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Abstract: An optimization model which determines optimal spatial allocation of wind (WPPs) and
PV power plants (PVPPs) for an energy independent power system is developed in this paper.
Complementarity of the natural generation profiles of WPPs and PVPPs, as well as differences
between generation profiles of WPPs and PVPPs located in different regions, gives us opportunity to
optimize the generation capacity structure and spatial allocation of renewable energy sources (RES)
in order to satisfy the energy needs while alleviating the total flexibility requirements in the power
system. The optimization model is based on least squared error minimization under constraints
where the error represents the difference between total wind and solar generation and the referent
consumption profile. This model leverages between total energy and total power requirements
that flexibility resources in the considered power system need to provide in the sense that the total
balancing energy minimization implicitly bounds the power imbalances over the considered time
period. Bounding the power imbalances is important for minimizing investment costs for additional
flexibility resources. The optimization constraints bound the installed power plant capacity in each
region according to the estimated technically available area and force the total energy production to
equal the targeted energy needs. The proposed methodology is demonstrated through the example
of long-term RES planning development for complete decarbonization of electric energy generation
in Serbia. These results could be used as a foundation for the development of the national energy
strategy by serving as a guidance for defining capacity targets for regional capacity auctions in
order to direct the investments in wind and solar power plants and achieve transition to dominantly
renewable electricity production.

Keywords: decarbonization; RES capacity expansion planning; flexibility; optimization; constrained
least squares

1. Introduction

Sustainable development requires an urgent reduction in carbon emissions into the
atmosphere on a global level in order to combat global warming [1–3]. The electricity
sector is one of the main contributors of carbon emissions due to the significant share of
fossil fuel thermal power plants in electricity generation in most power systems. Coal-fired
power plants provided 36% of global electricity generation in 2021 [4]. Besides climate
change impact, fossil fuel thermal power plants cause local air pollution which raises health
concerns and ecosystem hazards. These problems are becoming more pronounced due to
the extinction of coal reserves, which brings lower-quality coal into use. The combustion of
lower quality coal increases specific carbons emissions of a power plant. By the introduction
of carbon trading and green certificate mechanisms the decarbonization process becomes
economically motivated also since fossil fuel power plants face additional production costs
due to carbon emissions [5]. The phasing out of fossil fuel thermal power plants in the
future is inevitable and substitute sustainable energy sources have to be developed [1,4,6,7].
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Variable RES such as WPPs and PVPPs, are intensively being developed around the
world in order to substitute the conventional thermal power plant (TPP) generation [8,9].
This process needs to take into account technical, ecological, economic and security aspects;
therefore, there is a need for suitable national strategies for the development of RES and
the accompanying capacities that should provide equilibrium between the generated
and the consumed electric energy at all time scales and capacities that should provide
the regulation of frequency and scheduled power exchanges. The main challenge is the
variability in RES generation. The WPP and PVPP generations are not dispatchable because
they depend on the availability of the primary energy resources (wind and irradiation).
This brings a number of operational planning issues in power systems with high variable
RES penetration levels [10]. However, the complementarity or synergy of the wind and PV
energy availability, which exists in almost all regions in the world [11,12], is a favorable
feature of these energy sources that should be taken advantage of when planning the
optimal structure of generating capacities in national energy systems. The main challenge
is to maintain equality between the generated active power and the consumed active power
by unit commitment and dispatching of suitable balancing capacities through operational
planning for different time scales (yearly, monthly, weekly, daily, and even intra-daily).
The construction and operation in reserve of flexible generation and storage capacities
needed for balancing the generation and consumption significantly affect the price of
electric energy [10,13]. Besides the investment costs for developing balancing capacities
and their impact on the environment, the process of energy storage is accompanied by
certain energy losses which can significantly affect the efficiency of electric power system.
Therefore, it is important to plan the development of RES so that the need for constructing
and employing storage capacities would be as small as possible. This means that the
assessment of the power system’s flexibility requirements is inseparable from the planning
of RES development for large penetration level scenarios. On the other hand, the certain
RES development scenario requires suitable development of the network infrastructure.
Therefore, the required transmission system network development can also affect how RES
will be developed.

Optimal generation expansion planning is a very current topic in almost all coun-
tries and regions. Many national energy system studies are being conducted in order
to find the optimal generation mix under conditions of large RES penetration. Some
of them can be found in [14–27]. The most recent research on long-term electricity re-
source planning models is concerned with including operational aspects (generation con-
straints regarding ramping, minimum stable output levels, cycling costs, operating re-
serves) [14,15,28–35], transmission network expansion [14–16,26,36], environmental policy
requirements [15,17,24], higher temporal resolution of chronologically ordered generation
and consumption data [15,26,34,36,37], and modelling linkages between the electricity and
the transportation and heating sectors [17,25,38] with different levels of detail depending
on the planning goal and the computational tractability of the problem. These models
determine the electricity generation and storage investments and operating decisions to
meet forecasted electricity demand reliably over the course of a future time period which
minimize the total investment and operation costs while satisfying the imposed operational
and environmental constraints. The obtained expansion plans are inevitably dependent on
long-term assumptions regarding the future technology and primary fuel costs. These ex-
pansion plans result in spatial concentration of WPPs and PVPPs in locations with the best
wind and PV energy potential [39–42]. While this is well aligned with investors’ interests, it
differs from a spatially optimal allocation from society’s point of view since RES production
also has adverse environmental impacts, such as loss of biodiversity and disturbances to hu-
mans [39]. Social welfare (economic efficiency achieved by minimizing the total social cost
which comprises the private costs borne by private investors and external cost reflecting
the impact of RES on the environment) and equity (even distribution of the burdens of RES
generation across all individuals of society) are considered to plan spatially distributed RES
in [39]. In paper [43] numerous scenarios are generated by linking two optimization models:
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EXPANSE [42] and PyPSA [44], and applying the modeling to generate alternatives (MGA)
technique [45] and compared based on the system costs and their spatial distribution. The
results show that in between the scenarios which minimize system costs and the scenarios
which maximize regional equity, stand the RES development scenarios which maximize
RES generation [43]. These scenarios result in higher system costs but contribute to the
reduction in inter-regional differences. In the recent literature, different tools, algorithms
and optimization techniques are applied for solving the problem of planning the optimal
structure of generation capacities in national energy systems [46]. Paper [47] gives a review
of planning studies and methodologies used for determination of optimal generation ca-
pacity mix in cases of high shares of PV and wind. This review paper shows that very few
studies have implemented the assessment of the power system flexibility in their planning
model. One of the most used tools to perform energy planning and support energy decision
makers is EnergyPLAN [48], which does not model flexibility requirements. Energy models
which incorporate modelling of flexibility requirements are the models implemented in
commercial software such as TIMES [49], OSeMOSYS [50] and PLEXOS [51]. National-scale
energy system optimization models (ESOMs) are usually modeled as single-region systems
which use aggregated representation of energy resources, as in [14,16–25,27]. In [14], the
generation and transmission expansion planning model, which includes an effective em-
bedded linear relaxation of the unit commitment problem and representative days, is used
to find the optimal RE mix which minimizes both investment and operational costs over
a planning horizon divided into discrete planning periods. The model is demonstrated
for different decarbonization scenarios for the Chilean power system. This model is based
on several extensions and modifications of the SWITCH-Model [52] and solved using
Gurobi [53]. Gurobi is used for solving energy models formulated as linear optimization
problems in [16,17]. In [16], a generation expansion planning model which includes unit
commitment and uses clustered representative days is used for investigating optimal de-
carbonization pathways for the United Kingdom. Decarbonization of the Croatian energy
system (power, industry, heat and transportation sectors) is analyzed in [17] using H2RES
modelling software [54]. In [18], an optimal energy mix planning model for the Korean
power system was calculated using Evolver software [55], which is a robust commercial
optimization code based on hybrid scatter–genetic algorithm. In [19], the long-range energy
alternatives planning model for investigating optimal power generation structure in South
Korea for different energy and climate change policy scenarios is given. Cost-effective
policy incentives to achieve an optimal energy mix to reduce the nuclear power in Japan
are investigated in [20] through a recursive computable general equilibrium model which
uses renewable energy input–output table as an analysis tool. In [21] a system dynamics
model along with a game theory model has been presented to find the optimal mix of
electricity generation in Iran’s electricity industry. The paper [22] proposes a constrained
fuzzy multi-objective optimization model to obtain the optimal generation mix of four
kinds of renewable power for China’s electricity system. Linear programming optimization
technique is applied in [23] for optimal development of the renewable electricity generation
mix in Spain. In [24], based on the capacity expansion and operations model ETEM (Energy
Technology Environment Model), an optimal transition for the Chilean electricity system
towards a zero-emissions goal is computed.

