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APPLICATION OF PULSED EDDY CURRENT TECHNIQUE FOR INSPECTION

OF INSULATED PIPES
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Zoran Bogatinoski?, Filip Zdraveski'
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Abstract: Inthis paper the use of Pulsed Eddy Current (PEC) technique is analyzed for inspecting insulated
pipes, commonly used in industries such as power generation, petrochemical, and oil and gas. PEC technique uses
pulsed electromagnetic fields to generate eddy currents in the conductive material, allowing detection in wall thickness
and material integrity. In the experimental part an insulated pipe is investigated with the PEC technique for corrosion
or wall thinning defect of the material, without the need to remove the insulation. The paper involves experimental
testing on insulated pipe of structural steel with composite insulation and the results show the potential of PEC as a
reliable tool for maintenance and inspection, especially for reducing operational costs and downtime associated with
insulation removal.

Key words: insulated pipes; pulsed eddy current; non-destructive testing; corrosion

INPUMEHA HA TEXHUKATA CO BUOPHHU CTPYHU 3A UCIIUTYBAIBE
HN30JIMPAHU HEBKH

A mncTpakT: BooBoj Tpyn e aHanu3upaHa MpuMeHaTa Ha METOJOT cO myJicupayuku BuopHu ctpyu (PEC) 3a
HCTIUTYBAmkE M30JIMPAHU LIEBKH, YECTO YNOTpeOyBaHH BO €HEpreTckara, IeTpoXeMHcKaTa U HadTeHaTa MHAYCTpHja.
Texunkara PEC xopucTH myJicnpaydko elneKTpOMarHeTHO MoJie KOoe reHeprupa BHOPHU CTPYH BO CIPOBOJIMB MaTepH-
jaJ, OBO3MOXYBajKH AETEKTHPAbe MPOMEHa BO Jie0eInHaTa Ha SUIOT U HHTETPUTETOT Ha MaTepujainoT. Bo excriepu-
MEHTAJHUOT Jie W30JIMpaHa IIeBKa € MpeAMeT Ha MCTpaKyBame co nomoin Ha TexHukata PEC 3a nerektupame Ha
neexTy oJ KOpo3uja 1 MPOMEHH Ha nedenrHaTa Ha SunoT 6e3 a ce oTcTpaHyBa u3onauujata. OBOj TpyX BKIIydyBa
EKCIIEPUMEHTAIIHO TECTHPAhe Ha M30JIMpaHa LieBKa N3paboTeHa 01 KOHCTPYKTUBEH YENUK CO KOMITO3UTHA M30Jalnja
U pe3yNTaTUTe o NpHKaXKyBaaT noTeHujaaoT Ha PEC kako cHrypHa anartka 3a OfpXKyBarbe H MHCIEKIHja, 0COOCHO
3a peayLHpambe ONepaTHBHU TPOLIOH U MPEKHHH MPEAN3BUKAHH CO OTCTPAHYBAakE HA H30JIALMjaTa.

Kiyynu 360poBu: U301MpaHy LEBKH; ITyJICHPAuYKH BUOPHU CTPYH; TECTHUpambe 03 pa3opyBame; Kopo3uja

1. INTRODUCTION

Non-destructive testing (NDT) plays a crucial
role in ensuring the safety and integrity of industrial
components, especially in the process and power in-
dustries. Between the different NDT techniques,

Pulsed Eddy Current (PEC) technique is used for
detecting corrosion and other defects in ferromag-
netic materials with insulation. PEC technique uses
the principles of electromagnetic induction to gen-
erate eddy currents within conductive materials, to
evaluate the wall thickness of the material and to
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identify defects without the need of expensive dis-
assembly of the insulation of the inspected compo-
nents [1, 2]. One of the key advantages of PEC
technique is the ability to penetrate into the material,
allowing detection of defects beneath the insulation
without the need to remove it. This capability is es-
sential for maintaining operational efficiency and
minimizing downtime. Recent developments in PEC
technology have improved its sensitivity and accura-
cy, making it a preferred solution for in-service in-
spections [1, 2]. This method has been proven to be
effective in identifying corrosion and localized
defects, providing accurate measurements of wall
thickness and detect corrosion defects in ferromag-
netic pipes [2, 3]. Furthermore, with the integration
of advanced signal processing, PEC techniques im-
proved the interpretation of data allowing more pre-
cise defect analysis [4].

