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Hybrid Renewable Energy Systems for Public Buildings: Optimization and Sustainability

Damir SPAGO*, Azrudin HUSIKA, Safet ISIC, Halima HADZIAHMETOVIC

Abstract: This study develops an optimization model for hybrid renewable energy systems (HRES) to improve energy efficiency and sustainability in public buildings. A case
study at the Faculty of Mechanical Engineering in Mostar integrates a water-to-water heat pump, photovoltaic panels, solar collectors, and a small wind turbine. A two-step
optimization process was used: the Simplex method optimized the thermotechnical system, minimizing the Net Present Cost (NPC), while Homer Pro determined the optimal
electricity generation configuration. The VIKOR method ranked six scenarios based on energy, environmental, and economic criteria. Results show that Scenario S5,
featuring a 120 kW water-to-water heat pump and solar collectors covering 60% of domestic hot water demand, achieved the lowest primary energy consumption (58,438.6
kWh), lowest CO emissions (19,284.7 kglyear), and the most favourable Levelized Cost of Heating/Cooling (LCoH/C). Scenario S2, with pellet and air-to-water heat pumps,
exhibited the highest autonomy (100%) but at a higher cost. The study confirms that HRES, particularly heat pump-based solutions, can cut emissions and reduce reliance
on fossil fuels while maintaining economic feasibility. These findings support the transition towards prosumer-based energy models, aligning with Bosnia and Herzegovina’s

decarbonization goals.
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1 INTRODUCTION

Numerous studies in recent years have focused on
developing optimization models for energy systems
particularly on the integration of renewable energy sources
(RES). The motivation for these projects stemmed from
global challenges related to climate change rising
greenhouse gas emissions and energy insecurity. The
European Union through its Green Deal aimed to achieve
climate neutrality by 2050 offering countries like Bosnia
and Herzegovina (B&H) the opportunity to adapt their
energy strategies accordingly [1, 2]. The building sector
both globally and in B&H remains a significant energy
consumer accounting for around 40% of total energy use.

In B&H more than 90% of this energy is derived from
fossil fuels such as coal, firewood, and natural gas, while
the share of renewables remains negligible [3, 4]. This
reliance on fossil fuels leads to substantial CO, emissions
exacerbating climate change. Researchers have developed
numerous models for optimizing hybrid systems that
integrate various RES technologies such as solar
collectors, photovoltaic panels, heat pumps, and small
wind turbines.

These systems have demonstrated significant potential
in reducing energy costs and emissions while improving
energy security. For instance, Hamdy et al. (2016)
employed multi-objective optimization methods for
residential buildings using Matlab, while Ghaem (2018)
developed optimization models for rural polygeneration
systems using TRNSY'S and Homer Pro [5, 6].

Similarly, Zecevi¢ (2018) applied the VIKOR method
to analyze energy efficiency in educational institutions
contributing to the advancement of multi-criteria decision-
making methods [7]. This study utilized a hybrid energy
system at the Faculty of Mechanical Engineering in Mostar
as a case study. The system includes a water-to-water heat
pump, solar collectors, photovoltaic panel, and a small
wind turbine. Experimental measurements conducted on
this system provided the data necessary for developing an
optimization model. Statistical data indicates that in 2021.
renewable energy accounted for 29% of global electricity
generation while in B&H the share was less than 2% [8].

The International Renewable Energy Agency
(IRENA) estimated that increasing the share of renewables
in the energy mix could reduce CO, emissions by up to
70% by 2050 [9].

This research builds on previous works such as those
by Wright and Farmani (2001) who wused genetic
algorithms to optimize building energy systems, and
Elkadeem et al. (2021) who combined GIS tools and multi-
criteria methods to analyse energy solutions for rural areas
[10, 11]. It contributes to the field by integrating a two-step
optimization approach that combines the Simplex method
for thermotechnical system optimization, Homer Pro for
grid-connected electricity system configuration, and the
VIKOR method for multi-criteria ranking of scenarios.

The novelty lies in applying this combined method to
areal-world case study of a public building in Herzegovina
with experimentally validated data. The research uniquely
considers both operational and installation constraints,
providing insights into system behavior under realistic
climatic and energy demand conditions. Unlike most
studies focusing solely on cost or energy indicators, this
work addresses the energy-environment-economy (3E)
dimensions simultaneously, supporting the prosumer
transition model in public sector buildings.

The goal of this research was to create a two-step
optimization model that simultaneously considers energy,
economic, and environmental aspects while enabling the
transformation of traditional consumers into prosumers
that both produce and consume energy.

2 METHODOLOGY

The optimal hybrid energy system for consumer
energy supply is determined through a multi-step
optimization  process.  Single-criteria  optimization
approaches often fail to meet all investor requirements,
while some optimization tools may not provide sufficient
accuracy [12].