A multi-region ESOMs which exploit complementarity between different energy
sources in different regions are given in [15,26,56–65]. A review of spatial resolution and
regionalization in national-scale ESOMs is given in [66]. Large number of decarboniza-
tion scenarios for the United States are investigated in [15] using the GenX model [34]
formulated as mixed integer linear programming problem. The geographic differences
in renewable resource potential and patterns of demand are accounted for using data
from two dissimilar regions of the United States. A linear least-cost dispatch and invest-
ment model is applied in [26] to investigate 100% renewable energy (RE) scenarios for
North America using the AnyMOD framework [67] with spatially disaggregated data on
renewable resources in a high temporal resolution. Differential evolution is used to find
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the optimal generation structure for complete decarbonization of electricity generation in
Japan [56] and Australia [57]. The multi-objective model for planning 100% RES scenarios,
maximizing the complementarity between hydro, wind and PV resources and minimizing
the total expansion costs is developed in [58] and demonstrated on the example of Brazilian
power system. Different Pareto optimal points were generated by applying the hierarchical
method and solving the defined problem by sequential quadratic programming algorithm.
In [59], a linear optimization was used to explore zero-carbon electricity systems for the US,
co-optimizing regional capacity investments and hourly operation of generation, storage,
and transmission investment (both within regional and inter-regional) to meet projected
electricity demand in 2040. In [60], 100% RE systems for the Middle East and North Africa
region are investigated utilizing the LUT Energy System model [68] that works based
on a linear optimization algorithm. In [61], the energy system model for the Bolivian
power system takes into account the systems flexibility by modelling unit commitment.
This model is solved by mixed integer linear programming. In contrast to papers [56–61],
paper [62] proposes the optimal energy mix for a Southeast Asian region which minimizes
the risk caused due to future uncertainties related to energy demand, volatile fuel price
and evolution of renewable technologies using stochastic optimization. An optimal energy
resource mix for the US and China to meet emissions pledges was investigated in [63] using
the combined energy and geoengineering optimization model [64] which incorporates
specific code to account for the effects of tree planting as a means of carbon sequestration
and also the cost of the tree planting. The welfare maximizing energy mix within Europe
was analyzed in [65] by a dynamic optimal growth general equilibrium model.

Both single-regional and multi-regional ESOMs often do not consider intra-regional
RES variability, as stated in [69]. These regions are usually determined based on the
administrative boundary not on RE resource potential. Modelling of intra-regional RES
variability enables us to exploit the complementarity of RES to larger extent than energy
models which employ lower spatial resolution. The effect of more detailed representation of
the spatial distribution of RE potential on the results of ESOMs is investigated in [70]. The
temporal resolution used in ESOMs is often small; hence, it does not simulate the realistic
flexibility requirements of the power system. Intra-regional RES variability is modelled
in [56–58], [71–73] with high temporal resolution. Although the concept of complementarity
is often not directly discussed, complementarity of renewable resources is implicitly used
in the optimization of energy systems when RES are modelled as spatially distributed [74].
Supply side complementarity for different locations around the world is investigated in [11]
without considering the complementarity with the local demand profiles, although it was
recognized as an important aspect. Paper [11] used the stability coefficient defined in [12]
to describe hybrid mixes of complementary variable RES. In paper [12] it was discussed
that hybrid mixes of variable RES could be ‘tuned’ to better match the local demand profile
before calculating their stability index.

In this paper, we propose an approach to long-term RES development for the scenario
of complete decarbonization of electric energy generation in an electrical energy indepen-
dent power system. An optimization model for the structure and spatial allocation of
installed capacities of wind and PVPPs developed in this paper will give solution for which
the best possible adjustment between the total RES generation profile and the referent
consumption profile while satisfying the optimization constraints. This approach uses
the physical flows of energy as the foundation for long-term planning, which is good
because they are independent of economic, political and social factors, in contrast to the
previously mentioned papers. This way the uncertainty related to the assumptions of
future primary fuel and technology costs is avoided. The referent consumption profile
was defined as the part of the total electricity consumption profile which is supposed
to be supplied as much as possible directly from variable RES. The measure of the ad-
justment between these profiles is the sum of squared errors where an error is defined
as the difference between the total RES generation and the referent consumption in an
hour. The optimization constraints bound the installed power plant capacity in each region
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according to the estimated technically available potential for the construction of WPPs
and PVPPs and force the total energy production to equal the targeted energy needs. This
model uses the natural complementarity that exists between generation profiles of wind
and PVPPs in different regions to minimize the sum of squared errors. By using the least
squares (LS) method, our approach shapes the difference between the RES generation
and the referent consumption profile (the imbalance profile). This imbalance profile taken
with negative sign represents the total generation profile of all the other participants in
maintaining the demand-supply balance in the considered power system (dispatchable
power plants, flexible power plants, storage systems, demand side management). This
method makes a compromise between minimizing the total energy surplus in the system
that the balancing capacities need to accommodate, minimizing the total energy deficit in
the system that the balancing capacities need to supply and minimizing the magnitude of
the maximal imbalance power which defines the necessary installed power of the balancing
capacities. To the best of the authors’ knowledge, this approach to alleviating the power
system flexibility requirements has not been applied elsewhere. The optimization model
uses multi-year hourly profiles, and this way captures the mutual correlations between
generation profiles of different energy sources and the total gross consumption profile,
as well as annual climate variations. The electric power system in concern can surpass
the boundaries of a state and comprise several states, i.e., an electric energy independent
region can be planned using this approach.

In Section 2, we describe the proposed approach to long-term RES development
planning. The mathematical model for optimizing the structure and spatial allocation of
utility scale wind and PVPPs is given in Section 3. In Section 4, the application of the
proposed methodology on the Serbian power system is described and the analysis of the
obtained results is given. The conclusions are stated in Section 5.

2. The Proposed Approach to Long-Term Planning of Renewable Energy Sources
Development for the Scenario of Complete Decarbonization of Electric Energy Generation

The analysis of the available wind and PV resource on the territory of the analyzed
electric power system is performed first in order to identify regions with technically usable
wind and PV energy potential. By consulting the orographic maps and taking into account
the available road and power system infrastructure, as well the required distance from
populated areas, the available surface area for constructing WPPs and utility scale PVPPs is
estimated for each of the identified regions and their maximal acceptable installed capacity.

In certain time periods, characteristics of wind and PV resource in different regions
differ from each other regarding the capacity factor and the shape of the hourly profile
wind and PVPP specific electric energy generation (electric energy generation profile of
the unit capacity power plant). This means that the certain amount energy, which should
be obtained from RES in the future power system, could be produced from RES with
different structure and spatial allocation of the installed capacity of WPPs and PVPPs into
the identified regions. By using the complementarity between hourly profiles of specific
generation of WPPs and PVPPs in different regions, which exists both on the daily and
seasonal level, it is possible to determine the structure and spatial allocation of the wind
and PV installed capacities so that the total RES generation profile is optimally adjusted
with the referent consumption profile under the condition that the total amount of energy
generated from RES satisfies the specified energy demand. These RES capacities must
satisfy the constraints imposed by the available surface area for their construction in certain
regions. Additionally, it has to be taken into account that the existing RES capacities
in the power system will contribute to supplying the referent consumption profile. For
the criterion describing the adjustment between the total RES generation profile and the
referent consumption profile, we used the sum of squared differences between coincident
hourly values of these profiles. The lesser value of this criterion means better adjustment
between the profiles.
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Besides the WPPs and utility scale PVPPs, it is necessary to plan the development of
the distributed PV systems at the same time. Distributed PV systems are installed in load
centers on the roofs of buildings or on the ground structures. The maximal distributed PV
capacity connected in a distribution network can be constrained by the available surface
area for their mounting, but also with the network hosting capacity. By suitable planning
of the distributed PV penetration level the beneficial effect regarding distribution network
energy losses reduction can be achieved. In order to ensure even development of distributed
PV systems in all load zones and distribution network energy losses reduction, we set the
condition that the installed capacity of distributed PV systems in each distribution network
must result in the same level of Joule’s losses reduction. For the calculation of capacities of
distributed PV systems, the active and reactive consumption power profiles as well as the
specific generation profiles of distributed PV systems must be known for each distribution
network. Therefore, when planning the development of WPPs and utility scale PVPPs,
it is necessary to define first which scenario for the development of the distributed PV
systems is assumed, i.e., how much of the distributed PV systems capacity is supposed to
be installed in each distribution network.

As described above, the proposed methodology requires preparation of the hourly
profiles of the specific electric energy generation for each of the identified regions which
fulfill the technical requirements for the construction of WPPs and PVPPs. Besides prepar-
ing these profiles, one of the key tasks of the proposed methodology is the determination
of the referent consumption profile. We define the referent consumption profile as the
difference between the future gross consumption profile in the analyzed power system and
the sum of the planning profiles of dispatchable power plants (which can be non-fossil fuel
TPPs or nuclear power plants) and the representative generation profiles of run-of-the-river
and accumulation hydro power plants (HPPs). The representative generation profiles are
based on data from several successive years which represent well the climatic conditions
in the analyzed territory. These years define the referent time period for the long-term
planning of RES. The specific generation profiles of WPPs and PVPPs have to also be
defined for the referent time period in order to capture the mutual correlations between
generation profiles of different energy sources in the system and the consumption profile.
The planning profile of a nuclear power plant is defined as the profile of constant power
which equals the rated power of the nuclear power plant. Non-fossil fuel TPPs in future
power systems are planned for cogeneration and to provide this way the thermal energy
supply of those loads which are in the actual power system supplied from cogeneration
fossil-fuel TPPs. For the definition of this planning profile, the thermal energy profile
generated from fossil-fuel TPPs in the actual power system during the referent time period
has to be known. The planning profile of an accumulation HPP for a referent year is formed
in the following way: the total energy generated from this power plant is distributed in
time proportionally to the monthly average inflow into its reservoir. The planning profile
of a run-of-the-river HPP for a referent year has to take into account the discharge of water
from the upstream accumulation HPPs, if such exists. The time this discharge travels from
the upstream HPP can be neglected if it is less than 24 h. If the run-of-the-river HPP has the
capability of accumulating water during one day, then its planning profile is defined as the
generation profile corresponding to the natural inflow which is averaged on a daily basis.
This profile is determined using the representative generation curve for the considered
run-of-the-river HPP. The representative generation curve is defined as the polynomial
curve which approximates best the historical data about daily average generated energy
corresponding to certain daily average discharge of the run-of-the-river HPP. If the consid-
ered run-of-the-river HPP does not have a significant capability for accumulating water, its
planning profile is defined as the historical hourly generation profile realized in the referent
time period.

