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ABSTRACT

The ongoing climate change, together with the global increase in energy consumption
and unpredictable fossil fuel prices have been the main drivers for the implementation of
power exchange, market coupling, energy efficiency measures and larger use of
renewable energy. All these targets bring up the need for the development of new
modelling frameworks and governance systems that will be based on competitive, secure
and sustainable national action plans. For this purpose, the Dispa-SET model has been
applied to six countries in the Western Balkans region. In the first scenario, the model
has been validated for the year 2010. The second scenario has been developed according
to the targets from national energy strategies for the years 2020 and 2030, while the third
scenario has been developed with the purpose of determining the maximum share of
renewable energy sources in the regional power mix. Simulation results indicate that the
integration of additional wind and solar capacities, compared to the short and long-term
national strategies for the years 2020 and 2030, can be achieved without compromising
the stability of the system.
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INTRODUCTION

The six Western Balkan countries, Albania, Bosnia and Herzegovina, Kosovo,
Macedonia, Montenegro, and Serbia are not members of the European Union, yet they
have started to implement some of the Union’s ‘acquis communautaire’. For this purpose,
an organization was founded by the Treaty establishing the Energy Community which
has been signed in October 2005 in Athens, Greece. The objective of the institution is "to
extend the EU internal energy market rules and principles to countries in South East
Europe, the Black Sea region and beyond on the basis of a legally binding framework"[1].
Thus, European policy goals are becoming increasingly relevant for this complex region,
faced with serious energy challenges. Literature suggests that conflicts over the break-up
of the former Yugoslavia damaged much of the energy infrastructure and compounded
the challenge of providing a stable energy supply [2]. Furthermore, electricity systems in
many parts of the region remain fragile and in need of investment as key elements of the
energy infrastructure (e.g. major thermal and hydropower plants) were built during the
1960s and 1970s [2].
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Background

A survey on climate change adaptation policies and plans in 11 South East European
countries[3] has shown that building a climate-ready adaptation society is an urgent issue
that cannot be postponed. Statements on security of energy supply for Albania [4], Bosnia
and Herzegovina [5], Macedonia [6], Montenegro [7], Serbia [8] and Kosovo [9] suggest
that the power supply is mostly dominated by coal (mostly lignite) and hydropower, while
other resources such as oil, natural gas, and renewable (mostly wind and solar power)
play a minor role. Apart from that, the Western Balkan region is characterized by
relatively high levels of energy intensity, up to 2.5 times higher than the average values
observed in the EU (European Union) member states [10]. In general, high energy
intensity is an indicator of low energy use efficiency and can be attributed to three main
factors: degraded state of the energy infrastructure; high energy losses in transformation,
transmission and distribution; and inefficiency in the end-use sector [11]. Most states
within the Western Balkans region have domestic lignite production which is, like the
power plants, owned by the government. A recent study [12] has shown that utilization
of RES-E (electricity from renewable energy sources) benefits from the synergic
operation of the whole system rather than individual technologies. Such systems need to
take into account the framework and boundary conditions from the ecological, economic
and societal aspects. It is important to note that lack of good governance and some
ongoing post-conflict tensions aggravate the societal, economic and environmental
impacts of the energy sector. Accessibility and affordability are often prioritized over the
promotion of sustainability and intra- and inter-generational equity [13] such as lignite-
fired powerplants in Kosovo, and Bosnia and Herzegovina. Exploration of opportunities
for RES-E deployment has shown that, although the region is linked with high investment
risks, some countries such as Albania and Montenegro are suitable to successfully host
RES-E projects in the framework of the EU Directive 2009/28/EC [14]. Regulatory
problems, including monitoring, enforcement, and administrative issues need to be
resolved in order to create a good business environment for developing RES-E [15]. With
appropriate and enforced legislation and good strategic choices regarding which
technologies should be given priority, the countries of the Western Balkans could
successfully take advantage of the benefits offered by RES-E while complying with their
low carbon obligations on their road to the EU [16].

Literature review, summarized in Table 1, highlights a lack of recent studies covering
unit commitment and power dispatch optimization on an individual unit level in coal-
intensive regions such as Western Balkans. Focus of most studies is dedicated to: (I) long-
term planning of individual and in rare cases regional energy systems with limited
dispatch analysis, (11) analysis of potential integration of RES-E technologies and their
impact on existing grids and/or markets (I11) operation and dispatch of individual units
(production, storage, combined heat and power, power to gas) in some highly constrained
environments.

In [17], the power system is solved by aggregating generation per fuel type and the
study concludes that 100% renewable regional energy system can be achieved if
numerous RES-E technologies combined with energy efficiency measures are utilized.
In order to achieve such a goal and increase the security of energy supply, no technology
should have a higher share than 30% in the regional power mix. In [18], storage options
have been modelled and analysed in REMix, which is a linear, cost-minimizing
optimization model determining the installed capacities and dispatch of all power
generation and electrical energy storage in a system but does not solve the unit
commitment problem. A stochastic mixed-integer linear programming(MILP) energy
planning model with power market dynamics[19] incorporates economic segments and
market participation but lacks individual unit dispatch which is modelled as a block bid
on a day-ahead market. An outlook for the South-East European power system until 2050



with least-cost decarbonization pathway meeting EU mitigation targets [20] shows that
levelised cost of the power supply of that region could potentially end up at 12.1
CtEUR/KWh in 2050. The approach in this research also clusters all units per fuel type
rather than considering individual entities.

Some authors have shown that the existing Serbian energy system, with significant
hydro generation, available pumped storage hydro capacity, and strong interconnections
have the ability to integrate up to 2500 MW of variable wind generation without
compromising the reliability and technical performance of the grid [21]. More recently,
they also analysed two different methods for decreasing the flexibility gap in national
energy systems [22]. Both studies use Energy PLAN for determining the amount of CEEP
in the system and analysing total costs rather than optimizing power dispatch. One of few
research articles dedicated to the investigation of an optimal share of renewable sources
to be introduced into the power system of Bosnia and Herzegovina [23] has shown that
10% RES-E in the final energy mix would be optimal if external costs were considered.
Analysis of hydro potential in Bosnia and Herzegovina [24] has shown that hydropower
systems are necessary for a sustainable energy mix. Although this study highlights the
importance of having high shares of hydro, a comprehensive system-wide computational
analysis was not carried out. Implications of the EU emissions trading system for the
South-East Europe regional electricity market were finally analysed in [25], taking into
account regional interconnectivity and nodal market prices but neglecting operating
parameters of individual units.