In this study, the first step involved the Simplex
method applied to optimize the thermomechanical segment
of the hybrid system. Through cost-optimal analysis this
method identifies the optimal combinations of
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technologies that constitute the hybrid system. The global
objective function was defined as the Net present cost
(NPC) of the system.

The electrical energy component of the hybrid system
was optimized using Homer Pro software which evaluates
system configurations based on cost-effectiveness criteria.

The second step involved ranking and selecting the
optimal hybrid system using the VIKOR method, a multi-
criteria decision-making technique. For this purpose,
criteria functions representing influential parameters in the
optimization process were defined, and weight factors
were assigned to each criterion to reflect investor
preferences.

These weight factors guided the optimization toward
solutions that balance energy, environmental, and
economic considerations.

2.1 Simplex Method Optimization Process

The Simplex method developed by Dantzig in 1947.
[13] is a linear programming technique that solves
optimization problems through iterative steps starting from
an initial solution and progressing to an optimal solution,
if one exists.

It is finite, providing solutions in a limited number of
iterations, and general, capable of addressing any linear
programming problem or identifying when no solution
exists.

In this study the Simplex method was applied to
optimize the thermotechnical segment of the hybrid system
which supplies energy for heating, cooling, and domestic
hot water.

The NPC representing total system costs over its
lifetime (investment, operational, and maintenance costs)
was used as the objective function. Nonlinear cost
functions describing individual technologies were
linearized and optimized to minimize the NPC with the
solution representing the minimum value of the objective
function. The linearized optimization objective function is
given by Eq. (1).
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where X, and X, indicate the installed power and operating
time of certain technology in (kW) and (kWh) respectively,
Cn and Crare operating and fuel costs in (BAM/kWh), and
C, is the investment cost in (BAM/kW), dx, and dx,
represent changes in the values of variables during
iterations in the optimization process.

Investment costs were a function of installed capacity,
operating and fuel costs were a function of energy
produced. In the optimization process using the Simplex
method, several constraints were defined to ensure the
hybrid system meets energy demands and operational
requirements.

These constraints included limits on the installed
power of each technology, ensuring it aligns with the
calculated heating and cooling demands. Operating time
constraints were also set based on seasonal requirements
reflecting the building's usage patterns.

Additionally, total energy demand for heating,
cooling, and domestic hot water was incorporated,
alongside conditions ensuring the system's total installed
power satisfies the building's thermal losses and gains.
Non-negativity constraints ensured all variables remained
realistic, and initial values were set within these boundaries
to enable accurate and efficient optimization [14].

2.2 Optimization Process Using Homer Pro

As part of the first step of hybrid system optimization
in this study, the segment of HRES responsible for meeting
the consumer's electricity demands was also optimized to
determine the best system configuration. Unlike the
thermotechnical segment, which is designed to fully meet
consumer needs autonomously, the electricity generation
system allows for the purchase and sale of electricity to the
grid. This approach considers a grid-connected hybrid
electricity generation system based on RES, in contrast to
standalone systems. In alignment with the optimization
function used for the thermotechnical segment, the
electricity generation system was optimized based on the
(NPC), calculated using Homer Pro software.

Homer Pro derives total annual costs which are then
used to determine the (LCoE).

The LCoE serves as a key metric in the second
optimization step using the VIKOR method. Homer Pro
calculates the total annual system costs based on a
predefined relationship Eq. (2).

C

ann.tot — CRF(i'Rproj)' CNPCcl. (2)
where Cunnot is the total annual system costs (BAM), i is
the discount rate set at 5%, Rprojis the project lifespan set
at 25 years, Cnpc el is the present cost of the system (BAM),
CRF 1is the Capital recovery factor which depends on the
system's lifespan and the discount rate [15].

2.3 Optimization Process Using VIKOR Method

In the second step of system optimization the
previously mentioned multi-criteria optimization and
ranking method VIKOR was used. To perform
optimization and ranking of hybrid system scenarios with
this method influential criteria were defined to select the
optimal configuration of the hybrid system consisting of
both the thermotechnical segment and the -electricity
generation segment. Each criterion influencing the
selection of the optimal combination of technologies was
calculated as an independent function with its values
optimized for decision-making purposes.

The following criteria functions were defined for
optimization using the VIKOR method:

e fl: Primary energy consumption

Primary energy consumption is calculated as the ratio
of energy used for heating, cooling, and domestic hot water
preparation divided by the average efficiency of the
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technology such as the COP for heat pumps and split
system air conditioners as presented in Eq. (3).

For technologies that use electricity as the driving
energy source the consumed energy is multiplied by the
primary energy factor for the grid in Bosnia and
Herzegovina (kyrim. B&H =2.2) [16].