In most power systems, capacities for HPPs development are mostly exhausted. In
power systems which have the potential for the construction of additional HPPs, it is
assumed that the whole technical capacity will be used in the future and that the allocation
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of these HPPs is determined. While generation profiles of the existing HPPs are taken into
account in the proposed model based on the realized energy generation in the previous
period of time, for the HPPs planned to be constructed in the future, generation profiles
are estimated based on the natural river flows on the locations planned for the HPPs
development and the estimated rated power of these HPPs.

The proposed planning methodology is illustrated in Figure 1. The proposed algorithm
requires the following input data for the analyzed power system:

1. The hourly profile of the total power consumption for the referent time period;
2. The hourly planning profiles of the conventional non-fossil dispatchable power plants

for the referenced time period. An example for the calculation of this profile for biogas
power plants is given in Section 4.2.5.

3. The hourly representative generation profiles of the existing and planned run-of-
the-river and accumulation HPPs for the referent time period. An example for the
calculation of these profiles is given in Section 4.2.4.

4. The hourly generation profiles of the existing and planned distributed PV systems
for the referent time period. The model for calculating this set of input data and a
calculation example are given in Section 4.2.3.

5. The maximal acceptable installed capacity and hourly specific generation profiles
(MWh/MW/h) of the existing and planned utility scale PVPPs for each of the identi-
fied regions for the referent time period. The model for calculating this set of input
data and a calculation example are given in Section 4.2.2.

6. The maximal acceptable installed capacity and hourly specific generation profiles
(MWh/MW/h) of the existing and planned WPPs for each of the identified regions
for the referent time period. The model for calculating this set of input data and a
calculation example are given in Section 4.2.1.
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Figure 1. The proposed algorithm for planning RES development for complete decarbonization of
electrical energy generation.

The referent time period consists of the whole number of years. It is preferable for
the referent time period to cover several years in order to capture the variation of the RES
potential and the consumption profile weather dependency over the years.

The outputs of the proposed algorithm are:
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1. The optimal installed capacity of utility scale PVPPs for each of the identified regions;
2. The optimal installed capacity of WPPs for each of the identified regions.

Tables 1 and 2 show the output data for the analyzed example of decarbonizing
the electric energy generation in Serbia according to the proposed methodology. The
mathematical model for optimizing the structure and spatial allocation of RES is described
in the following section.

3. The Mathematical Model for Optimizing Structure and Spatial Allocation of RES
for the Scenario of Complete Decarbonization of Electrical Energy Generation

The mathematical model for optimizing structure and spatial allocation of RES for the
scenario of complete decarbonization of electrical energy generation is defined as a linear
LS problem with linear constraints. Since the problem is constrained, the usual methods
used for solving the unconstrained LS problem, i.e., for solving the normal equations,
cannot be applied. Our problem is large-scale. The number of rows of the system matrix is
in the range of tens of thousands and the number of columns is in the range of several tens.
Namely, the system matrix A is defined as:

A =


PWPPspec_1(t1) . . . PWPPspec_NWPP(t1) PPVspec_1(t1) . . . PPVspec_NPV (t1)
PWPPspec_1(t2) . . . PWPPspec_NWPP(t2) PPVspec_1(t2) . . . PPVspec_NPV (t2)

...
...

...
...

PWPPspec_1
(
tNh

)
. . . PWPPspec_NWPP

(
tNh

)
PPVspec_1

(
tNh

)
. . . PPVspec_NPV

(
tNh

)
, (1)

where PWPPspec_j(tk), j = 1, . . . , NWPP, an PPVspec_i(tk), i = 1, . . . , NPV , designate the spe-
cific generation of WPPs and PVPPs in region j in the kth hour of the referent planning
period, k = 1, . . . , Nh. The referent planning period consists of N years. The number of
regions with technically exploitable wind and PV potential is NWPP and NPV , respectively.

In general case matrix A could be singular or nearly singular. The most reliable
methods for solving such large-scale LS problems are based on transforming the system
matrix in some of the canonical forms using orthogonal transformations. This way the
exacerbation of problem conditioning is avoided. The complexity of solving a LS problem
depends on the rank of the system matrix. In general case, the system matrix in our
problem could be rank-deficient, also linear constraints could be linearly dependent, so the
solving algorithm needs to take care of such cases. We applied the following approach to
our problem. The linear LS problem with linear constraints is first transformed into the
equivalent least-distance problem [75,76] using the matrix singular value decomposition
and applying the appropriate strategy for estimating the numerical rank of matrices. This
provides the numeric stability of the calculation. Then, the dual approach is applied, which
was used also Lawson and Hanson [77], Cline [76], Haskell and Hanson [78], and the
problem is solved by applying the LDP (Least Distance Programming) [77] and NNLS
(Nonnegative Least Squares) [77] algorithms as the main tools. These algorithms always
converge. The solution to this problem always exists, and in general case there can be
infinite number of solutions (when the matrix A is rank-deficient), but even if such situation
arises it is possible to determine the unique solution which has minimal Eucledian norm.
This solution would also be suitable to our problem because it means that among the
solutions we choose the one with the minimal total installed capacity of RES.

The mathematical formulation of the constrained LS model for optimizing structure
and spatial allocation of WPPs and utility scale PVPPs is the following:

min
x
‖Ax− b‖2

2 (2a)

s.t : x ≥ xmin, (2b)

x ≤ xmax, (2c)
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Gmx ≥ hm, m = 1, . . . , N. (2d)

In (2a)–(2d), the coordinates of the decision variables vector x =
[
x1 . . . xNWPP+NPV

]T
are xj = PWPPnom_j, j = 1, . . . , NWPP, where PWPPnom_j is the installed capacity of WPPs in
region j, and xj+NWPP = PPVnom_j, j = 1, . . . , NPV , where PPVnom_j is the installed capacity
of PVPPs in region j. The vector xmin in (2b) contains the capacities of already existing
WPPs and PVPPs in the analyzed regions. The vector xmax in (2c) contains the estimated
values of maximal acceptable installed capacities in the analyzed regions. Coordinates of
the vector b =

[
b1 . . . bNh

]T in (2a) are:

bk = Pre f _load(tk)− PdistPVtot(tk), k = 1, . . . , Nh, (3)

where Pre f _load(tk) and PdistPVtot(tk) are, respectively, the referent consumption power and
the total distributed PV generation power in the kth hour. Constraint (2d) means that in
each year of the referent period the total generated energy in the power system must not be
less than the total consumption energy. Matrix Gm and vector hm are defined as follows:

Gm ,
[

gij
m
]

1×(NWPP+NPV)
, gij

m =
Nh

m

∑
k=1

akj
m, j = 1, . . . , NWPP + NPV ; m = 1, . . . , N, (4)

hm =
Nh

m

∑
k=1

bk
m, m = 1, . . . , N, (5)

where Nh
m denotes the number of hours in the mth year.

Based on the developed mathematical model (1)–(5) and the algorithm shown in
Figure 1, it is possible to create software for processing the input data, constrained LS opti-
mization and presenting the results. The proposed algorithm does not require utilization
of different solvers integrated in different software tools. The results presented in this
paper are obtained using MATLAB software [79] in which m-scripts for data processing
and solving the given mathematical model are programmed.

One of the advantages of the proposed solution method is that it is an exact method
which guarantees to find the minimum, in contrast to heuristic optimization methods such
as the genetic algorithm and similar evolutionary methods. Additionally, the proposed
solution method is applicable to large scale problems which often restrain the applicability
of other methods. The time needed for code execution depends on the dimensionality of
the problem. In the example given in Section 4, the system matrix has 26,280 rows and 26
columns. The problem is solved on Intel® Core™ i5-10210U processor with 8 GB RAM. The
wall-clock time needed to solve this problem was about 40 s. The CPU time is about 92 s.
The solution method is based on NNLS algorithm which is iterative. The NNLS algorithm
performed 20 iterations.

4. Demonstration of the Proposed Methodology on the Example of the Power System
of Serbia

The application of the proposed methodology is demonstrated on the example of the
power system of Serbia. The Serbian power system is undergoing an energy transition
towards more sustainable electrical energy generation. Therefore, analysis such as this is
necessary in order to strategically plan the decarbonization process. Based on the available
national resources, we consider the future generation portfolio consisting of hydroelectric,
wind, PV and biogas power plants.

4.1. Current Electric Energy Generation Structure in Serbia

The electrical energy generation in Serbia is dominantly based on lignite fuel TPPs
and HPPs (Figure 2a). The annual electrical energy generation from lignite fueled TPPs is
in the range of 21–25 TWh, which is around 60–70% of the total electric energy generation
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in Serbia. Hydroelectric power plants generate in the range of 9–12 TWh annually [80].
Wind power plants generate around 1 TWh annually, whereas the generation of PVPPs
was just 10.5 GWh in 2021. Combined heat and power (CHP) and biogas power plants
(BPPs) generated around 1.4 TWh of electric energy in 2021 [80]. Figure 2b shows the
electrical energy generation structure in Serbia for the period 2017–2019. The total gross
consumption of electrical energy in Serbia was 35.479 TWh in 2021. In winter season national
electric generation capacities cannot fulfill the consumption demand so the import of electric
energy is necessary. In summer season, the consumption is significantly smaller than in the
winter season and electric energy is often exported from the Serbian power system. 
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Figure 2. (a) Electric power plants in Serbia; (b) electrical energy generation structure in Serbia; (c) 
thermal energy produced in cogeneration power plants in Serbia. 

Figure 2. (a) Electric power plants in Serbia; (b) electrical energy generation structure in Serbia;
(c) thermal energy produced in cogeneration power plants in Serbia.