Besides its advantages, the application of PEC
testing experiences certain challenges. Factors like
the electromagnetic properties of the materials and
the influence of external conditions can impact on the
accuracy of the measurements [1, 5]. This paper aims
to provide a comprehensive overview of the appli-
cation of pulsed eddy current testing for the inspec-
tion of insulated pipes and identify a localized defect
in the wall thickness of the material. By recent re-
search findings and advancements in PEC technolo-
gy, this study aims to contribute to the reliability and
effectiveness of NDT methods in industrial appli-
cations.

2. PRINCIPLES OF PULSED EDDY CURRENT
INSPECTION

The pulsed eddy current (PEC) inspection is
part of a non-destructive testing (NDT) technique
and uses the principles of electromagnetic induction
to detect defects in conductive materials. The method
is especially effective for inspecting insulated pipes
and other components where traditional inspection
techniques may be limited or expensive to use.

The basic principle of PEC inspection is based
on electromagnetic induction, where a time-varying
magnetic field is generated by passing an alternating
current through a coil. When this coil is placed near
a conductive material, such as metal, it induces eddy
currents within the material. These eddy currents
flow in closed loops perpendicular to the magnetic
field and are influenced by the electrical conductivity
and magnetic permeability of the material [6, 7].

The conventional eddy current testing uses si-
nusoidal excitement, but PEC technique uses short-
duration pulses of current. This short-duration pulses
of current generates a broad spectrum of frequencies,
allowing for deeper penetration into the material and
improved sensitivity to defects located under surface
layers or insulation (Figure 1) [8, 9].

Fig. 1. Basic principle of pulsed eddy current testing
technique [10]
1- sender coil, 2 — receiver devices, 3 — primary magnetic field,
4 — secondary magnetic field, 5 — eddy currents,
6 — cover/sheeting, 7 — insulation, 8 — tested component

The presence of defects, such as cracks or cor-
rosion, interrupts the flow of eddy currents, leading
to changes in the induced magnetic field. These
changes can be detected by the sensor that measures
the results of the electromagnetic field variations [11,
12]. The degree of eddy current flow disturbance is
closely related with the size and nature of the defect
[6, 12]. With the advancement in the field of signal
processing, Fourier transformation and pattern
recognition algorithms are used to analyze the data
and to enhance defect characterization [13, 14]. The
ability to accurately interpret these signals is crucial
for determining the integrity and location of defects
within the inspected material.

PEC inspection is particularly successful for
evaluating insulated pipes, as it can penetrate insu-
lation layers without requiring their removal (Figure
2).

This capability minimizes operational down-
time and reduces the risks associated with traditional
inspection methods, which may involve extensive
disassembly of the insulation [8, 9]. The effecttive-
ness of PEC in detecting corrosion and other defects
in insulated pipes has been demonstrated in various
studies, highlighting its potential as a reliable NDT
method in industrial applications [13, 15].

Mech. Eng. — Sci. J., 42 (2), 75-81 (2024)
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Fig. 2. Examples of PEC inspected insulated pipes

3. EXPERIMENTAL WORK

For the experimental work a pipe is inspected
using PEC method (Figure 3). The pipe material and
dimensions are given in Table 1. The PEC system
generates a series of electromagnetic pulses and the
PEC sensor detects variations in the magnetic field
caused by anomalies such as corrosion, thinning of
the material or cracks within the pipe. The data from
the sensor is recorded and analyzed. Calibration us-
ing reference samples of known thickness is per-
formed allowing the accuracy of the results. The ex-
perimental results provide critical information on the
condition of the pipe, enabling decisions for
maintenance or repair.