Adequacy assessments of integrated gas and electrical power systems can be
performed by analysing critical situations and the capacity of the system to cover the
demands. This kind of analysis is performed in [26], demonstrating the importance of
sector coupling. The study uses a detailed model of power and gas systems and focuses
on one type of power plants without large RES penetration levels. Research on the
diversification of wind power [27] also made use of a unit commitment and power
dispatch (UCPD) model, identifying unforeseen benefits and limitations produced by
mean-variance portfolio (MVP) optimization. Other studies in this field are mostly
techno-economic assessments of cogeneration [28] and/or trigeneration systems [29], or
model predictive control (MPC) for demand response [30], in which a price-taker
approach is considered.

Because of their policy relevance and contested nature, the transparency and open
availability of energy modelling and data are of particular importance [31] and even
though individual researchers' choices are important, institutional changes are still also
necessary for more openness and transparency in energy research. This paper is also
dedicated to filling the gap in the lack of open data, thus the database, containing all the
inputs and simulation results are released for public on Github platform
(https://github.com/balkans-energy-modelling/Dispa-SET-for-the-Balkans).

To this date, no freely available and open source power system model is available for
the Western Balkans regions. This paper describes the adaptation and application of
Dispa-SET, a relatively new, open source, entirely editable unit commitment and power
dispatch model that focuses on the balancing and flexibility problems in the European
grids [32]. It is written in Python and uses .csv and .xlIsx files for input data. The
optimization is defined either as an LP or MILP problem, depending on the desired level
of accuracy and complexity [32]. Its main advantage compared to some of the models
described above is the ability to optimize a regional multi-zonal power system with a high
level of detail at the individual unit level. It takes into account the minimum and
maximum efficiencies, start-up times, minimum up and down times, ramping rates,
minimum part loads and CO; intensities of conventional power plants, the levels in the
accumulation reservoirs and pumped hydropower plants as well as the availability factors
of all types of RES-E.
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Table 1 Literature overview and comparison

Reference Category Tool Formulation
[17] ()] Matlab LP - system cost
[18] ()] REMix LP - system cost
[19] ()] In-house MILP
[20] ()] elesplan-m LP-MILP Hybrid
[21] (m EnergyPlan Simulation
[22] (m EnergyPlan/GenOPT  Simulation/Optimization
[23] (m EcoSense Simulation
[24] (m Excel Simulation
[25] (m In-house MILP
[26] (D) In-house MILP
[27] (D) In-house MILP
[28] (D) In-house Techno economic assessment
[29] (D) Excel/Matlab Techno economic assessment
[30] (1n In-house MPC

Hypothesis and contributions

One interesting hypothesis resulting from the literature review is that it is possible to
phase out a large amount of lignite power plants and replace them by RES-E without
compromising the stability and the flexibility of the power system through the expansion
of transmission interconnections between the zones and by using a detailed, unit level,
bottom-up approach. The goal of this work is to test this hypothesis by using the Dispa-
SET model on the six countries from the Western Balkans region. For this purpose, a
reference case and two alternative scenarios are developed. The model is first validated
for the year 2010. To optimize the development of the system for the 20-year period and
to show the robustness of the model and provide more future alternatives, two additional
scenarios are then modelled. In Scenario A, implementation of national energy strategies
for the years 2020 and 2030 is analyzed. In Scenario B, integration of a high share of
renewable energy sources for the same years is analyzed.

METHODS

The aim of the Dispa-SET model [32] is to represent, with a high level of detail, the
short-term operation of large-scale power systems, solving the unit commitment problem.
Hence, it is considered that the system is managed by a central operator with full
information on the technical and economic data of the generation units, the demands in
each node, and the transmission network.

The unit commitment problem consists of two parts: i) scheduling the start-up,
operation, and shut down of the available generation units, and ii) allocating (for each
period of the simulation horizon of the model) the total power demand among the
available generation units in such a way that the overall power system costs are
minimized. The first part of the problem, the unit scheduling during several periods of
time, requires the use of binary variables in order to represent the start-up and shut down
decisions, as well as the consideration of constraints linking the commitment status of the
units in different periods. The second part of the problem is the economic dispatch
problem, which determines the continuous output of each and every generation unit in
the system.

The problem mentioned above can be formulated as a MILP. The formulation is based
on publicly available modelling approaches [33-35]. The goal of the model being the



simulation of a large interconnected power system, a tight and compact formulation has
been implemented, in order to simultaneously reduce the region where the solver searches
for the solution and increase the speed at which the solver carries out that search.
Tightness refers to the distance between the relaxed and integer solutions of the MILP
and therefore defines the search space to be explored by the solver, while compactness is
related to the amount of data to be processed by the solver and thus determines the speed
at which the solver searches for the optimum.

Objective function

The goal of the unit commitment problem is to minimize the total power system costs
(expressed in € in equation 1), which are defined as the sum of different cost items,
namely: start-up and shut-down, fixed, variable, ramping, transmission-related and load
shedding (voluntary and involuntary) costs. The demand is assumed to be inelastic to the
price signal. The MILP objective function is, therefore, the total generation cost over the
optimization period (1).

CostStartUp;,, + CostShutDown;,, +
CostFixed, - Committed,, + \
| CostVariable;, - Power;, + |
Min SystemCost = Z I CostRampUp; ,, + CostRampDown, ,, + I (1)
i | PriceTransmission;, - Flow;; +

|
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n

Since the simulation is performed for a whole year with a time step of one hour, the
problem dimensions are not computationally tractable if the whole time-horizon is
optimized. Therefore, the problem is split into smaller optimization problems that are run
recursively throughout the year. Figure 1 shows an example of such an approach, in which
the optimization horizon is one day, with a look-ahead (or overlap) period of one day. The
initial values of the optimization for day j are the final values of the optimization of the
previous day. The look-ahead period is modelled to avoid issues linked to the end of the
optimization period such as emptying the hydro reservoirs or starting low cost but non-
flexible power plants. In this case, the optimization is performed over the horizon of 48
hours, but only the first 24 hours are conserved.
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Figure 1 Time horizons of the optimization with the look-ahead period

Constraints

A detailed formulation of the Dispa-SET model is out of the scope of this paper. A
detailed description of all equations and constraints is available in [32]. The summary of
the main model features are:

e Minimum and maximum power outputs
Power plant ramping limits
Reserves up and down
Minimum up/down times
Load Shedding



Curtailment

Pumped-hydro, battery and thermal storage

Non-dispatchable units (e.g. wind turbines, run-of-river, etc.)
Start-up, ramping and no-load costs

Multi-nodes with capacity constraints on the lines (congestion)
Constraints on the targets for renewables and/or CO2 emissions
CHP min/max power and heat outputs

Yearly schedules for the outages (forced and planned) of each unit.