- _ QcHpuw)nd 3
(C.H,DHW ).prim — COP or 1y “Mprim ( )

where Qcupwhynd 1S the annual energy required for
heating/cooling and domestic hot water (kWh/year), COP
is the coefficient of performance for the heating/cooling
system, 7 is the efficiency of the technology used for
heating and DHW such as boilers, kpim is the primary
energy factor for the grid in B&H. The total primary energy
consumption Eprimor. Was calculated as the sum of primary
energy consumed for heating, cooling, and domestic hot
water (DHW) needs.

* f2: Share of RES in total primary energy

The share of renewable energy sources (RES) is
calculated as the total energy produced from RES divided
by the total primary energy consumption of the scenario
given in Eq. (4).

ERES
4
Z “)

prim.tot

Uggs =

where Urgs is the share of renewable energy sources in
total primary energy (%), Eres is the energy produced from
renewable energy sources (kWh), Eprimi: 1S the total
primary energy consumption of the scenario (kWh).

e {3: Degree of autonomy

The degree of autonomy of the hybrid system
represents the ratio of the total electricity produced by the
hybrid system installed at the consumer's site to the
electricity consumed. This function is calculated
exclusively for electricity, as all heating and cooling
energy needs of the consumer are fully met by the system's
own production given in Eq. (5).

_ EELProd.
EauToN. = )
EEI.Cons.

where Egiproa. 1S the electricity produced by the hybrid
system (kWh), EgrLcons 1s the electricity consumed by the
consumer (kWh). The degree is in % calculated.

e f4: Carbon footprint (CO2 emissions)

Carbon dioxide emissions were calculated based on
the energy consumed from fuel for direct emissions and the
electricity consumed from the grid for indirect emissions
and then summed accordingly to Eq. (6).

where Eco» are the direct and indirect emissions of CO» in
(kg/a), k is the emission factor of fuel (kg CO2/kWh), kgria
is the emission factor of electricity grid of B&H which is
0.7746 (kgCOx/kWhe) [16], M is the total fuel

consumption in kWh and N is the total electricity
consumed from grid in kWh.

e f5: Levelized cost of heating/cooling (LCoH/C)

The levelized cost of thermal energy LCoH/C
represents a measure of the net present cost of energy
production calculated as the ratio of the net present cost of
the system to the total energy produced [17]. The LCoH/C
is calculated according to Eq. (7).

n I, +M,+F,
Zt:l (1+r)t

Zl’i E[

=1 (1+r)t

LCoH /C =

O]

where /; are the investment cost (Capex) (BAM/kW), M,
are the operational and maintenance costs (Opex) in
(BAM/kW or BAM/kWh), F, are the fuel cost
(BAM/kWh), r is the discount rate (5%), n is the lifespan
(set to be 20 years), E; is the thermal energy produced for
heating, cooling and DHW (kWh).

o f6: Levelized cost of electricity (LCoE)

The levelized cost of electricity uses the same formula
as the levelized cost of heating/cooling and was
automatically calculated in the Homer Pro software.

The VIKOR method is a multi-criteria decision-
making approach used to rank and optimize hybrid energy
systems based on conflicting criteria. It identifies a
compromise solution by minimizing the distance from an
ideal solution while considering trade-offs [18, 19]. The
method begins with constructing a decision matrix (DM)
of criteria functions for all alternatives. The best (f*) and
worst (f—) values for each criterion are identified, and the
normalized distances are calculated as in Eq. (8).

dj =———foralli=l.n.j=1..m. ®)

sk

fi =1y

1 1
where dj are the distances, i is the number of scenarios or
alternatives and j is the number of criteria functions. For
this study the matrix is set to be 6 by 6 for six scenarios and
six criteria functions. Weighted sums (S;) and maximum
distances (R;) are calculated as in Eq. (9).

S; = iwidij;Ri = max; I:Wl-dij:' )
i=l

The compromise ranking measure (Q;) is determined
by Eq. (10).

(10)

where o represents the weight of decision-makers'
preference for group utility versus individual regret. The
alternative with the lowest Q; is the optimal solution
provided it satisfies stability and dominance conditions.

In this study the Simplex method was used to optimize
the thermotechnical segment of the hybrid system, after
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which the electricity consumption for the same system was
calculated and input into Homer Pro software to identify
the optimal configuration for meeting the consumer's
electricity demands. This combination represented the first
scenario for the VIKOR method. The other five scenarios
were randomly selected to provide insight into a broader
range of technology combinations for covering different
consumer energy needs, including some based on
renewable energy sources (RES) and others on fossil fuels.
Since both the Simplex method and Homer Pro optimize
systems solely from a cost perspective, the VIKOR method
offered a multi-criteria perspective, enabling optimization
beyond costs to include energy and environmental aspects.
This was facilitated by previously defined criteria
functions allowing optimization across the 3E framework:
energy. environment. and economy. The overall two step
optimization model is presented in Fig. 1.