The actual electrical energy generation structure of the Serbian power system is not
long-term sustainable. Besides the problem of carbon emissions causing the greenhouse
effect, electric energy generation in Serbia directly relates to the problems of local air
pollution which is pronounced in many places in Serbia. According to [81], around 91%
of total sulfur oxides and around 42% of total nitrogen oxides in Serbia are caused by
electrical energy generation. The average age of TPPs in Serbia is over 40 years and
they cannot provide an efficient lignite combustion. Besides the coal combustion related
ecological problems, the decarbonization of electric energy generation is inevitable also
due to the exhaustion of Serbian coal reserves, which has already affected the operation
of thermal units. They often cannot operate with rated power and require oil fuel as a
supplement to maintain the combustion stability, which causes additional ecological and
economic consequences.

For the reasons given above, it is necessary to implement the decarbonization of electric
energy generation in Serbia. Certainly, this process cannot be abrupt, but thermal power plants
have to be gradually phased out and replaced by RES accompanied with the appropriate
development of balancing capacities which would provide the power system stability.
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4.2. The Energy Potential and Referent Time Profiles of Renewable Energy Generating Capacities
for Decarbonizing the Electrical Energy Generation in Serbia

The procedure for creating generation profiles and estimating maximal capacities of
WPPs and PVPPs that can be constructed in regions in Serbia is described in this section.

4.2.1. Identifying the Available Capacities and Specific Electric Energy Generation Profiles
from WPPs

Based on the available map of wind energy potential of Serbia, the available wind
parameters measurement data, orographic characteristics of the terrain, road and electric
power system infrastructure and the restrictions imposed by nature conservation areas, the
regions with potential for WPPs development are identified. Wind parameters measure-
ment data for 21 locations in the identified windy regions in Serbia (shown in Figure 3)
are obtained either from dedicated measuring masts or from virtual masts. Virtual mea-
surement data cover a one-year period with hourly resolution of the wind speed, wind
direction and air density on measuring heights of 100 m, 120 m and 140 m. These data are
obtained from Vortex database using ERA 5 global meteorology database.
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Figure 3. Positions of the measuring points in the identified windy regions in Serbia (denoted by
numbers 1–21) with the illustration of the wind energy potential estimation for a single target region.
Layers: (1) Nature protected areas, (2) Urbanism and infrastructure, (3) Orography, (4) Roughness.

For each of the identified regions with good wind energy potential, an analysis of
conditions and constraints regarding the development of WPPs’ projects was conducted
comprising several steps, i.e., layers defining the constraints:

(1) Nature protected areas layer: This layer is formed based on the available maps with
nature protection area coverage in Serbia [82]. These areas include the spatial units in
which certain protected areas are located, along with the areas defined by international
programs for the identification of Important Plant Areas (IPA), Important Bird Areas
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(IBA), Prime Butterfly Areas (PBA), Ramsar areas, Emerald Areas, etc. These areas are
excluded from consideration for possible WPPs construction.

(2) Urbanism and infrastructure layer: This layer is formed based on the available data
from national geoportal of Serbia [83], as well as the other available data regarding the
road and electric power system infrastructure. Based on the available infrastructure,
the conveniences and constraints for the construction of WPPs are considered, also
the necessary distance of these plants from the populated locations, roads and power
lines was defined. Inaccessible areas for which it was estimated that the construction
of road and power system infrastructure would be too expensive, were set apart.

(3) Orography layer: For creating the wind potential map and planning the WPP layout,
it is necessary to prepare the orography map of the terrain. The vector map of the
terrain orography was created using the WAsP software based on the data obtained
from the SRTM (Shuttle Radar Topography Mission) database [84].

(4) Roughness layer: For creating the wind potential map, it is necessary to prepare the
terrain roughness maps first. This map is created in the WAsP software based on the
Corine land data obtained from the Copernicus Land Monitoring Service [85] and
orthophotos of the terrain obtained from [83].

By using the described layers, the available space for the construction of WPPs is
estimated for each of the identified regions and the high-resolution maps (100 m× 100 m)
of wind energy potential are created using the WAsP software [86]. The wind class is
determined for each region, the reference wind turbine is chosen, and spatial positioning of
wind turbines is determined. This way the maximal capacity for installing WPPs is estimated
for each region. Figure 3 illustrates the described approach on the example of region 17 for
which the maximal installed capacity of 600 MW is estimated. The estimated maximal WPPs’
capacities are given in the fourth column of Table 1 for each of the identified regions.

Specific generation profile of WPPs is for region j calculated in the following way.
First, the expected annual energy generation, WWAsP_j, for the representative wind turbine
(the wind turbine with average annual electricity production of the WPPs in the analyzed
region) is calculated using the WAsP software. Then, the hourly generation profile of the
representative wind turbine is calculated based on the wind turbine power curve and
the available wind speed data. The wind speed, Vji, and air density, ρji, measured at the
representative wind turbine mast height in the ith hour in the jth region are used to calculate
the effective wind speed, Ve f f _j(ti), according to the following expression:

Ve f f _j(ti) = Vji

(
ρji

ρ0

) 1
3
, (6)

where ρ0 = 1.225 kg/m3 is the standard air density for which the wind turbine power
curve is defined.

Based on the power curve of the chosen wind turbine and the calculated net annual
generation the following equation is defined:

8760

∑
i=1

∆t · Ppower_curve_j(ηjVe f f _j(ti)) = WWAsPj, ∆t = 1 h, j = 1, . . . , 21. (7)

The scaling coefficient for region j,ηj, takes into account corrections due to spatial and
height extrapolation of wind speed within the analyzed region, losses due to wake effect
and other losses in a WPP. It is determined from (7) through an iterative procedure. After
that, the hourly specific generation of WPPs, PWPPspec_j(ti)(MW/MWrated), is calculated
for each region j :

PWPPspec_j(ti) =
Ppower_curve_j

(
ηjVe f f _j(ti)

)
PWPPnom_j

, j = 1, 2, ...21; i = 1, 2, ...8760, (8)
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where PWPPnom_j is the rated power of the representative wind turbine for region j.

4.2.2. Identifying the Available Capacities and Specific Electrical Energy Generation
Profiles from Utility Scale PVPPs

In order to identify suitable locations for the development of utility-scale PVPPs, the
territory of Serbia is considered through 5 regions (Table 2) which are defined by grouping
certain administrative districts shown on the left in Figure 4. Each region is investigated for
the suitable locations for utility scale PVPPs construction. With regard to solar potential, its
spatial dispersity is not particularly prominent, therefore, the PVPPs’ development can be
considered practically on all locations which satisfy space and urbanistic requirements. The
identifying of the locations and estimation of the PV energy potential is conducted through
several steps, i.e., layers which define different constraints regarding the development of
the utility-scale PVPPs:

(1) Nature protected areas layer: This layer is formed based on the available maps of
protected areas in Serbia. These areas were excluded from the consideration of PVPPs’
development.

(2) Soil quality layer: PVPPs require the occupation of large areas, which is their main
disadvantage. To reduce this negative effect, their development should be planned
on devastated land (tailing ponds in open pit mines, ash ponds of coal-fired thermal
power plants) and low-quality agricultural land (low quality grassland and thickets).
The soil quality layer is created based on data from [84,87].

(3) Urbanism and infrastructure layer: This layer contains data about land ownership,
land category and the road and electric power system infrastructure. Conveniences
and constraints for the development of PVPPs regarding the available infrastructure
are considered. In general, PVPPs are planned on large parcels near the road and
electric power system infrastructure.

(4) Topography layer: Terrain topography is analyzed using the maps created based on
the data from [85] and Google Earth satellite images of the terrain. The development
of PVPPs today is mostly based on two concepts: systems with horizontal single-axis
solar trackers which provide following the azimuth angle of the Sun and systems with
fixed constructions and suitably oriented modules. Systems with solar trackers require
even surface with inclination less than 15◦ while fixed constructions can be mounted
even on terrains with more complex topography. Both systems require relatively
large surface areas. The usual surface area requirement is 1− 1.3 ha/MWp (larger
values for systems for solar tracker than for fixed systems). Based on the topography
layer, locations with suitable inclination and surface orientation are chosen and the
possibility for the development of PV systems with single-axis trackers is considered.

The described approach to capacity estimation for PVPPs’ development in the region
of Eastern Serbia is illustrated in Figure 4. On the designated area in Figure 4, it is possible
to build 650 MWp in total. A similar procedure is applied to estimate maximal PVPPs’
capacity in other locations in all 5 regions. These capacities are shown in the fourth column
of Table 2.

Multi-year hourly profiles of specific PV electric generation (MWh/MWp/h) are cal-
culated for each of the specified regions using PVGIS software and SARAH2 database [88].
Since the PVPPs efficiency decreases during the exploitation period, when calculating their
specific generation profiles, it was assumed the PV module efficiency which corresponds to
the middle of the exploitation period. The exploitation period is assumed to be 25 years
and the average annual efficiency degradation of PV modules due to age is assumed to be
0.5% from the declared efficiency for new PV modules. This approach could be justified by
the following consideration. Since the process of decarbonization and the development
of PVPPs in distribution and transmission networks is a long-term process, the installed
PVPPs will consist of the newly installed and of the ones which are near the end of lifetime.
Therefore, it can be assumed that in the completely decarbonized power system PVPPs
will, on average, operate with the efficiency corresponding to the middle of their lifetime.
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tion of PV energy potential estimation for a single targeted region. The numbers 1–25 denote the
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and infrastructure, (4) Topography.