Inputs and parameters

The main model inputs are the load curve and the variable renewable energy (VRE)
generation curves. The model can operate under two different approaches: integrating the
VRE into a residual load curve or considering VRE as power plants with must-run
constraints.

Since this model focuses on the available technical flexibility and not on accurate
market modelling, it is run using the measured historical data, and not the day-ahead
forecasted load and VRE production. This can be partly justified by the fact that a fraction
of the forecast errors can be solved on the intra-day market. This perfect foresight
hypothesis is however optimistic, and a more detailed stochastic simulation should be
performed to refine the results.

Powerplant data includes min/max capacity, ramping rates, min up/down times, start-
up times, efficiency, variable cost (fuel prices are historical fuel prices for the considered
period). It is worthwhile to note that some of the units, such as gas turbines, present a low
capacity and/or high flexibility whose output power does not exceed a few MW, and
which can reach full power in less than 15 minutes. For these units, a unit commitment
model with a time step of 1 hour is unnecessary and computationally inefficient.
Therefore, these units are clustered into one single, highly flexible unit with averaged
characteristics.

SCENARIOS

A reference case and two alternative scenarios, each including two alternative 2020
and 2030 cases have been developed. In addition, the model has been validated against
the year 2010, which has been chosen due to data availability. Each of the alternative
scenarios has two cases. Cases A and C are developed according to the national energy
strategies of each country for the years 2020 and 2030 respectively. Likewise, cases B
and D are strategies with a high penetration of RES-E in the regional power sector for the
years 2020 and 2030, respectively. The main purpose of cases A and C is the validation
of the individual strategies proposed by national transmission system operators (TSO)
and government’s annual energy reports with a view to their impact on the region's
combined power system. The goal of scenarios B and D is to understand how higher RES-
E penetration levels would affect the regional power system. Figure 2 is a graphical
representation of the region. Installed capacities and cross border interconnections are
scaled to size for comparison reasons. Black lines represent upgraded interconnection
capacities used in the 2030 scenario.
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Figure 2 Map of the region with installed capacities and cross border interconnections
in 2010 (left) and 2030 (right)

Previous studies have already proven that Bosnia and Herzegovina and Serbia have a
significant potential for renewable resources mostly in terms of additional small hydro
(<10 MW), wind, solar and biomass [15]. This is especially the case for Serbia’s biofuel
production from waste and biomass [36]. If by the year 2050 the whole RES-E potential
is utilized, the maximum share of renewables in the Macedonian energy mix could sum
up to around 50% if no energy efficiency measures are applied [37][38]. Among the six
analyzedcountries, Montenegro has the highest wind potential, mainly due to the
mountain ranges along the coastline [39]. The country with the lowest estimated
generation from RES-E (around 10% in the year 2025), is Kosovo, mostly due to the
unfavourable climate conditions[40]. According to these studies’ integration of RES-E in
the region has been estimated to 11.7% for the year 2020 and 28.7% for 2030. Since
forecasting of the future 2020, 2030 and 2050 electricity demands have already been
researched within the South East Europe 2050 Carbon Calculator project, this part is out
of the scope of this paper[41]. A summary of regional capacity mixes from all five cases
is presented in Figure 3. This scenario analysis helps to understand how GHG emissions
could be reduced, energy imports from the surrounding countries optimized and how the
stability of the region’s power system and its security of supply could be improved.

Regional Capacity Mix

2030 B mm I —— I
2030A & I |
2020 B I —— I
2020A 1 I |
2010 I
0% 20% 40% 60% 80% 100%
2010 2020 A 2020 B 2030 A 2030 B
mBIO 0 278 1850 413 2600
GAS 353 917 353 917 353
HDAM 5294 7654 7654 8009 8009
EHROR 2386 4140 4140 4578 4578
mLIG 7419 9719 7419 12519 7419
OIL 98 98 98 98 98
SUN 0 103 1306 570 4854
EWIN 0 1565 1852 1974 7141
=WST 0 0 0 10 10

Figure 3 Regional capacity mix in all scenarios



Fuel prices

Table 2 summarizes fossil fuel prices in the Western Balkans. Although it is difficult
to determine the real price of lignite (most countries have a complex and relatively non-
transparent subsidy system), Kovacevic [42] estimates that it could be in the range of 7
to 11 €/ MWh. These prices have been adopted for all six countries in this study. Historical
natural gas prices from 2010 have been averaged to 25 €/MWh [43]. Since the whole
region has an abundance of biomass, its price in 2010 was relatively low when compared
to other European regions. It is estimated that, on average, biomass chips could be bought
for 10 to 13 €/MWh [44], depending on the region. Fuel prices in future scenarios have
been adjusted for an annual inflation rate of 2%.

Table 2 Estimated fuel prices in the Western Balkans region. Prices in brackets are
actual prices from 2010

Fuel type Price (€/MWh) Ref.
2010 2020 2030
Biomass 12 (10 -13) 14.63 17.83
Lignite 8 (7-11) 9.75 11.89 [4][5]16][7]
gN;s,tural 25 (20 — 35) 30.47 37.15 [81[9][42][43][44]

Electricity demand

Figure 4 presents the electricity demand of all six countries from the Western Balkans
region. Serbia leading with the peaking demand of 6601 MW and total annual electricity
consumption of 34445 GWh [8] is closely followed by Bosnia and Herzegovina (2173
MW / 12075) [5], Macedonia (1626 MW / 8016 GWh) [6], Albania (1601 MW / 6773
GWh) [4], Kosovo (1155 MW /5711 GWh) [9] and Montenegro (813 MW / 3926 GWh)
[7]. The combined peak load (10741 MW) during the winter is almost twice as high as
the one in summer (6432 MW), mainly due to the fact that, besides increased lighting
needs, additional 20 — 35% of the population consumes electricity for space heating [4 -
9]. Electricity demand used for the preparation of domestic hot water in the whole region
remains relatively constant throughout the year and is equal to 1 — 3% of the total
electricity demand.