Input

AN
N
\ HRH Litera, Opuma] HRES
N SCEN\RIOS Functions 3E Concept
¥

Input .
\ |

3 EXPERIMENTAL RESEARCH

Figure 1 Two-step optimization model

The study was conducted at the Faculties of
Mechanical Engineering in Sarajevo and Mostar, focusing
on system performance and climate data analysis. Key
parameters included temperature, solar irradiance, wind
speed, heat output, and electricity use. Solar data for
Sarajevo were measured and validated against PV GIS,
while Mostar used PV GIS data reduced by 10% due to the
absence of local measurements. All climate data were
validated using records from the Hydrometeorological
Institute of Bosnia and Herzegovina.

Comparison of measured and 15-year average PV GIS
solar radiation for Sarajevo is presented in Fig. 2.
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Figure 2 Comparison of solar Irradiance for Sarajevo

The solar irradiance was measured for the year 2021.
and compared with a 15-year reference period available
from the PV GIS database. It is noteworthy that in certain
months measured values exceeded those obtained from the

PV GIS database, as observed in December the least
favorable month, and February. The highest solar
irradiance was recorded in July. On an annual average, the
irradiance obtained from PV GIS was 109 kWh/m?, while
the measured value was 89.9 kWh/m?> reflecting a
difference of approximately 17%. As mentioned in earlier
chapters the solar irradiance for the Mostar area used in
optimization calculations was reduced by 10% to simulate
more challenging conditions for solar-based technologies
and assess their competitiveness under such circumstances.

Although a review of scientific studies indicates a
good match between measured and retrieved solar energy
values, a 10% reduction in the retrieved values was adopted
in this study. To assess the solar energy potential for the
specific micro-location (climatic region South - Mostar)
where the analyzed consumer model is located, a
comparison was conducted with Sarajevo which represents
a typical example of the North climatic region in the
Federation of Bosnia and Herzegovina and presented in
Fig. 3.

GHI comparison Sarajevo and Mostar
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Figure 3 Comparison of GHI for Sarajevo and Mostar

Measuring outdoor air temperature and wind speed
were among the most critical parameters during the
research. The measurements were conducted over a one-
year period (2021) which was used as the baseline year for
calculating the energy needs of the consumer model. Both
parameters were measured at a one-minute time step at the
meteorological station of the Faculty of Mechanical
Engineering in Mostar. To verify and validate the data the
measured values for temperature and wind speed were
compared with data provided by the Federal
Hydrometeorological Institute of Bosnia and Herzegovina.
The results of temperatures are presented in Tab.1.

Table 1 Comparison of average monthly outdoor air temperatures (Mostar)

Month MS-MF UNMO MS Mostar
Jan 5.4 5.6
Feb 8.5 8.9
Mar 10.1 10.0
Apr 12.4 12.3
May 18.6 18.4
Jun 25.6 253
Jul 27.8 28.5
Aug 26.9 26.6
Sep 22.3 22.1
Oct 14.7 14.6
Nov 12.3 12.2
Dec 7.7 7.8

Average 16.0 16.0

The measured average wind speed at the
meteorological station of the Faculty of Mechanical
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Engineering in Mostar was 1.082 m/s. Compared to 1.969
m/s at the MS Mostar station indicating a 40% lower wind
potential at the consumer's location. This reduction is
attributed to the urban setting of the faculty surrounded by
obstacles like buildings and trees, as well as measurement
uncertainties and the positioning of the station. The wind
rose from MS Mostar is presented in Fig. 4, while the
average measured wind speeds are presented in Tab. 2.

Table 2 Measured monthly wind speeds - Faculty of Mechanical Engineering

Month Speed / m/s
1 0.616
2 0.746
3 1.091
4 1.037
5 0.923
6 0.923
7 1.271
8 1.140
9 1.083
10 1.580
11 1.395
12 1.183
Average 1.082

Wind rose for MS Mostar

Figure 4 Wind rose with average wind speeds for MS Mostar

As presented in the Fig. 4, and Tab. 2 the avearge wind
speed at 15 meter height of the mast is 1.082 m/s and the
dominant wind direction is north-east. The meteorogical
station of Faculty of Mechanical Engineering from Mostar
is presented in Fig. 5.