4.2.3. Analysis of Capacities and Specific Profiles for Electric Energy Generation from
Distributed PV Systems

The distributed PV systems are planned to be developed in all distribution networks
in such a way as to achieve approximately the same relative reduction in distribution
network losses. The distribution networks considered are the ones supplied from exactly
one electrical point, i.e., a transformation station 110/X kV/kV. The number of distribution
networks is designated as Ndist. The hourly profiles of active and reactive power measured
on the high voltage side of each transformation station 110/X kV/kV in the power system
of Serbia are used for calculating the distributed PV systems’ capacities. The specific PV
generation profiles, PdistPV_i

spec, for each distribution network are obtained from PVGIS
SARAH2 database [88]. These profiles are scaled to take into account the PV module
efficiency degradation in the middle of their 25-year lifetime, as it was adopted for utility
scale PVPPs. The model for planning distributed PV capacities in order to achieve the
requested level of Joule’s losses reduction is described in the following.

If capacity xdist_i of distributed PV systems is installed in the ith distribution network,
then the effect on total Joule’s losses is this network can be described by the following
expression which defines the relative reduction in Joule’s losses in that network, yJ_i :

yJ_i =

1−

Req_i
Un_i

Nh

∑
k=1

[
(Pload_i(tk)− PdistPV_i

spec(tk)xdist_i)
2 + Qload_i(tk)

2
]

Req_i
Un_i

Nh

∑
k=1

(
Pload_i(tk)

2 + Qload_i(tk)
2
)

 · 100 = c2ixdist_i
2 + c1ixdist_i, i = 1, . . . , Ndist, (9)

where Req_i is the equivalent resistance which models the total Joule’s losses in the ith

distribution network, Pload_i(tk) and Qload_i(tk) are, respectively, the active and reactive
power measured at the high voltage side of the transformation station 110/X kV/kV which
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supplies the ith distribution network in the kth hour. The RMS voltage in this point is
assumed to be constant and equal to the rated voltage value, Un_i. Expression (9) neglects
the dependency of the equivalent resistance on temperature and distribution network load.
Coefficients c2i and c1i are defined as:

c2i , −
100 ·

Nh
∑

k=1
PdistPV_i

spec(tk)
2

Nh
∑

k=1

(
Pload_i(tk)

2 + Qload_i(tk)
2
) , i = 1, . . . , Ndist, (10)

c1i ,
200 ·

Nh
∑

k=1
(PdistPV_i

spec(tk)Pload_i(tk))

Nh
∑

k=1

(
Pload_i(tk)

2 + Qload_i(tk)
2
) , i = 1, . . . , Ndist, (11)

To achieve the requested value of Joule’s losses relative reduction, yJ_i, the following
distributed PV capacity is required to be installed in the ith distribution network:

xdist_i =
2yJ_i

c1i +
√

c1i
2 + 4c2iyJ_i

, i = 1, . . . , Ndist. (12)

For the ith distribution network, the maximal value of Joule’s losses relative reduction,
yJ_i

max, is obtained when xdist_i = xdist_i
opt = − c1i

2c2i
.

Under the condition that the installation of distributed PV systems should in all
distribution networks result in approximately the same value of Joule’s losses relative
reduction, which is as much as possible close to the value yJ

target, the required distributed
PV capacities are calculated. If for a certain value of yJ

target and distribution network i
happens to be yJ

target > yJ_i
max, then the PV capacity planned for that distribution network

will be xdist_i
planned = xdist_i

opt, otherwise, it will be:

xdist_i
planned =

2yJ_target

c1i +
√

c1i
2 + 4c2iyJ_target

, i = 1, . . . , Ndist. (13)

As not all distribution networks can achieve the value yJ
target, the weighted average

value of the achieved Joule’s losses reduction, yJ_achieved
avg, is calculated for all distribution

networks by applying the weighting coefficients equal to the share of each distribution
network consumption in the total consumption of all distribution networks.

Considering different values for yJ
target, the curve on Figure 5 is constructed. This

curve shows the dependency between the total installed capacity of distributed PV systems,
PdistPVnom_tot, and the weighted average of Joules’ losses reductions achieved in distribution
networks in the Serbian power system.

In the following it is assumed that the total installed capacity of distributed PV systems
will equal 1940.7 MW in the future power system of Serbia and that this capacity is allocated
to distribution networks using the approach described above.
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average value of Joule’s losses reductions in distribution networks in Serbia.

4.2.4. The Representative Generation Profiles of Hydroelectric Power Plants

There are several accumulation and run-of-the-river HPPs in the Serbian power sys-
tem. Their locations are shown in Figure 2a. The representative generation profiles for
accumulation HPPs “Uvac”, “Kokin Brod”, “Bistrica”, “Pirot”, “Vrla 1–4” are formed by
distributing the total annual energy generation of the power plants proportionally to the
monthly average inflows into the reservoir. Figure 6a shows the profile for HPP “Uvac”.
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Figure 6. (a) Representative generation profile for HPP “Uvac”; (b) representative generation curve
for HPP “Iron Gate 2”.

The representative generation profiles for run-of-the-river HPPs with the capability of
accumulating water within single day: “Iron Gate 1”, “Iron Gate 2”, “Potpeć”, “Zvornik”,
“Bajina Bašta” are formed using the representative generation curves such as the one in
Figure 6b which refers to HPP “Iron Gate 2”. Their annual hourly profiles are created from
daily average values. For HPPs “Med̄uvršje” and “Ovčar Banja” historical hourly values of
electric energy generation are used. The future installed capacity of HPPs is assumed to
remain the same as today.
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4.2.5. The Planning Generation Profile of Biogas Power Plants

Future installed capacity of BPPs is planned to provide the same amount of thermal
energy generation which is in the present power system supplied from cogeneration plants
(Figure 2c). It is assumed that a 1 MW power plant produces electric and thermal energy
in the ratio 1:1.0875 and that its self-consumption takes 10% of electric energy and 25% of
thermal energy [90]. Knowing the monthly thermal energy generation profile from gas
power plants, the necessary total installed capacity of BPPs their monthly average electric
power generation profile is calculated. The required total installed capacity of BPPs is
180.5 MW.

4.3. The Referent Consumption Profile

The suggested optimization model for the RES capacity structure and spatial allocation
requires the perspective total consumption profile in the Serbian power system to be known.
Since the consumption of electric energy in Serbia has not pronounced significant changes
in recent years, the optimization is performed under the assumption that the electric energy
consumption profile in the future will be the same as in the actual Serbian power system.
The reference consumption profile to be used in our optimization model is the difference
between the total hourly consumption profile and the sum of planning profiles of BPPs,
run-of-the-river HPPs and accumulation HPPs. In order to capture the weather dependency
of these profiles and their mutual correlations, the multi-year time period of coincident data
should be used. For the power system of Serbia, we considered the period of 2017–2019.
The river flows of HPPs were significantly below average in 2017 and significantly above
average in 2019.

4.4. Results

The optimal structure and spatial allocation of WPPs and utility scale PVPPs for the
scenario of complete decarbonization of electrical energy generation in Serbia is given
in Tables 1 and 2. The amount of directly supplied consumption energy is 81.8553 TWh
which presents 84.3% of the total consumption energy in the Serbian power system in the
considered period (Table 3). Shares of different generation technologies in the total electric
energy generation for the future power system of Serbia are shown in Figure 7. Figure 8
shows different generation technology shares in the total generation profile.

Table 1. Optimal capacities of WPPs in regions with technically exploitable wind resource.

Region Coordinates of the
Measuring Point

Lower Limit
(MW)

Upper Limit
(MW)

Optimal Value
(MW)

1. Vlasinski region 42.630402◦, 22.351410◦ 0 300 300.0

2. Medved̄a—Sijerinska banja 42.744032◦, 21.700192◦ 0 300 300.0

3. Kuršumlija—Kopaonik 43.166227◦, 21.068085◦ 0 200 0.0

4. Sokobanja—Boljevac 43.690319◦, 22.052176◦ 0 350 350.0

5. Vranje—Bujanovac 42.581659◦, 21.84849◦ 0 300 300.0

6. Nova Varoš—Ivanjica 43.379707◦, 20.125107◦ 0 300 2.3

7. Zlatibor 43.738277◦, 19.747049◦ 0 200 200.0

8. Tutin—Pešterska visoravan 43.07063◦, 20.29788◦ 0.4 300 300.0

9. Beograd—Smederevo 44.636960◦, 20.750840◦ 0 350 0.0

10. Požarevac—Golubac—Kučevo 44.695554◦, 21.252526◦ 0 1200 503.1

11. Južni Banat—Pančevo 44.891035◦, 20.832648◦ 380.96 1800 1278.8

12. Južni Banat—Bela Crkva 44.930052◦, 21.405840◦ 6.6 300 6.6

13. Srednji Banat 45.412857◦, 20.742172◦ 0 1000 0.0
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Table 1. Cont.

Region Coordinates of the
Measuring Point

Lower Limit
(MW)

Upper Limit
(MW)

Optimal Value
(MW)

14. Severni Banat 45.899215◦, 20.354914◦ 0 600 0.0

15. Severna Bačka 45.828923◦, 19.715525◦ 9.9 1800 1800.0

16. Južna Bačka 45.391719◦, 19.371972◦ 0 600 98.0

17. Bor—Majdanpek—Negotin 44.179440◦, 21.94357◦ 0 600 600.0

18. Kragujevac—Jagodina 44.023020◦, 21.11047◦ 0 150 150.0

19. Niš—Prokuplje 43.345336◦, 21.48325◦ 0 300 300.0

20. Paraćin—Boljevac 43.885314◦, 21.71861◦ 0 100 100.0

21. Aleksinac—Ražanj 43.632383◦, 21.62856◦ 0 500 500.0

Total: 397.46 11,550 7088.7

Table 2. Optimal capacities of utility scale PVPPs in regions with technically exploitable PV resource.