Stacked annual electrictiy demand
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Figure 4 Stacked annual hourly electricity demand from all six countries in the
region



Electricity production

In the year 2010, 103 hydropower plants and 19 thermal power plants generated
electricity in the Western Balkans region. Hydropower plants are divided into a hydro
run-of-river (HROR), hydro dam (HDAM) and pumped hydro storage (HPHS) units.
Thermal power plants are divided into lignite- and oil-fired steam turbine power plants
(STUR) and natural gas-fired combined cycle power plants (COMC).

Table 5, provided in Annex A of this paper, is a list of all HDAM units in the region.
Technical parameters such as nominal installed capacities, flow rates, nominal head,
volume and storage capacities of accumulation reservoirs are also included. The total
installed capacity of all HDAM units in the region sums up to 5288 MW. Of that 26.45%
is located in Albania, 33.13% in Bosnia and Herzegovina, 12.73% in Montenegro, 8.88%
in Macedonia, 18.13% in Serbia and 0.66% in Kosovo. The largest HDAM in the region
is HE Koman located in Albania, with a nominal capacity of 600 MW. In terms of
accumulation capacity, the largest HDAM is HE Bistrica (potential energy of 7834593
MWh), located in Serbia and HE Fierza (accumulation volume of 2300000 m®), located
in Albania. The accumulation period in these units ranges from three to five days in the
case of HE Koman and HE Salakovac and up to several months for HE Trebinje 1 and
HE Bistrica. Among all those 31 units, two are pumped-hydropowerplants (HPHS), RHE
Capljina with turbine power capacity of 420 MW and a pump power capacity of 250
MW, located in Bosnia and Herzegovina, and RHE BajinaBasta with a turbine power
capacity of 614 MW and pump power capacity of 616 MW, located in Serbia.

Table 6, provided in Annex A of this paper, is a list of all the HROR units in the
region. Technical parameters such as nominal installed capacities and flow rates are also
included. The total installed capacity of all the HROR units in the region sums up to 2316
MW. Out of this total, more than half (around 57.34%), comes from the Djerdap 1 and
Djerdap 2 units, located on the Serbo-Romanian border, while the remaining capacity is
spread over 70 smaller ones, with an average of 14 MW. All these HROR units are mainly
used as baseload units whose production is proportional to the discharge rates of the rivers
on which they are situated.

Table 7, provided in Annex A of this paper, is a list of all thermal units in the region.
Technical parameters such as minimal and maximal efficiencies, start-up times,
minimum up and down times, ramping rates, minimal part loads and CO; intensities are
also included. The total combined installed capacity of all STUR and COMC units sums
up to 7870 MW. Of that, the two Serbian power plants Nikola Tesla A and Nikola Tesla
B amount to more than 33.82% of the total installed capacity in the region. The smallest
power plant has an installed capacity of 45 MW and is located in Sremska Mitrovica,
Serbia. The only oil-fired power plant in the region is TE Vlora, located in Albania, but
according to [4], it can only operate at the reduced capacity of 35 MW and is mainly used
for providing reserve services or peak covering during unfavorable weather conditions.
The only three natural gas-fired COMC units are located in Serbia. They were initially
built as peaking power plants, but due to the ongoing drop in the price of electricity in
neighbouring countries their annual operation is limited only to a couple of hours in a
year. All the technical data related to the operating parameters of the power plants is
discussed in more detail in other scientific publications [45,46].

Outage factors

Outage factors represent either the time intervals in which regular maintenance is
scheduled or time intervals when each unit is unavailable due to expected and unexpected
malfunctions. During these periods, power plants are limited to partial or no production
at all. Depending on the power plant design, this number can be relatively high if there is
only one generator, block or turbine available, or relatively small if there is a single unit
comprising multiple smaller ones. Data on historical planned outages are usually



available in annual TSO reports and can be used to predict future trends since regular
maintenance operations are scheduled in similar periods during the year. Outage factors
from the largest thermal units in 2010 are presented in Figure 5. For the sake of clarity,
all outage factors for each zone are clustered into one line, but they are provided on a unit
basis in the model. An outage value of 1 corresponds to a complete outage, while 0
represents full availability. Planned outages are usually scheduled in a way to avoid
having two power plants off the grid at the same time inside each zone in order to have
enough reserve capacity at disposal for balancing out the system. Thermal power plants
TE Vlora, TE Tuzla and TE Pljevlja have only one generation block, which means that
they are not able to operate at reduced capacity and thus can have outage factor of either
0 or 1. Other STUR units from the region have variable outage factors as only one or two
generation blocks are scheduled for maintenance.
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Figure 5 Aggregated outage factors in the region

Renewable energy sources

In the model, the power outputs of solar photovoltaics (PV), wind energy and
hydropower are defined through the availability factors (AF). These hourly time series
represent the fraction of the nominal power capacity that an RES-E powered power plant
can produce at each hour. Examples of AF for wind and solar power plants in the region
are presented in Figure 12 and Figure 13 and provided in Annex B of this paper,
respectively. It appears clear that the whole region experiences higher wind speeds, and
thus higher AF, and lower PV output during the winter and lower wind speeds and higher
PV output during the summer. Hourly values of power outputs for solar power plants are
obtained from various open source databases [47] and scaled using values of global
irradiation from the PVGIS tool [48]. Such AF’s are used in both alternative scenarios.