Figure 5 Meteorogical station MF UNMO

Based on the measurements of outdoor air temperature
the energy consumption for heating and cooling the
prosumer building was calculated using heating and
cooling curves. For the Simplex method, calculations were
performed on a daily average basis, while hourly averages
were used to determine the system's partial load
coefficient. This approach enabled accurate definition of
technology capacities for both the electricity optimization
in Homer Pro and the multi-criteria analysis using the
VIKOR method. The building's heating and cooling loads
were set at 143 kW and 165 kW, respectively, based on
DIN 4701 and VDI 2078 standards. The Eq. (11) presents
the energy needed for heating and cooling.

Ip —lo
Eyoy=7———

Op(nc) F(uc) an

hp —Iop

where fip is the Indoor design temperature (20 °C), fois the
Outdoor air measured temperature, fop is the Outdoor air
design temperature which for Mostar for heating mode is -
6 °C and for cooling mode is 38 °C, Opi.c) is the calculated
heating and cooling load of the building and t(.c) is the
time in hours. The time when the system is working is set
to be 10 h/day cause of the buildings working hours. The
calculated needed heating and cooling energies are
114.070 MWh and 21 MWh respectvly. The heating curve
is presented in Fig. 6.
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Figure 6 Heating curve of the model building
4 OPTIMIZATION MODEL APPLICATION

The first step involved optimization using the Simplex
method which provided the first scenario for the
thermotechnical segment of the HRES. For the remaining
five scenarios required for VIKOR the thermotechnical
segment was randomly selected. For each thermotechnical
segment of the HRES the electricity requirements were
calculated to determine the optimal system for covering
electricity needs using the Homer Pro software. The base
electricity consumption was measured using a digital meter
when the heat pump was out of service. Technologies with
respective costs which were used in Simplex method are
presnted in Tab. 3.

Capex was determined based on the average prices of
technologies available on the Bosnian market for capacities
ranging from 50 to 200 kW (BAM/kW), Opex was
calculated per kWh of produced thermal energy including
estimated operational and maintenance costs (BAM/kWh).

For some technologies, such as heat pumps and CNG
boilers marked * in Tab. 3, Opex was set as a fixed 2% of
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Capex annually. The fuel cost was calculated per kWh of
produced thermal energy, taking into account the
efficiency of each technology. For CNG boilers, efficiency
was based on the higher heating value, while the COP of
the water-to-water heat pump installed at the Faculty of
Mechanical Engineering was measured and reported in
Spago et al. [20], with an average value of 3.8. For other
types of heat pumps and split air conditioning systems, a
lower COP was assumed (3 and 2.5 respectivly).

Table 3 Technologies used in Simplex method

Technology Capex Opex Cuel n/ COP
CNG Boiler 120 2.4% 0.072 0.98
HP W-W 550 11+ 0.0395 38
Coal Boiler 150 0.02299 0.043 0.7
Wood pellet 170 0.008335 0.082 0.85
Boiler
Wood Chip 260 0.0133 0.051 0.78
Boiler
HP A-W 450 9% 0.05 3
ElL. radiator 110 0 0.1531 0.98
AC - split sys. 350 7% 0.06 25

When using the Simplex method, some technologies,
such as heat pumps and split air conditioning systems, were
allowed to operate in both modes (heating and cooling) due
to the milder climatic conditions in the Mostar area, which
enable heating with these devices. The convergence of the
global optimization objective function is shown in Fig. 7.

Glohbal optimization function - NPC of system

3. % 10%4
2.8 x 10°4
2.6 x 10%1
NPC 24 % 10%1
2.2 x 10°1
2. % 10%1

1.8 x 10%+

10 20 30 40 50 60 70 80 90 100

Iterations

I_ Cost function (urvel

Figure 7 Convergence of NPC objective function in Simplex method

Fig. 7, shows a minor deviation in convergence
between iterations 35 and 50, likely caused by the
activation of predefined constraints related to operating
times and maximum installable capacities of selected
technologies. For instance, some systems, such as pellet
boilers, are restricted to operate in a single mode (heating),
with their capacities and runtimes limited to the building’s
calculated peak demand.

The Simplex method demonstrated that the optimal
solution is the installation of a water-to-water heat pump
and an AC system with power capacities of 60 kW and 105
kW, respectively. The remaining scenarios for the VIKOR
method are listed in Tab. 4, and Fig. 8 illustrates the
calculated electricity consumption for Homer Pro.

This was determined based on measured baseline
electricity consumption of the building, with the hourly
electricity consumption of technologies using electricity,
such as heat pumps, added to it. The total DHW energy is
calculated based on the maximum number of ocupants

which is set to be 375, and the yearly DHW need is 17,424
kWh.

Fig. 8 shows the monthly electricity consumption by
scenario. The highest consumption is observed in Scenario
4, which relies entirely on electricity-based technologies.
Scenarios using heat pumps and solar collectors
demonstrate lower and more balanced consumption
throughout the year.

