curve has this
shape because in the beginning, adding wind power leads to
reduction in usage of fossil fuels and biomass, but after reaching the
minimum, adding wind power leads to an increase in PES and this
is because the energy system can not accept any more wind power
and CEEP has occurred. Also, Fig. 3 shows that adding wind power
leads to a decrease in biomass required for the energy purpose. The
increase in wind production from 6.5 TWh to 7 TWh lead to
decrease in biomass consumption for 1.83 TWh and this decrease
in biomass consumption is caused by the reduction in CHP
production. Furthermore, additional increase of wind power lead to
very small decrease in biomass consumption and this is because the
heat pumps are already operating at maximum capacity and the
production of CHP plant is reduced at the maximum.

The results in Fig. 4 show that the critical excess of electricity
will not occur if the wind production is below 7 TWh, but results in
Fig. 3 show that this will lead to an increase in biomass
consumption because the biomass will be needed to supplement
the production of electricity from wind power.

In order to determine the optimum solution for wind power and
biomass residuals, compromise coefficient (COMP) was used. This
coefficient is used to illustrate the effect of adding wind power on
CEEP and PES and represents a ratio between the decreased PES
(DPES) and increased CEEP (DCEEP), COMP ¼ DPES=DCEEP [27,41].
The optimum level of adding wind power is found when COMP
coefficient is around 1. The COMP coefficient for the 100% renew-
able energy system of Macedonia is presented in Fig. 5.

As a result of the COMP coefficient analysis, wind production of
7 TWh and biomass requirements of 5.5 TWh were selected as
the optimal solutions and these values will be used for the
ture renewable energy systems of Macedonia in the years 2030 and 2050.
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analysis of the 100% renewable energy system of Macedonia in the
year 2050.

4.2. Environmental evaluation of individual measures and energy
scenarios

The CO2 emission reductions achieved through individual
measures were calculated for the years 2030 and 2050 and the
results of this analysis are presented in Fig. 6. Wind power and
electric savings in buildings and industry have the highest impact
on the CO2 reduction. As it can be seen in Fig. 6 most measures have
positive impact on the CO2 reduction, while only replacement of
fossil fuels in industry with electricity has a negative impact on the
CO2 reduction, but this measure has a very positive impact on CEEP.
Furthermore, measures like heat pumps in buildings, heat pumps in
district heating and electric vehicles are introduced because they
have a very positive impact on decreasing CEEP.

The CO2 content in the fuels from Table 1 has been used in order
to calculate CO2 emissions associated with each of the scenarios
(Fig. 7). Results show that the decrease of PES in the 50% renewable
energy system scenario will lead to a significant decrease of CO2
emissions. The reference scenario in the year 2030 has the highest
CO2 emissions followed by the reference scenarios in the year 2020
[35] and 2008 [34]. Compared to the reference scenario in the year
2030, the decrease of CO2 emissions will be 63.2%, while the
decrease of CO2 emissions compared to the reference scenario in
the year 2008 will be 60%. In the 100% renewable energy system,
CO2 emissions are equal to zero.

4.3. Economic evaluation of energy scenarios

This section presents the results of analysis for annual operating
costs in reference scenario and two renewable scenarios in the
years 2030 and 2050. For this calculation, fuel prices from Table 1
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and CO2 price of 25 V/t [35] have been used. Operating, maintain-
ing and investment costs of the existing thermal (condensing and
CHP) and hydro power plants, as well as for the planned power
plants, were obtained from Refs. [24,35]. The investment and
operating costs for renewables and heat pumpswere obtained from
the report completed by the Danish Energy Authority [39]. The
result of the economic analysis for five different scenarios is shown
in Fig. 8.

Reference scenario in the year 2030 is the most expensive
scenario due to high consumption of fossil fuels and because of CO2

emissions. In the case of the 50% renewable energy scenario, fuel
costs are decreased compared to the reference scenario in 2030 due
to investments in new technologies and energy savings. The 100%
renewable energy system has the lowest fuel cost compared to
reference scenario, but in this scenario annual investment costs are
the highest. Total annual investment cost for the 50% renewable
energy system is 776 million Euros while the annual investment
costs for the 100% renewable energy system is 1161 million Euros.
4.4. Fuel consumption of the Macedonian energy systems

This section presents the results of analysis for PES conducted
for the renewable energy systems in the years 2030 and 2050. By
using assumption from the Section 3.2 PES for the years 2030 and
2050 were calculated. The result of this analysis is presented in
Fig. 9. Total PES in the reference scenario for the year 2030 is 166 PJ,
in the scenario for the 50% renewable energy system it is 107 PJ and
in the 100% renewable energy system total PES is 81 PJ.

In the 100% renewable energy system biomass has the highest
share in the total PES. In this scenario biomass is participating with
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19.8 PJ, while in the 50% renewable energy scenario biomass is
participating with 12.6 PJ. The biomass consumption in the 50% RES
scenario has been increased by 14% and in the 100% RES scenario by
50% compared to the reference scenario in the year 2030.

Electricity generation by different technologies in five scenarios
is presented in Fig. 10. The results indicate that the generation
capacities of wind, PV, large hydro and PHS, are significantly
increased in order to replace decommission of traditional tech-
nology based on fossil fuels.

Production of electricity from wind in the 50% RES scenario is
2.93 TWh, from PV 1.61 TWh and from large hydro 2.9 TWh. In the
case of the 100% RES scenario production of electricity fromwind is
7.08 TWh, from PV 2.69 TWh and from large hydro 2.9 TWh.

5. Conclusion

In this paper the 100% renewable energy system ofMacedonia in
the year 2050 is designed. The results of analyses show that the
100% renewable energy system in Macedonia is possible however,
to achieve this goal high share of biomass, wind power and solar
power as well as different storage technologies are needed. Also, all
analyses have been conducted with the existing technologies and
with the high emphasis on the new storage technologies such as
electric vehicles and heat pumps in order to increase the penetra-
tion of the intermittent RES and to decrease critical excess of
electricity. In the case of the 100% renewable energy system
biomass is participating in the PES with 19.8 PJ, while in the case of
the 50% renewable energy system biomass is participating with
12.6 PJ. However, 19.8 PJ of biomass may be too high for Macedonia
and because of that additional energy efficiency measures are
needed in order to decrease the biomass needs for designing the
100% renewable energy system. Furthermore, energy savings
applied to a design of renewable energy system, as well as new
efficient technologies used for the production of heat and elec-
tricity, have led to a decrease of total PES for 35% in the case of the
50% renewable energy system and for 51% in the case of the 100%
renewable energy system compared to the reference energy system
in the year 2030. At the moment the 50% renewable energy system
seems much more likely than the 100% renewable energy system,
and with new energy efficiency measures which will lead to
a decrease of consumption and installation of new generation
capacities this goal can be easily achieved.
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