Hydro data is divided between HROR, HPHS and HDAM power plants. The power
output of HROR units is determined only by the availability factors, while the power
output of HDAM and HPHS power plants depends on the accumulation levels, inflows
into the reservoir and the optimization of economic dispatch. River inflows are given as
an hourly time series that has been normalized to values in the range between 0 and 1.
For river discharge rates lower than the installed nominal turbine flow, availability factors
are in the range from 0 to 1. For higher river discharge rates, availability factor is set to
the maximum value. Scaled inflows are derived from exogenous sources to the level (or
state of charge) of the reservoir and are expressed in MWh/h [32]. The river discharge
rates and the availability factors of the largest HROR units from the region are presented
in Figure 6.
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Figure 7 shows the levels of some of the large HDAM units together with the
normalized inflow time series (scaled inflows). These two diagrams show that in time
intervals with scaled inflows higher than 1, the amount of energy stored in the
accumulations is rising and vice versa, when scaled inflows are lower than 1 and HDAM
units are required to operate at the full capacity and the amount of energy stored in the
accumulations is decreasing.
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Net transfer capacities

Figure 8 shows the net transfer capacities (NTC) used in the scenarios. They represent
the capacities in the interconnection lines between two neighbouring countries that are
available for trading on day-ahead markets. They are provided as hourly time series and
are expressed in MW[49].The values have been obtained from different sources such as
the KOSTT’s list of new transmission capacities and interconnection lines [50] and
ENTSOE NTC transmission system map [51], or, when not available, calculated
according to the voltage levels in the transmission lines[52].
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Figure 8 NTC capacities between all countries from the Western Balkans region

RESULTS AND DISCUSSION

The section presents results from the three analysed scenarios. | Important indicators from
the simulations include the average cost of electricity (during the period of one year), the
amount of curtailed RES-E, load shedding due to the lack of available capacities, the
amount of congestion in the transmission lines and the power output of each unit or
cluster of units. In order to validate the accuracy of the model, simulated results from the
reference scenario have been compared to the historical data obtained from various
sources such as national reports [4-9], the ENTSO-E Transparency platform [53] or other
power sector related publications. The accuracy of the model is presented in Table 3,
showing that most values are within 10%. The only significant difference between the
simulated and real-life values is the power output of inflexible thermal units in Kosovo
and Montenegro. The main reason behind this, is that Dispa-SET determines the optimal
flows between all simulated zones while in real life, electricity production depends on
additional factors such as bilateral power exchange agreements, political influence,
network condition, local dispatch decisions etc.

Table 3 Comparison of the results from Dispa-SET and the historic real-life values from
the national reports

Zone ’\:gggrr}[zl Dispa-SET  Difference Ref.
GWh GWh %
TPP units

Albania 28 0 100.00  [4]
Bosnia and Herzegovina 7683 7575 -1.41  [5]
Montenegro 1272 1673 31.60 [7]
Macedonia 4277 3993 -6.64  [6]
Serbia 23384 24271 3.79 [8][54]

Kosovo 4876 3077 -36.90  [9]




HDAM units

Albania 6490 6816 503 [4]
Bosnia and Herzegovina 6578 6117 -7.00 [5][55]
Montenegro 2729 2966 8.67  [7]
Macedonia 2048 2066 0.90 [6]
Serbia 2158 2043 -5.34  [8][54]
Kosovo 119 120 0.61 [9]
HROR units
Albania 329 321 -2.42 4]
Bosnia and Herzegovina 1471 1471 2.51 [5][55]
Montenegro 21 21 0.01 [7]
Macedonia 346 346 -2.19  [6]
Serbia 10293 10310 0.17 [8][54]
Kosovo 37 37 0.10 [9]
Total production
Albania 6847 7137 423 [4]
Bosnia and Herzegovina 15695 15163 -3.39 [5][55]
Montenegro 4022 4660 15.88  [7]
Macedonia 6679 6406 -4.10  [6]
Serbia 35835 36624 2.20 [8]]54]
Kosovo 5032 3234 -35.74  [9]

Table 4 shows the statistical data of the whole region. As expected, the average cost
of electricity is lower in all alternative scenarios than in Reference one. The main reason
for such a decrease is the additional amount of renewable energy with no marginal costs.
In both future scenarios, the total electricity consumption and peak loads are higher than
in the Reference one. These values originate from external projections of future trends,
as mentioned earlier. No power exchange with the neighbouring countries of the six
Western Balkans countries is allowed in these scenarios. This implies that the region is
self-sufficient and does not import electricity from e.g., Bulgaria, Croatia, Greece,
Hungary or Romania. In order to make this transition possible, transmission capacities
between the six Western Balkans countries have been significantly increased as shown
in Figure 8. According to the national strategy, Kosovo is planning to install a new high
capacity lignite-fired STUR unit which would lead to a total switch from being the
country that imports most electricity to a country that exports the highest amount of
electricity in the region. The opposite would happen to Bosnia and Herzegovina,
currently one of the major exporters in the region. That is expected to drastically decrease
in future scenarios, so Bosnia and Herzegovina could even potentially become import
dependent.

Table 4 Statistical results from the analysed scenarios

2010 2020 2030
_ 0 0 0 0
Name Units Pyl % & a &
@ D (@] D D
> w @) )

Average electricity price EUR/MWh 17.343 16.312 15.443 15.270 9.279
Total consumption TWh 70.944 83.657 85.527
Peak load MW 13577 16058 16454




Albania TWh -0.365 3.466 3.023 4.064 1.371

Bosnia and TWh  -3.603 -0537 -4489 1875 0.628
., Herzegovina
é‘ Montenegro TWh -0.734 -4.185 -1.873 -3.007 1559
% Macedonia TWh 1.610 3.880 2.711 4.198 2.253
pa .
Serbia TWh -2.181 -1.836 -6.550 2.651 6.789
Kosovo TWh 2.478 -0.788 3.178 -9.782 4.096

Cross-border flows

The cross-border flows between all six countries are presented in Figure 9. In the
reference scenario, the whole region has net exportation to the surrounding countries. The
main reason for this is favourable weather conditions with relatively high precipitation
which caused record production from HROR and HDAM units. In the observed region,
the highest total imports are observed in Kosovo and Serbia while the highest exports are
in Serbia and Bosnia and Herzegovina. Results from other scenarios indicate that the
integration of higher shares of RES-E, combined with the upgrading of the cross-border
infrastructure between some countries from the region would have a significant impact
on the region’s electricity flows. According to national strategies, for the years 2020 and
2030, in cases A and C, Kosovo could become the region's main electricity exporter. This
would be a consequence of the plan described above to significantly increase the current
lignite production capacities. Results for these two cases show that electricity flows
would change from the current north to south direction, where Bosnia and Herzegovina,
and Serbia cover the lack of local production in Macedonia and Kosovo, to a more
centralized pattern, in which Kosovo balances out the lack of local production in Albania,
Macedonia and Serbia. In both cases of the high RES-E scenario, the energy flows
between the zones are decentralized. In many time intervals, surplus electricity, for
example from Macedonia, is transferred all the way to Albania, Serbia, and Bosnia and
Herzegovina and vice versa. Thus, a higher share of RES-E in the region's power mix
would encourage more electricity flows between the countries and would also lower the
average price of electricity.
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Figure 9Cross-border flows between neighbouring zones in all 5 cases