Monthly electricity consumption S1-S6
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Figure 8 Monthly electricity consumption by scenario

Table 4 VIKOR scenarios
s HP W-W as primary resource (60 kW) and AC split system
(105 kW) as a backup system for peak loads.

Pellet boiler 63 kW as primary resource for heating and
DHW, additional 80 kW of coal boiler for heatng back up.
HP A-W (100 kW) for cooling and add. AC 65 kW as back-
up.

Coal boiler (63 kW) as prim. resource for heating and DHW
S3 with additional 80 kW CNG boiler. AC split system (165
kW) for cooling.

Electric radiators for heating (143 kW) and 165 kW of AC
S4 split system. Additional 19 electric 2 kW water heaters for

DHW.
HP W-W (120 kW) for heating, cooling and DHW.
S5 Addtional 45 kW of AC for peak load. 10 of total area 25.3
m? solar collectors which can cover 60 % of DHW needs.
S6 Coal boiler 143 kW and AC split system of 165 kW.

S2

Fig. 8, shows that Scenario 4 has the highest energy
consumption, as it uses only electricity. In Homer Pro, the
system optimization limited wind turbines to 5 and solar
panels to 30kW. The analysis also included a diesel
generator and batteries to evaluate the need for backup and
storage. The electricity purchase price was set at 0.15
BAM/kWh, while the selling price was set at the reference
rate of 0.12 BAM/kWh. The schematic of the HRES for
electricity demand is presented in Fig. 9.

AC DC
Gen Electric Load S1 G1
i 1T
= L J
121.00 kWh/d
49,02 kW peak
Grid Converter PV
1kWh LA
' SR
-9

Figure 9 Scheme of technologies analyzed in Homer Pro
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The prices used for Homer Pro are presented in Tab. 5.

Table 5 Costs of technologies for Homer Pro

# Cinv. Cropl. Coper. Chuel
PV 1,200 1,100 10 .
DC-AC Inverter 380 370 5 .
Batery 450 450 5 .
WT 1,000 1,000 5 .
Grid . . 0.15
Diesel gen. 330 320 0.045/h 2.65
work

In all scenarios, the optimal setup included the full
30kW of PV panels and inverter sizes averaging 22 kW.
Wind turbines, batteries, and a diesel generator were not
needed, and all scenarios remained grid-connected, off-
grid systems were excluded. A hybrid electricity system
was added to support the thermotechnical part, after which
VIKOR criteria were calculated and scenarios ranked by
the 3E method.

5 RESULTS OF THE VIKOR OPTIMIZATION

The application of the VIKOR method enabled an in-
depth analysis of the optimization process from the 3E
perspective (energy, environment, and economy). The
optimization results highlight the benefits of renewable
energy sources (RES) compared to conventional systems,
with scenarios featuring higher shares of RES being
prioritized.

Key findings for the optimization results are presented
in the table below. The optimal solutions for the energy
aspect are scenarios S5 and S1. Scenario S5 uses a 120 kW
water-to-water heat pump and solar collectors covering
60% of domestic hot water needs, resulting in lower CO,
emissions and costs compared to conventional systems.
Scenario S1, based on average daily temperatures,

Table 7 Summary of 3E optimization results and scenario rankings

supplements peak loads wusing a split air
conditioningsystem. The calculated VIKOR criteria
functions are presented in Tab. 6.

Table 6 Calculated Vikor criteria functions
fi f L fa f5 fs
S1 59,270.2 0.6 0.8 19,559.2 0.2 0.1
S2 142,511.6 0.9 1.0 13,912.2 0.3 0.1
S3 164,552.6 0.2 1.0 54,724.2 0.3 0.1
S4 202,862.0 0.2 0.3 66,944.5 0.3 0.1
S5 58,438.6 0.6 0.8 19,284.7 0.1 0.1
S6 168,980.4 0.2 1.0 58,361.2 0.2 0.1

The difference in primary energy consumption
between S5 and S1 is marginal (1.5%), while S5 offers
lower greenhouse gas emissions (284.43 kg CO»/year less)
and reduced costs. Scenario S2 ranks highest for the
environmental aspect due to its combination of pellet
boilers and heat pumps, achieving 100% energy autonomy
and minimal direct CO, emissions from renewable energy
sources. Scenarios S5 and S1 also perform well,
emphasizing efficient energy use and significant CO;
reductions compared to conventional systems. Scenario S5
demonstrates clear economic advantages with the lowest
LCoH/C and LCoE values, followed by scenario SI.
Although S2 achieves significant environmental benefits,
its energy costs are higher, making it less favourable
economically. The degree of autonomy was defined as the
ratio of electricity generated by the hybrid system to total
demand. In scenarios using conventional heating/cooling
technologies like CNG, biomass, or coal boilers, electricity
demand is lower, sometimes matching or exceeding
production. However, optimization in Homer showed
shortages in summer due to increased consumption,
especially in scenarios 4 and 6, which use split air
conditioning systems. The summary of 3E optimization is
presented in Tab. 7.