Region Coordinates of the
Measuring Point

Lower Limit
(MW)

Upper Limit
(MW)

Optimal Value
(MW)

1. Northern Serbia
(regions 1–8) 45.918◦, 20.362◦ 0 1150 732.7

2. Central Serbia
(regions 9,10,11,15,16) 44.399◦, 20.400◦ 0 3500 0

3. Eastern Serbia
(regions 12,17,21) 44.161◦, 22.374◦ 0 1700 849.3

4. Western Serbia
(regions 13,14,18,19) 43.239◦, 20.210◦ 0 800 495.3

5. South Serbia
(regions 20,22,23,24,25) 42.477◦, 21.809◦ 0 1600 1036.0

Total: 0 8750 3113.4

Table 3. Characteristics of the consumption covering for the optimized structure and spatial allocation
of RES (for the analyzed three-year referent time period). The directly supplied energy is marked red
as it is the main result.

Min. Sum of
Squared Errors

(fmin = ‖Axopt−b‖2
2)

(MWh2)

Total Generated
Energy
(TWh)

Total Consumed
Energy
(TWh)

Directly Supplied
Energy
(TWh)

Total Surplus
Energy
(TWh)

Total Shortage
Energy
(TWh)

6.5626 × 1010 99.5953 97.0935 81.8553 17.7400 15.2369

We call the difference between the total generation profile and the total consumption
profile the imbalance power profile. The imbalance power profile is also equal to the error
profile in model (1)–(5), which is the difference between the total WPP and utility scale
PVPP generation profile and the referent consumption profile. The imbalance power profile
which corresponds to the optimal structure and spatial allocation of WPPs and PVPPs in
Serbia is shown in Figure 9. Its characteristics are given in Table 4. Figure 10 also shows the
imbalance power profile but with indicated periods in which the surplus and shortage of
energy occur.
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4.5. Discussion

Based on the performed calculations, it can be concluded that the complete decar-
bonization of electric energy generation in Serbia, requires the WPPs’ capacity of 7088.7 MW,
the utility-scale PVPPs’ capacity of 3114.4 MW, the distributed PV capacity of 1940.7 MW,
and the biogas CHPs’ capacity of 180.5 MW to be installed. The optimal spatial allocation
of the WPPs’ and utility-scale PVPPs’ capacities is given in Tables 1 and 2.

Efficient integration of the optimally dimensioned variable RES requires additional
flexible capacities to be installed in the Serbian power system: energy storage systems and
possibly flexible generating units also. These flexible capacities must provide the power
profile which would compensate the difference between the total generation profile and
the total consumption profile in the future decarbonized power system of Serbia. Before
the assessment of the necessary structure and characteristics of the additional flexible
capacities, the flexibility of the existing generating units (accumulation and run-of-the-
river HPPs) should be engaged to reshape the imbalance power profile in order to reduce
the required total installed power and energy storage capacity of the additional flexible
capacities. This reshaping of the imbalance power profile should further reduce the sum
of squared imbalance power, but the total energy generation in the power system will
practically remain the same (differences will appear due to the nonlinear dependence of
the HPP’s output on the head and discharge, but the total amount of used water in HPPs
is the same). This means that in the demonstrated case, the employment of the available
flexibility of HPPs and controllable load in the Serbian power system would result in the
amount of directly supplied consumption energy of more than 84.3%. Finally, knowing
the reshaped imbalance power profile, different technology options for energy storage
can be analyzed based on suitable economic and other criteria for helping investment
decisions. Here, it is important to take into account that energy storage is accompanied
by energy losses which depend on the storage technology applied. The energy lost due to
storage has to be provided from additional generating units in the Serbian power system
whose development has to be planned afterwards. Besides transmission network flexibility
resources, significant resource for compensating the imbalance power is available on the
consumption side, which can be activated through DSM system [91]. The capacity of
controllable demand will be significantly increased through the expected integration of
electric vehicles into distribution systems. Methods for spatio-temporal load forecasting in
distribution networks with electric vehicles are developed [92] which provide day-ahead
prediction of the flexibility capacity distribution system can provide in each hour. The
system balancing on the consumption side is very economic and efficient because DSM does
not require large investment costs, and its operation practically does not affect energy losses
and does not create additional consumption of electric energy in the system, in contrast
to the dedicatedly constructed energy storage in transmission network, such as pumped-
hydro storage (PHS) or compressed air systems. Therefore, DSM should be utilized in
the future to the greatest extent possible. Off course, inter-seasonal energy displacement
will demand the existence of seasonal energy storages such as PHS and green hydrogen
and ammonia, but their utilization for intra-day balancing of generation and consumption
should be reduced to minimum through activating the more efficient DSM system.

Optimal dispatching of the available flexibility on both the generation and consump-
tion sides can be realized through economic dispatching. A model for solving dynamic
economic dispatch problems in a microgrid which contains traditional power generators,
RES and energy storage devices is presented in [93]. Economic dispatching model can be
extended to ensure low carbon dispatching of the integrated energy system as in [5,94].

The estimation of the maximal acceptable WPPs’ and utility scale PVPPs’ capacities
that could be installed in a certain region took into account the regional capacity of the high
voltage transmission network in terms of the maximal injected power which the network is
able to evacuate from that region. The construction of the connecting lines and transformer
stations is not included in the proposed model. These elements represent the missing
power system infrastructure which should be planned during the process of development
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of each WPP and PVPP. The proposed model for the optimization of spatial allocation
of WPPs’ and PVPPs’ capacities did not take into account the necessary power system
infrastructure development and the transmission network losses corresponding to a certain
RES development scenario. These aspects are envisaged to be analyzed by a separate calcu-
lation task after performing the proposed model. The perspective generation mixes that
should be considered in these analyses correspond to the scenarios in the neighbourhood
of the optimal scenario determined by the proposed model. This neighbourhood could be
defined as a convex set surrounding the optimal solution in the way it was carried out in
Section 4.5.1 when analysing the sensitivity of the optimal solution for the example of the
Serbian power system. For each perspective generation mix, it is necessary to conduct a
power system load flow and security study in order to determine the transmission network
reinforcement needed to provide reliable energy supply from the generating capacities with
the required power system security level and the acceptable level of transmission network
losses. Therefore, the definition of the set of perspective scenarios enables to reallocate the
planned WPPs’ and PVPPs’ capacities relative to the optimal allocation of these capacities
in order to adjust the RES planning scenario to the transmission network, while having the
acceptable deviation from the optimum which minimizes the flexibility requirements. This
way it is possible to find the optimal RES planning scenario which would take into account
both the effect of RES spatial allocation on the flexibility requirements and the effect of RES
spatial allocation on the transmission network expansion and losses. When analyzing the
necessary development of the missing transmission network infrastructure, as well as the
exploitation of the existing transmission network, the dynamic thermal rating (DTR) system
should be taken into account. This could provide the real transmission network capacity in
windy areas to be significantly larger in comparison to the transmission network capacities
calculated using static thermal models [95,96]. By applying the DTR system, the acceptable
WPPs’ capacities to be integrated can be significantly increased. When conducting the
economic evaluation of the optimal solution and considering the necessary expansion and
reinforcement of the transmission network, as well as the development and allocation of
storage capacities, it is necessary to take care about the level of resilience of the electric
power system. Besides energy independence, the resilience of electric power system is
one of the imperatives of decarbonization process. One of the models for estimating the
operating state of a perspective decarbonized power system regarding the evaluation of its
resilience is proposed in [97].

The proposed model for the optimization of spatial allocation of WPPs’ and PVPPs’
capacities did not take into account the necessary power system infrastructure development
and the transmission network losses corresponding to a certain RES development scenario.
These aspects are envisaged to be analyzed by a separate calculation task after perform-
ing the proposed model. The perspective generation mixes that should be considered in
these analyses correspond to the scenarios in the neighbourhood of the optimal scenario
determined by the proposed model. This neighbourhood could be defined as a convex
set surrounding the optimal solution in the way it was carried out in Section 4.5.1 when
analysing the sensitivity of the optimal solution for the example of the Serbian power
system. For each perspective generation mix, it is necessary to conduct a power system
load flow and security study in order to determine the transmission network reinforce-
ment needed to provide reliable energy supply from the generating capacities with the
required power system security level and the acceptable level of transmission network
losses. Therefore, the definition of the set of perspective scenarios enables to reallocate the
planned WPPs’ and PVPPs’ capacities relative to the optimal allocation of these capacities
in order to adjust the RES planning scenario to the transmission network, while having the
acceptable deviation from the optimum which minimizes the flexibility requirements. This
way it is possible to find the optimal RES planning scenario which would take into account
both the effect of RES spatial allocation on the flexibility requirements and the effect of RES
spatial allocation on the transmission network expansion and losses.
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4.5.1. Sensitivity Analysis of the Optimal Solution

If, for any reason, the necessity arises to consider different RES developments in certain
regions than the one obtained by model (1)–(5), it is important to know how much the
deviation from the optimal solution will cost in terms of the change of directly supplied
energy to consumers and in terms of the change of maximal imbalance power magnitude.
In such cases, the planner can perform the calculation of model (1)–(5) with additional
constraints requiring the installed capacities in certain regions to equal the desired values
of the installed capacities. Here, we consider the RES development scenarios corresponding
to the sum of squared errors which is not larger than the minimum for more than a certain
percent, p, and investigate how much are the imbalance power profiles corresponding to
these scenarios different from the optimum.