Energy mix

The fuel mixes in each zone and for all three cases are presented in Figure 10. It
appears that, in the Reference scenario, the entire region is dominated by only two fuel
types, lignite and hydropower. Albania is the only country that runs 100% on
hydropower. At the same time, Kosovo has the highest share of lignite which is expected
to increase slightly from 44.57% to 44.94% in the year 2020. In the year 2030, the share
of hydropower in the regional energy mix is expected to drop down to 46.51%. The main
reason for this, is the higher local demand growth in comparison to the installation of new
hydro capacities. According to national strategies, regional electricity production from
lignite is expected to drop from 55.43% in the Reference scenario down to 50.97% by the
year 2020 and 47.76% by the year 2030. In alternative high RES-E scenarios, electricity
production from lignite is expected to drop even more, down to 43.39% by the year 2020
and 24.76% by the year 2030. The main reason for such a significant drop is the
installation of new wind and solar capacities followed by biomass-fired STUR units
which can also be used for balancing the system.
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Figure 10 Fuel mixes from the national 2020 and 2030 strategies (top) and high RES-E
2020 and 2030 alternatives (bottom) compared to the Reference scenario. The
horizontal lines indicate the annual demand



According to national strategies, the local solar energy production is expected to
increase up to 0.18% by the year 2020 and 0.90% by the year 2030. These targets are
quite conservative. The results from the alternative high RES scenarios have shown that
integration of 2.07% by the year 2020 and 7.49%, by the year 2030 is possible without
compromising the system. The whole region has favourable wind conditions with average
wind speeds ranging from 6 - 9 m/s and average capacity factors around 23 — 27%.
According to national strategies, there are plans to install around 3.86% of wind energy
by the year 2020 and up of 4.75% by the year 2030. In the high RES-E scenarios, the
share of wind energy in the region's electricity production reaches 4.84% by the year
2020 and 17.45% by the year 2030. According to national strategies only 0.04% of
biomass should be utilized by the year 2020 and 0.06% by the year 2020. Since the whole
Western Balkans region has higher than EU average biomass potential, a more significant
utilization is considered in the high RES-E scenarios. The total share of biomass reaches
3.78% and 4.79% by the years 2020 and 2030, respectively. In consequence, the
electricity system would be more diverse, independent of fuel imports, and potentially
offer lower wholesale prices.

Power dispatch and balancing

Another part of this research was dedicated to the stability of the regional and national
power systems. In order to visualize how different fuel mixes impact the balancing power
dispatch curves for the Reference and high RES-E 2030 cases for Bosnia and
Herzegovina are presented in Figure 11. More detailed weekly representation can be
found in Figure 14 to Figure 18, provided in Annex C of this paper. In the Reference
scenario, the domestic demand in Bosnia and Herzegovina is covered through base-load
power plants such as lignite-fired STUR and HROR units and peaking power plants such
as HDAM units and imports from the neighbouring countries. This is the traditional merit
order of powerplants before the deployment of renewable energy. In the Reference
scenario, domestic lignite-fired STURS cover most of the base load while the hydropower
from HDAM units is used for covering peak loads or exports to the neighbouring
countries. The highest exports can be observed during the winter and spring months when
river hydrology and weather conditions are favourable for hydro production. The lowest
exports happen during the summer and autumn months when regular maintenance and
major overhauls are scheduled. In such systems, balancing is not an issue, except if large
STUR units are offline, in which case load shedding and RES-E curtailment could occur.
On the other hand, when the whole system is 100 % RES-E powered, the risk of load
shedding and RES-E curtailment is much higher. The diagrams from the high RES 2030
scenario clearly show that Bosnia and Herzegovina could be entirely powered by RES
sources, but only if the available NTC capacities between neighbouring countries are high
enough to be used for balancing purposes. In the alternative high RES 2030 scenario,
most of the local demand from Bosnia and Herzegovina is covered by renewables such
as solar and wind power and balanced out by hydropower, biomass and imports from the
neighbouring countries.
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CONCLUSION

This article describes the implementation of the Dispa-SET model to the six Western
Balkans countries of Albania, Boshia and Herzegovina, Kosovo, Macedonia,
Montenegro and Serbia. This implementation of the Dispa-SET can be freely
downloaded ™ and is released with an open-source license to ensure transparency and
reproducibility of the work [56].

Each of these six countries has its own power generating units, independent domestic
electricity demands and is interconnected with the neighbouring countries through 210
and 400 kV transmission lines. A comprehensive open input dataset is provided for
historical fuel prices, power plant data, planned and unplanned outages due to the power
plant overhauls, river hydrology and weather data, historical cross-border energy flows
and accumulation levels of all the available storage units. All this data has been
statistically and mathematically processed and converted into a suitable format for the
model.

In total, three scenarios, a reference one and two alternatives, have been developed.
Due to the data availability, the year 2010 has been chosen as the Reference scenario and

*https://github.com/squoilin/Dispa-SET



the best option for validating the model. The two alternative scenarios include two
additional cases describing alternative future outcomes. The analysis of each of these six
power sectors revealed the domination of lignite and hydropower and a relatively small
share of gas, wind and solar in the total installed capacities. All these results have been
compared with the real-world data and on average the total power generation in each zone
and by each technology is within 10 % of the historical data. The only exception is two
neighbouring zones Kosovo and Montenegro where the deviation lies between 15 and 35
%. The two alternative scenarios have been developed with the purpose of analysing the
impact of future strategies and the integration of high shares of RES in the current power
systems. Two cases inside each alternative scenario have been developed according to
national strategies for the years 2020 and 2030. For the third case, the main goal has been
the integration of an additional 11.7 % and 28.7 % of RES-E. The main indicator for
validating the additional scenarios is the average price of electricity production calculated
by the model. It has shown that the integration of RES-E can indeed lower the average
cost of electricity in the region by up to 46.5 %.