Aspect Weights Criteria Functions Ist-Ranked Scenario | 2nd-Ranked Scenario | 3rd-Ranked Scenario
£1=03,£=0.2, Primary Energy Consumption, RES
Energy £=02,£,=0.1, Share, Autonomy, CO, Emissions, S5 S1 -
f5=0.1,£=0.1 LCoH/C, LCoE
£i=0.1,/£=0.2, Primary Energy Consumption, RES
Environment £=0.1,£,=04, Share, Autonomy, CO, Emissions, S2 S5 S1
f:=0.1, f6=0.1 LCoH/C, LCoE
£i=02,£=0.1, Primary Energy Consumption, RES
Economy £=0.1,£=0.1, Share, Autonomy, CO, Emissions, S5 S6 S1
£=03,£=0.2 LCoH/C, LCoE

6 CONCLUSION

This paper focuses on optimizing hybrid energy
systems for large-scale consumers like educational
institutions, using the Faculty of Mehcanical Engineering
in Mostar as a case study. This study analyzed six hybrid
renewable energy system (HRES) configurations for a
public building using a two-step optimization approach.
The Simplex method minimized the NPC for thermal
energy supply, while Homer Pro optimized electricity
generation. Final ranking was performed using the VIKOR
method based on energy, environmental, and economic
indicators. Among all scenarios, S5, which includes a
120 kW water-to-water heat pump and solar collectors
covering 60% of DHW demand, achieved: the lowest
primary energy consumption (58,438.6 kWh/a), the lowest
CO, emissions (19,284.7 kg/a), and the most favorable

LcoHand LCoE (0.1 BAM/kWh). Scenario S2 reached the
highest autonomy (100%) due to pellet and air-to-water
heat pumps, but at a higher cost and with increased
complexity. Scenario S5 offered the best overall balance
across the 3E indicators. These findings demonstrate the
potential for HRES implementation in public buildings in
Bosnia and Herzegovina. They support policies promoting
the prosumer model and the use of efficient heat pump
systems combined with solar technologies. Future work
should consider stochastic modeling, real-time pricing, and
storage integration to further improve performance and
flexibility.

7 REFERENCES

[1] Knez, S., Strbac, S., & Podbregar, 1. (2022). Climate change
in the Western Balkans and EU Green Deal: status,

Tehnicki viesnik 33, 2(2026), 495-502

501



Damir SPAGO et al.: Hybrid Renewable Energy Systems for Public Buildings: Optimization and Sustainability

mitigation and challenges. Energy, Sustainability and
Society, 12(1), 1-14.
https://doi.org/10.1186/s13705-021-00328-y

[2] International Renewable Energy Agency IRENA. (2021).
Renewable energy statistics 2021. International Renewable
Energy Agency IRENA.

[3] Olkuski, T., Suwata, W., Wyrwa, A., Zysk, J., & Tora, B.
(2021). Primary energy consumption in selected EU
Countries compared to global trends. Open Chemistry, 19(1),
503-510. https://doi.org/10.1515/chem-2021-0046

[4] Dedovi¢, M. M., Avdakovi¢, S., Mujezinovi¢, A., Dautbasi¢,
N., Alihodzi¢, A., & Memi¢, A. (2024). Energy Poverty in
Bosnia and Herzegovina: Challenges, Solutions, and Policy
Recommendations. Energies, 18(1), 1-43.
https://doi.org/10.3390/en18010043

[5] Hamdy, M., Nguyen, A. T., & Hensen, J. L. M. (2016). A
performance comparison of multi-objective optimization
algorithms for solving nearly-zero-energy-building design
problems. Energy and Buildings, 121, 57-71.
https://doi.org/10.1016/j.enbuild.2016.03.035

[6] Ghaem Sigarchian, S., Malmquist, A., & Martin, V. (2018).
Design Optimization of a Small-Scale Polygeneration
Energy System in Different Climate Zones in Iran. Energies,
11(5), 1115. https://doi.org/10.3390/en11051115

[71 Zecevié, N. (2019). Development of a model for determining
the optimal combination of energy efficiency measures and
renewable energy technologies in buildings of higher
education institutions in Bosnia and Herzegovina. Doctoral
dissertation.