Since the criterion function (2a) is strictly convex and its domain is a convex set, it is
possible to define a bounded convex set:

S(p) =
{

x
∣∣∣∣ f (x) = ‖Ax− b‖2

2 ≤
100 + p(%)

100
fmin

}
, (14)

where fmin is the minimum of the criterion function (2a) in model (1)–(5). Such set can be
defined using any vectors ∆xj which satisfy the condition:

f
(

xopt + ∆xj
)
=

100 + p(%)

100
fmin, (15)

in the following way:

S(p) =

{
x

∣∣∣∣∣x = xopt + ∑
j

αj∆xj, αj ≥ 0, ∑
j

αj ≤ 1, f
(

xopt + ∆xj
)
=

100 + p(%)

100
fmin

}
. (16)

Here, vector xopt =
[
x1

opt, . . . , x26
opt]T is the solution to model (1)–(5) and its coordi-

nates are optimal regional capacities of WPPs and utility scale PVPPs. Set S(p) defined
by (16) does not contain all vectors for which the relation (14) holds, but it is convenient
to define it as the planner would be able to immediately recognize if a certain scenario
belongs to the defined set. As function f = ‖Ax− b‖2

2 is strictly convex, it holds:

f (x) <
100 + p(%)

100
fmin, ∀x ∈ S, x 6= xopt + ∆xj. (17)

Thus, the function f attains the largest value on set S in x = xopt + ∆xj. This means that,
on set S, the imbalance profile g(x) = Ax − b differs the most from gopt = Axopt − b in
x = xopt + ∆xj. In order to quantify how much is acceptable for a scenario x to deviate
from the optimum, we propose the following indicators: the maximal allowed decrease
in the amount of directly supplied energy, Wdirectly_supplied(x), and the maximal allowed
increase in the surplus power magnitude, Psurplus_99%(x), which represents the maximal
value of surplus power for 99% of the time. We want to find out how much the installed
capacities can be changed with respect to the optimal values while having the mentioned
indicators inside of the allowed ranges. In practice, different options for defining these
ranges should be analyzed and the final choice should be supported by additional studies
and economic considerations. Here, for the sake of discussion, we assume that in a scenario
with a suitable imbalance profile the directly supplied energy should not decrease from the
optimum for more than 1%, and that Psurplus_99%(x) should not increase from the optimum
for more than 1%. If for all j holds:

Wdirectly_supplied

(
xopt + ∆xj

)
≥ 0.99Wdirectly_supplied(xopt) ∧ Psurplus_99%

(
xopt + ∆xj

)
≤ 1.01Psurplus_99%

(
xopt

)
, (18)
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then these conditions probably hold for each x ∈ S(p). In the following, we defined the set
S(p = 1%) for which we verified this assumption for large number of randomly generated
vectors from this set.

Vectors ∆xj should be chosen in such way to describe both the range of possible
increase and the range of possible decrease for all coordinates of vector xopt. One possible
choice of a set of vectors ∆xj for which the criterion function increases 1% is shown in
Figures 11 and 12. These vectors describe how much is possible to change the installed
capacities from the optimal values and to have the sum of squared errors increased no more
than 1%. For example, in the PVPPs’ region 2 it was identified large technical potential
for development of 3500 MW, but the optimal capacity mix allocated zero capacity in this
region (Table 2). However, sensitivity analysis results given in Figure 12 show that even
installing 1369.5 MW in PVPPs’ region 2 would be acceptable to install if capacities in other
regions change according to the values in column 32 in Figure 12. Similar considerations are
possible for other regions. Similar considerations based on sensitivity analysis results are
possible for all RES development scenarios that can be represented as linear combinations
of vectors in Figures 11 and 12 in the following way:

x = xopt +
33

∑
j=1

αj∆xj, αj ≥ 0,
33

∑
j=1

αj ≤ 1. (19)

Results in Figures 11 and 12 confirm that the capacities in the WPPs’ regions: 1, 2, 4, 5,
7, 8, 15, 17–21 cannot be increased as their optimal values equal the maximal acceptable
capacities in these regions. Additionally, the capacities in WPPs’ regions: 3, 9, 12–14, and in
PVPPs’ region 2, cannot be decreased as their optimal values are zero or equal the already
existing capacities in these regions.
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Larger deviations from the optimal scenario can be imposed by other practical lim-
itations which were not taken into account by model (1)–(5). The installed capacities in
certain regions may be turned to zero in case the network infrastructure development in
those regions is too expensive. Additionally, it might be important to investigate the effect
of greater development of RES in certain regions in order to align the targeted capacities
with the interests of potential investors. These requirements can be added to model (1)–(5)
as additional equality and inequality constraints. To help the analysis of such scenarios
and reduce the number of extensive computations of model (1)–(5), the similarity between
generation profiles of power plants in different regions is analyzed in the next section.

4.5.2. Similarity between RES Generation in Different Regions

In real conditions of electric power system development in the process of decarbonization,
it is very possible that, for different reasons, the targeted optimal capacity value of WPPs and
PVPPs in some regions needs to be changed. These reasons could be economic or additional
ecological constraints could be established or the estimation of the available resource could be
corrected in some regions after conducting dedicated measurements. For practical applicability
of the obtained optimal solution for spatial allocation of WPPs and PVPPs, it is necessary
to analyze what is the best way to reallocate capacities of WPPs and PVPPs if a change of
capacity of WPPs or PVPPs from the optimal value in certain region is necessary.

If the planner considers changing capacity in exactly one region, then from
Figures 13 and 14, he can conclude what is the best way to reduce the deviation from
the optimum by changing the installed capacities in other regions. These tables give the
qualitative description of the relationship between the optimal changes of capacities in
different regions (designated by black arrows) if the capacity in single region is changed
(designated by red arrows). Blue fields in Figures 13 and 14 denote WPPs’ regions, yellow
fields denote PVPPs’ regions. The numbers designate WPPs’ and PVPPs’ regions, and
the numeration corresponds to Tables 1 and 2. At the intersection of each row j and each
column i (i 6= j) in Figures 13 and 14, a black arrow is placed if a change of the capacity
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from the optimal value in region i can compensate the effect of capacity change in region
j. These arrows can have different sizes (the legend is shown in the lower left corner of
Figures 13 and 14) which represents that the relative intensity of the capacity change from
the optimal values is different in different regions. If the arrow in column i is larger than
the arrow in some other column, k, in the same row, this means that the required change of
capacity from the optimal value in region i is larger than the required change of capacity
from the optimal value in region k. An upward directed arrow means that the compensation
effect is accomplished by the increase in the capacity from the optimal value in the region
corresponding to the column in which the arrow is placed. A downward directed arrow
means that the compensation effect is accomplished by the decrease in the capacity from
the optimal value in the region corresponding to the column in which the arrow is placed.
The crossed red arrow in Figure 13 shows that the installed capacity in the region j cannot
be increased since its optimal value equals the upper boundary determined by the available
area for constructing the power plants in that region. Similarly, in Figure 14, the crossed
red arrow shows that the installed capacity in the region j cannot be decreased since its
optimal value equals the lower boundary.

For example, if there is an interest to increase the capacity of WPPs to be installed in
region 7, then in order to achieve as small deviation as possible from the minimum value of
the criterion function (2.1) (the sum of the squared errors), it would be needed to decrease
the most the capacity of WPPs to be installed in region 16, the somewhat less decrease
would occur in WPPs’ regions 10 and 15, the even less decrease would happen in WPPs’
region 11. The change of capacities in PVPPs’ regions 1, 3 and 5 would be less than the
change in WPPs’ region 11, and the smallest change (practically insignificant) would occur
in PVPPs’ region 4. Figure 14 is created analogously for decreasing the installed capacity
up to the lowest possible value which satisfies the constraints (2.2)–(2.4). If the planner
needs to change the planned capacity in more than one region, Figures 13 and 14 will again
give the set of regions in which capacities can be changed to reduce the deviation from the
optimum, but the relative influence on these regions cannot be concluded from these tables.

Energies 2023, 16, x FOR PEER REVIEW 28 of 36 
 

 

 

Figure 13. Means to reduce the effect on the sum of squared errors when increasing the capacity in 
exactly one region. 

 
Figure 14. Means to reduce the effect on the sum of squared errors when decreasing the capacity in 
exactly one region. 

Figure 13. Means to reduce the effect on the sum of squared errors when increasing the capacity in
exactly one region.



Energies 2023, 16, 3251 27 of 34

Energies 2023, 16, x FOR PEER REVIEW 28 of 36 
 

 

 

Figure 13. Means to reduce the effect on the sum of squared errors when increasing the capacity in 
exactly one region. 

 
Figure 14. Means to reduce the effect on the sum of squared errors when decreasing the capacity in 
exactly one region. 

Figure 14. Means to reduce the effect on the sum of squared errors when decreasing the capacity in
exactly one region.

In the last column of Figures 13 and 14 is shown the relative change of the criterion
function (2.1) if the maximal acceptable change of the capacity in the region corresponding
to the row is demanded. For example, according to the data in Table 2, in the region
of central Serbia the maximal acceptable capacity for utility scale PVPPs is estimated to
be 3500 MW. The proposed optimization model does not support the development of
PVPPs in this region. If PVPPs of capacity 3500 MW instead of 0 would, nevertheless, be
developed in this region, then, according to the data in Figure 13, it would be the most
effective to reduce the optimal values of installed PVPPs’ capacity in regions 1, 3 and 5 for
the approximately equal amount, somewhat less reduction in the optimal capacity value
should occur in PVPPs’ region 4. The change of capacity should be approximately the same
in WPPs’ regions 10 (decreasing), 11 (decreasing), 15 (increasing) and 16 (increasing), and
less than the capacity change in PVPPs’ region 4. The smallest capacity reduction should
occur in WPPs’ region 6. In the remaining regions, the installed capacities should be kept
on the optimal values, as calculated by model (1)–(5), which are shown in Tables 1 and 2. If
these changes are applied in the optimal amounts, the criterion function would minimally
deviate from the optimum. In this case, the increase in the criterion function would be
4.0365%; this information is given in the last column of Figure 13.