The results from this analysis have proven that all six countries have the potential to
operate independently from the neighbouring countries even with a relatively high share
of RES-E. This is an important fact as the integration of an additional 11.7 % of RES-E
by the year 2020 and 28.7 % by the year 2030 would not compromise the stability of the
regional power system. The results show that such high RES-E integration coupled with
cross border interconnection expansion would rather increase the regions energy
independence as well as the security of supply. Furthermore, a high share of RES-E
would have a positive impact on reducing local air pollution and would lower GHG
emissions by 47.3%. The potential problems of integrating such high shares of
renewables are RES-E curtailment, load shedding and congestion in the transmission
lines. These issues should be taken into account in the future planning of the power
sectors in the region.
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NOMENCLATURE
Abbreviations Description Unit

AF Availability factor (0 - 1) [-]
AL Albania [-]
BA Bosnia and Herzegovina [-]
BIO Biomass/Biogas [-]
CEEP Critical Excess Electricity Production [-]
CO2 Carbon dioxide [-]
CoMC Combined cycle [-]
Dem Electricity demand [-]
EU European Union [-]
GAS Natural Gas [-]
HDAM Hydro dam [-]
HPHS Pumped hydro storage [-]
HRD Hard coal [-]
HROR Hydro run of river [-]



JRC
LIG
LP
ME
MILP
MK
MPC
MVP
NTC
NUC
OIL
PV
RES-E
RS
STUR
SUN
TSO
UCPD
VRE
WAT
WIN
WST
XK

Sets

c S5 = =

Parameters
CostFixed,,
CostLoadShedding; ,,
CostRampDown, ,,
CostRampUp; ,,
CostShutDown, ,,
CostStartUp;,,
CostVariable; ,,

PriceTransmission;;

Variables
Flow;,
Power;,,
ShedLoad;
SystemCost

Integer variables

Committed;,,

European Commission Joint Research Centre
Lignite

Linear programming

Montenegro

Mixed integer linear programming
Macedonia

Model predictive control
Mean-variance portfolio

Net transfer capacity

Nuclear

Fuel oil

Solar photovoltaics

Energy from renewable energy sources
Serbia

Steam turbine

Solar

Transmission system operator

Unit commitment and power dispatch
Variable renewable energy

Water

Wind

Waste

Kosovo

Description

Time step in the current optimization horizon
Transmission lines between nodes

Zones

Units

Description

Fixed costs

Shedding costs

Ramp-down costs

Ramp-up costs

Shut-down costs for one unit
Start-up costs for one un

Variable costs

Price of transmission between zones

Description

Flow through lines
Power output
Shed load

Total system cost

Description
Committed status of unit at hour h {1 0} or integer

e et et e e e e et e e e e el et e e e el et e e e e

Unit
[EUR/N]
[EUR/MWH]
[EUR/MW]
[EUR/MW]
[EUR/]
[EUR/]
[EUR/MWH]
[EUR/MWH]

Unit
[MW]
[MW]
[MW]
[EUR]

Unit

[-]
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ANNEX A

Table 5 Technical characteristics of the HDAM power plants in the year 2010

Dam Accumulation
Unit Zone Po:ve Flow Head Volume Energy Ref.
MW  ma3/s M 102 m3 MWh

HE Fierza AL 500 4665 118.0 2300000 739565
HE Koman AL 600 736.0 96.0 188000 49180
HE VauDejes AL 250 565.0 52.0 263000 37267 [4]
HE Ulez AL 25 64.0 54.0 124000 18246
HE Shkopetit AL 24 80.0 385 15000 1573
RHE Capljina BA 420 225.0 228.0 6500 3400 [57]
HE Visegrad BA 315 800.0 43.0 161000 18865  [58]
HE Salakovac BA 210 540.0 420 68000 7783 [59]
HE Jablanica BA 181 208.8 94.0 288000 73536
HE Trebinje 1 BA 168 210.0 104.0 1070000 1010700 [60} [61
HE Rama BA 160 64.0 285.0 466000 303000 [62]
HE Bocac BA 110 240.0 55.0 42900 5322  [63]
HE Dubrovnik BA 108 45.0 272.0 1110000 821991  [64]
HE Mostar BA 72 360.0 24.0 10920 714 [65]
HE Trebinje 2 BA 8 450 220 9600 6037 [60} [61
HE Piva ME 360 240.0 150.0 880000 359700 [7][66]
HE Perucica ME 310 68.0 549.0 148000 221412
HE Pljevlja ME 3 9.0 43.0 18000 2109 [7][67]
HE Vrutok MK 150 32.0 525.0 227000 324751
HE Tikvesh MK 114 1440 91.3 309600 77026
HE Shpilje MK 84 108.0 85.2 223000 51773 [6]
HE Kozjak MK 80 100.0 92.0 260000 65182
HE Globocica MK 42 500 95.0 13200 3427
RHE BajinaBasta RS 614 129.2 555.0 170000 194000 [8][68]
HE Bistrica RS 102 36.0 378.3 7600 7834593
HE Pirot RS 80 45.0 243.0 180000 75000 [8][69]
HE Potpec RS 54 165.0 38.4 25000 2616 [8][68]
HE Vrla 1-4 RS 51 18.3 338.0 165000 198000 [8][69]
HE Uvac RS 36 43.0 100.0 213000 34000 [8][68]
HE KokinBrod RS 22 374 720 210000 202000
HE Ujmani XK 35 35.7 100.0 350000 95375 [9]




Table 6 Technical characteristics of the HROR power plants in the year 2010.