[8] Hadziahmetovié, H., Spago, D., Husika, A., & Schi¢, H.
(2024, June). Modeling of hybrid energy systems based on
renewable energy sources to cover the electricity needs of a
higher education institution using Homer Pro software.
International Conference "New Technologies, Development
and Applications”, 714-721.
https://doi.org/10.1007/978-3-031-66268-3_73

[9] Asmelash, E., Prakash, G., Gorini, R., & Gielen, D. (2020).
Role of IRENA for global transition to 100% renewable
energy. Accelerating the transition to a 100% renewable
energy era, 51-71. https://doi.org/10.1007/978-3-030-40738-4_2

[10] Wright, J. A., Loosemore, H. A., & Farmani, R. (2002).
Optimization of building thermal design and control by
multi-criterion genetic algorithm. Energy and Buildings,
34(9), 959-972. https://doi.org/10.1016/S0378-7788(02)00071-3

[11] Elkadeem, M. R., Younes, A., Sharshir, S. W., Campana, P.
E., & Wang, S. (2021). Sustainable siting and design
optimization of hybrid renewable energy system: A
geospatial multi-criteria analysis. Applied Energy, 295,
117071. https://doi.org/10.1016/j.apenergy.2021.117071

[12] Lauinger, D., Caliandro, P., & Kuhn, D. (2016). A linear
programming approach to the optimization of residential
energy systems. Journal of Energy Storage, 7, 24-37.
https://doi.org/10.1016/j.est.2016.04.009

[13] Dantzig, G. B. (1991). Linear Programming and Extensions.
Princeton University Press.

[14] §pag0, D., Hadziahmetovi¢, H., Isi¢, S., & Prevljak, A.
(2024, June). Selection of the optimal household heating and
cooling system in Herzegovina using the simplex method
from the cost aspect. International Conference "New
Technologies, Development and Applications", 706-713.
https://doi.org/10.1007/978-3-031-66268-3_72

[15] Singh, A., Baredar, P., & Gupta, B. (2015). Computational
Simulation & Optimization of a Solar, Fuel Cell and
Biomass Hybrid Energy System Using HOMER Pro
Software. Procedia Engineering, 127, 743-750.
https://doi.org/10.1016/j.proeng.2015.11.408

[16] Husika, A., Zecevic, N., Numic, 1., & Dzaferovic, E. (2022).
Scenario Analysis of a Coal Reduction Share in the Power
Generation in Bosnia and Herzegovina until 2050.
Sustainability, 14(21), 13751.

https://doi.org/10.3390/su142113751

[17] Hansen, K. (2019). Decision-making based on energy costs:
Comparing levelized cost of energy and energy system costs.
Energy Strategy Reviews, 24, 68-82.
https://doi.org/10.1016/j.esr.2019.02.003

[18] San Cristobal, J. R. (2011). Multi-criteria decision-making in
the selection of a renewable energy project in spain: The
Vikor method. Renewable Energy, 36(2), 498-502.
https://doi.org/10.1016/j.renene.2010.07.031

[19] Mardani, A., Zavadskas, E., Govindan, K., Amat Senin, A.,
& Jusoh, A. (2016). VIKOR Technique: A Systematic
Review of the State of the Art Literature on Methodologies
and Applications. Sustainability, 8(1), 37.
https://doi.org/10.3390/su8010037

[20] Spago, D., Sari¢, M., Husika, A., Hivziefendi¢, I.,
Konakovi¢, A., & Beca, M. (2022, June). Techno-economic
analysis of energy efficiency improvements using renewable
energy sources. International Symposium on Innovative and
Interdisciplinary Applications of Advanced Technologies,
260-272. https://doi.org/10.1007/978-3-031-17697-5_22

Contact information:

Damir SPAGO, PhD, Assistant Professor
(Corresponding author)

Faculty of Mechanical Engineering,

Dzemal Bijedic University of Mostar,

Sjeverni logor bb, 88104 Mostar, Bosnia & Herzegovina
E-mail: damir.spago@unmo.ba

Azrudin HUSIKA, PhD, Professor

Faculty of Mechanical Engineering,

University of Sarajevo,

Vilsonovo Setaliste 9, 71000 Sarajevo, Bosnia & Herzegovina
E-mail: husika@mef.unsa.ba

Safet ISIC, PhD, Professor

Faculty of Mechanical Engineering,

Dzemal Bijedic University of Mostar,

Sjeverni logor bb, 88104 Mostar, Bosnia & Herzegovina
E-mail: safet.isic@unmo.ba

Halima HADZIAHMETOVIC, PhD, Professor

Faculty of Mechanical Engineering,

University of Sarajevo,

Vilsonovo Setaliste 9, 71000 Sarajevo, Bosnia & Herzegovina
E-mail: halima@mef.unsa.ba

206

Technical Gazette 33, 2(2026), 495-502




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