The results in Figures 13 and 14 reveal the positive correlation between specific gen-
eration profiles in different regions: if the increase in the capacity in the region j can be
compensated by a large decrease in the capacity in the region i. This way, regions with
similar generation profiles can be identified, for example WPPs’ region 9 is similar to WPPs’
region 10 and WPPs’ region 14 is similar to WPPs’ region 15.
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4.5.3. Characterizing the Imbalance Profile Variability for a Certain RES
Development Scenario

In order to represent the variability which characterizes the imbalance profile corre-
sponding to a certain RES development scenario, we define the averaged effective balancing
power related to a time period T,Pe f f _balancing

avg(T), as follows:

Pe f f _balancing
avg(T) =

1
Nperiods(T)

Nperiods(T)

∑
j=1

Pe f f _balancing_j(T), (20)

Pe f f _balancing_j(T) =

√√√√√ 1
T

kending_j

∑
k=kbeginning_j

[
Pimbalance(tk)− Pimbalance_avg_j

]2
· 1h, (21)

Pimbalance_avg_j =
1
T

kending_j

∑
k=kbeginning_j

Pimbalance(tk), (22)

where kbeginning_j and kending_j are the first and the last hour of the jth period which duration
is T hours. The number of such periods in the considered time horizon of Nh hours is
Nperiods(T). The average of the imbalance power in the jth period is Pimbalance_avg_j. The
deviation of the imbalance power from its centered moving average is used in (22) to
calculate the effective balancing power, Pe f f _balancing_j(T). The effective balancing power
defined this way represents the standard deviation of the imbalance power for a certain
time period. Figure 15 shows the averaged effective balancing power depending on the
duration of the period T. Characteristic values of this curve are:

• Pe f f _balancing
avg(T = 24 h) = 961.2 MW;

• Pe f f _balancing
avg(T = 168 h) = 1323.6 MW;

• Pe f f _balancing
avg(T = 365/4 · 24 = 2190 h) = 1673.8 MW.
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5. Conclusions

The proposed optimization model is demonstrated on the example of long-term RES
development planning for complete decarbonization of electric energy generation in the
Serbian power system which assumes the substitution of all the existing coal-fired thermal
power plants by WPPs and PVPPs. It was shown that the optimal RES development
planning according to the proposed methodology results in such structure and spatial
allocation of WPPs and PVPPs which would provide more than 84% of consumption to be
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directly supplied from these sources without storage capacities. Demand side management
and optimized operational planning of accumulation HPPs could further increase the
amount of directly supplied consumption from RES in order to minimize the requirements
for developing additional storage capacities.

The proposed model for the optimization of structure and spatial allocation of WPPs
and PVPPs represents physical optimization, i.e., the adjustment of natural weather profiles
of the primary resources (river flows, wind and irradiation) with the time profile of total
electrical energy demand in the analyzed power system. It is based on LS method which
makes the best use of the natural complementarity between wind, solar and hydro energy
resources and their correlation with the total consumption profile in the future power
system in order to achieve the best possible adjustment between the total generation profile
and the total consumption profile. Besides maximizing the directly supplied consumption,
the proposed model implicitly provides that the requirements from the additional flexibility
capacities, which have to accompany the development of the RES, are simultaneously
minimized which is of key importance for the stability of an electric power system. This
also means that in general the energy that would have to pass through energy storage
systems is minimized and, therefore, the required energy storage capacity and energy
losses due to storage are minimized, whereas the required total installed power of storage
systems is minimized, which reduces the investment costs and increases the power system
energy efficiency.

The proposed model gives the best physical adjustment between the total generation
and the total consumption profiles in the completely decarbonized electric power system
and the attained optimum does not depend on any external factors (disruptions on the
markets of primary energy sources and raw materials, wholesale electricity price, etc.). This
optimization gives the highest level of electric power system independence and, indirectly,
the highest reliability of electricity supply. The proposed model represents the basis for the
economic optimization which should take into account economic aspects such as the cost
of construction, operation and maintenance of RES capacities, costs for the development,
reinforcement and exploitation of the transmission network, as well as the costs related
to construction and exploitation of the balancing capacities. Economic aspects depend
on market conditions and their long-term planning is not reliable, so it is necessary to
conduct several phases of mid-term planning of WPPs and PVPPs in order to obtain the
optimal spatial allocation of these plants. This optimum has significant flexibility, which is
demonstrated on the example of the Serbian power system in Section 4.5.1. The flexibility
of the optimal solution provides the possibility of performing additional optimizations in
the surroundings of the optimal solution which take into account economic aspects and
provide the minimal deviation from the physical optimum of the balance between the total
generation and consumption profiles.

The proposed RES planning methodology could be used as a foundation for the
development of the national energy strategy by serving as a guidance for defining capacity
targets for regional capacity auctions in order to direct the investments in wind and solar
power plants and achieve transition to dominantly renewable electricity production.
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Nomenclature

WPP Wind power plant
PVPP Photovoltaic power plant
RES Renewable energy sources
TPP Thermal power plant
PV Photovoltaic
ESOM Energy system optimization model
MGA Modelling to generate alternatives
ETEM Energy technology environment model
RE Renewable energy
LS Least squares
HPP Hydroelectric power plant
LDP Least distance programming
NNLS Nonnegative least squares
CHP Combined heat and power
BPP Biogas power plant
IPA Important plant areas
IBA Important bird areas
PBA Prime butterfly areas

List of Symbols

A The system matrix
PWPPspec_j(tk) The specific generation of WPPs in region j in the kth hour of the referent planning period.
PPVspec_i(tk) The specific generation of PVPPs in region i in the kth hour of the referent planning period.
Nh The number of hours in the referent planning period.
N The number of years in the referent planning period.
NWPP The number of regions with technically exploitable wind potential.
NPV The number of regions with technically exploitable PV potential.
PWPPnom_j The installed capacity (rated power) of WPPs in region j.
PPVnom_j The installed capacity (rated power) of PVPPs in region j.
xmin The column vector of capacities of already existing WPPs and PVPPs in the analyzed regions
xmax The column vector of maximal acceptable installed capacities of WPPs and PVPPs in the analyzed regions.
Pre f _load(tk) The referent consumption power in the kth hour of the referent planning period.
PdistPVtot(tk) The total distributed PV generation power in the kth hour of the referent planning period.

b
The column vector which elements are the differences between the referent consumption power and
the total distributed PV generation power in each hour of the referent time period, chronologically ordered.

Nh
m The number of hours in the mth year of the referent time period.

hm The difference between the energy of the referent consumption profile and the total generated energy
from distributed PV in the mth year of the referent time period.

Gm
The row vector which elements are the total energy produced by unit capacity of WPPs or PVPPs
in analyzed regions during the mth year of the referent time period.

WWAsP_j The expected annual energy generation for the representative wind turbine of WPPs in region j.
Vji Wind speed measured at the representative wind turbine mast height in the ith hour in the region j.
ρji Air density measured at the representative wind turbine mast height in the ith hour in the region j.
Ve f f _j(ti) The effective wind speed at the representative wind turbine mast height in the ith hour in the region j.
ρ0 The standard air density.
ηj The scaling coefficient for region j.

Ppower_curve_j

(
ηjVe f f _j(ti)

) The value of power on the power curve of the representative wind turbine corresponding to
the value of wind speed equal to ηjVe f f _j(ti).

Ndist The number of distribution networks.
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PdistPV_i
spec The specific PV generation profile for the ith distribution network.

yJ_i The relative reduction in Joule’s losses in the ith distribution network.
Req_i The equivalent resistance which models the total Joule’s losses in the ith distribution network.

Pload_i(tk)
The active power measured at the high voltage side of the transformation station which
supplies the ith distribution network in the kth hour.

Qload_i(tk)
The reactive power measured at the high voltage side of the transformation station which
supplies the ith distribution network in the kth hour.

Un_i
The rated RMS voltage at the high voltage side of the transformation station which
supplies the ith distribution network.

c1i, c2i
Coefficients for calculating the relative reduction in Joule’s losses in the ith distribution network which
would be achieved by installing the distributed PV capacity xdist_i in that network.

yJ_i
max The maximal relative reduction in Joule’s losses in the ith distribution network.

xdist_i
opt The installed capacity of distributed PV systems in the the ith distribution network which

would result In the maximal relative reduction in Joule’s losses in that network.

yJ
target The target value of the relative reduction in Joule’s losses which the planner

attempts to exactly or approximately achieve in each distribution network.
xdist_i

planned The distributed PV capacity planned to be installed in the ith distribution network.

yJ_achieved
avg The weighted average value of the achieved Joule’s losses

reduction in all distribution networks.

PdistPVnom_tot
The total capacity of distributed PV systems planned to be installed
in all distribution networks.

S(p)
A bounded convex set of RES development scenarios scenarios in the neighbourhood of the optimal scenario,
for which the criterion function is no more than p percent larger than the minimum.

p The percentage increase in the criterion function relative to the optimal value
∆xj The jthe vector in the set of vectors chosen to define the set S(p).
αj The jthe coefficient in the set of coefficients which describe exactly one scenario x in the set S(p)
xopt The vector which coordinates are the optimal capacities of WPPs and PVPPs obtained by solving the model (1)–(5).
xi

opt The ith coordinate of the vector xopt.
f The criterion function in the model (1)–(5).
fmin The optimal value of the criterion function in the model (1)–(5).

g(x)
The vector which elements are the imbalance power corresponding to the RES development scenario x,
In each hour of the referent time period, chronologically ordered.

Wdirectly_supplied(x) The amount of directly supplied energy corresponding to the RES development scenario x.

Psurplus_99%(x)
The surplus power magnitude which represents the maximal value of surplus power for 99% of the time,
corresponding to the RES development scenario x.
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