. Power Flow rate

Unitname Zone MW m3/s Ref.
HE Bistrica 1 AL 22.50 8.50
HE Bistrica 2 AL 5.00 0.08
HE Borsh AL 0.25 0.02
HE Kerpice AL 0.42 1.00
HE Dukagjin AL 0.64 68.51
HE Arras AL 4.80 430.47
HE Homesh AL 0.33 2.18
HE Orenje AL 0.88 336.96
HE Funares AL 1.92 99.77
HE Selce AL 2.15 242.33 [4]
HE OrgjosiRi AL 4.80 377.69
HE Tucep AL 1.70 195.96
HE Lenia AL 0.40 0.10
HE Bogova AL 2.50 28.05
HE Leskovik AL 1.07 5.00
HE Smokthina AL 9.00 16.70
HE Treske 2 AL 0.25 4.34
HE Velcan AL 1.20 304.34
HE Tervol AL 10.60 120.06
HE Grabovica BA 114.00 380.00  [5][59]
HE Mostarsko Blato BA 60.00 36.00 [5][65]
HE Jajce 1 BA 60.00 74.00
HE Jajce 2 BA 30.00 79.80 [5170]
HE Pec Mlini BA 30.60 30.00 [5][62]
HE Bogatici BA 9.40 88.00
HE Vlasenica BA 1.08 1.75  [5][61]
HE Mesica Nova BA 5.77 5.00
HE Bistrica B-5 A BA 4.90 8.00  [5][68]
HE Majdan BA 3.87 2.00
HE Botun BA 2.64 1.60
HE Jezernica BA 1.54 0.94
HE Mujakovici BA 1.90 15.00
HE Modrac BA 1.04 1.13 [5]
HE Tresanica T-4 BA 1.30 0.45
HE Osanica BA 1.23 1.35
HE Novakovici BA 7.00 5.50
HE Una Kostela BA 0.90 0.70
HE Glava Zete ME 5.36 29.00
HE Slap Zete ME 1.20 26.00
HE Muskovica Rijeka ME 0.84 0.70
HE Savnik ME 0.20 1.00 [7]
HE Lijeva Rijeka ME 0.06 0.22
HE Podgor ME 0.40 0.90
HE Rijeka Crnojevica ME 0.56 3.00



. Power Flow rate

Unit Zone MW m3/s Ref.
HE Raven MK 19.20 28.00

HE Vrben MK 12.80 8.00

HE Matka MK 8.00 40.00

HE Dosnica MK 4.10 8.00

HE Kalimanci MK 13.80 19.05

HE Pesocani MK 2.70 5.00 [6]
HE Popova sapka MK 4.80 9.06

HE Penacascade MK 2.50 9.09

HE Sapuncica MK 2.90 3.78

HE Strezevo 1 MK 3.40 6.80

HE Turija MK 2.20 5.14

HE Zrnovci MK 1.40 35.09

HE BajinaBasta G4 RS 364.00 692.00  [8][68]
HE Derdap 2 RS 270.00 4.20 [81[69]
HE Derdap 1 RS 1058.00 4800.00

HE Seljasnica RS 0.90 0.75 [8]
HE Sicevo RS 1.34 12.00

HE Sokolovica RS 5.20 40.00 [81[71]
HE Vlasontice RS 1.50 4.00

HE Ostrovica RS 1.11 9.00

HE Zvornik RS 96.00 620.00

HE Medjuvrsje RS 7.00 20.00 [8][68]
HE Ovc¢ar Banja RS 6.00 20.00

HE Lumbardhi XK 8.80 112.00

HE Dikance XK 1.34 41.00 [9]
HE Radavac XK 0.33 215.00

HE Burimi XK 0.55 41.00




Table 7 Technical data of the thermal power plants in the year 2010

Start Min Min Ramp Min co,
. Techology / Power Eff. L_Jp L_Jp D(.)W” Rates Part Intensity
Unit Zone Fuel Time Time Time Load Ref
MW % h h h %g M 9%  kg/Mwh
TE Vlora AL STUR/OIL 98 35.0 3 2 2.0 6 12.9 517  [4]
TE Tuzla BA STUR/LIG 630 34.2 6 6 1.5 25 5.4 1062
TE Kakanj BA STUR/LIG 385 34.2 6 6 1.5 2.5 8.8 1062 [5]
TE Ugljevik BA STUR/LIG 264 34.0 6 6 1.5 2.5 40.0 1062
TE Gacko BA STUR/LIG 255 34.1 6 6 1.5 2.5 40.0 1062
TE Pljevlja ME STUR/LIG 210 34.3 6 6 1.5 2.5 40.0 1062 [76}][6
TE Bitola MK STUR/LIG 699 34.0 6 6 1.5 2.5 13.3 1062 [6]
TE Oslomej MK STUR/LIG 125 34.0 6 6 15 2.5 40.0 1062
TE Kolubara RS STUR/LIG 245 34.2 6 6 15 2.5 5.2 1062
TE Kostolac A RS STUR/LIG 281 34.0 6 6 15 2.5 12.8 1062
TE Kostolac B RS STUR/LIG 640 34.0 6 6 15 2.5 20.0 1062
TE Morava RS STUR/LIG 108 34.0 6 6 15 2.5 40.0 1062 [81[5
TE Nikola Tesla A RS STUR/LIG 1502 34.1 6 6 15 2.5 5.6 1062 4]
TE Nikola Tesla B RS STUR/LIG 1160 34.1 6 6 15 2.5 18.6 1062
TETO Novi Sad RS COMC/GAS 208 57.0 3 2 2.0 6.0 21.2 398
TETO Zrenjanin RS COMCI/GAS 100 57.0 3 2 2.0 6.0 45.0 398
TETO Sremska Mitrovica RS COMCI/GAS 45 57.0 3 2 2.0 6.0 15.0 398
TE Kosovo A XK STUR/LIG 395 34.0 6 6 15 2.5 14.8 1062 [9]
TE Kosovo B XK STUR/LIG 520 34.1 6 6 15 2.5 22.5 1062 \ \




ANNEX B
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ANNEX C

Reference scenario

Power dispatch for country BA
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Figure 14 Weekly power dispatch curves from Reference scenario in January and July



2020 scenario — Case A
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High RES-E 2020scenario — Case B

Power dispatch for country BA
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Figure 16 Weekly power dispatch curves from High RES-E 2020 scenario — Case B in

January and July



2030 scenario — Case C
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Figure 17 Weekly power dispatch curves from 2030 scenario — Case C in January and

July



High RES-E 2030 scenario — Case D
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Figure 18 Weekly power dispatch curves from High RES-E 2030 scenario — Case D in
January and July