=

Fig. 3. Segment of pipeline that is subject of investigation

Mauwi. unore. nayu. ciiuc. 42 (2), 75-81 (2024)

Table 1
Technical data of tested material

Material (mm) Structural steel

Diameter of the pipe 323.9
Length 1420
Nominal thickness of the wall 10.3
Thickness of the composite insulation 10

The step of the probe is calculated with the fol-
lowing equation;

FP = (0.65-LO) + FP, = (0.65-10) +35 = 41.5 mm,

where:
LO — thickness of the insulation,

FPo — probe surface (for the selected probe
(PEC-025) = 35 mm).

Calibration was performed on a segment of the
pipe which did not suffer any damage during its op-
eration, on a segment with a nominal thickness of the
pipe wall. The experimental work steps are given in
Table 2. The initial scan is performed on the entire
length of the insulated pipe using the first chosen
PEC probe. The probe is moved along the pipe, main-
taining a consistent speed and ensuring complete
coverage of the pipe. After obtaining the data from
the initial scan an analysis is performed to locate the
potential areas with defects. The second scan is
performed with the same probe only on the damaged
segment in dynamic mode (higher resolution) to
determine the defects dimensions. For accuracy and
error analysis a third and fourth scan is performed
with high resolution probe on the same damaged
segment to compare data and assess the accuracy of
defect characterization.

Table 2
Experimental work steps

Scan Measurement area Probe Resolution

First Pipe PEC-025 Reduced resolution

Second Detected segment PEC-025 Increased resolution

Third  Detected segment PECA-HR CWT ready option

Forth Detected segment PECA-HR High resolution
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4. RESULTS AND DISCUSSION

The inspection is performed in two different
scans of the pipe. The first scan is performed on the
entire surface of the pipe, in order to locate the dam-
aged segment of the component. Scanning is per-
formed in dynamic mode with reduced resolution
(signal acquisition points) in order to quickly inspect
and locate the defect. After the scan, the received
signals are analyzed, and the following results are
obtained, as shown in Figure 4. The minimum
thickness measured with the first initial scan is 6.4
mm, while the maximum thickness is 11 mm.

Located reduced wall thickness during the ini-
tial scan is shown in Figure 4, marked in yellow. The
second scan is performed in order to obtain precise
data on the degree of damage. The second scan is
performed with the same probe, in dynamic mode,

B
R T R Tl bk

but with increased resolution. The dimensions of the
damaged segment covers an area of 800x200 mm.

Analyzed results obtained from the second scan
of the damaged segment gives the following mea-
surement: the minimum thickness of the material
measured by pulses eddy currents is 6.3 mm, while
the maximum thickness is 10 mm (Figure 5).

To continue with the analysis of the damaged
pipe the next step in this research is to scan the dam-
aged pipe segment with a high-resolution probe. The
proposed approach is performed to compare the
accuracy and error rate between the probes. The
minimum material thickness obtained in the third
scan with the CWT ready option is 5.8 mm (Figure
6), and the minimum material thickness obtained with
the fourth scan with high-resolution option and the
high-resolution probe is 5.5 mm (Figure 7). Summary
of the obtained measurements are given in Table 3.

Fig. 4. Obtained results and location of the damaged pipe zone

Mech. Eng. — Sci. J., 42 (2), 75-81 (2024)
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Fig. 5. Scan of the reduced thickness segment
and results obtained
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Fig. 6. Material thickness with CWT ready option
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Fig. 7. Material thickness with high resolution option
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Table 3

Measurement variations of detected defect
with different probe and resolution

Measured thickness (mm)

6,6

6,4
6.4 6,3
6,2
5,8
5,6
5,4
5,2
5

[op}

Reduced resolution ' Increased resolution CWT ready option

PEC-025 PEC-025
Whole pipe Detected segment
First scan Second scan

The difference in results between the PEC-025
single element probe and the PECA-HR high reso-
lution probe is 0.8 mm. The time required to inspect
the damaged segment is increased during scanning
with the high-resolution probe. To confirm the val-
ues obtained by the inspection of pulsed eddy cur-
rent, as well as the accuracy of the damaged loca-
tion, an inspection of the inside of the pipe is carried
out. As shown in Figure 8 the measured thickness of

5,8

55

High resolution

PECA-HR PECA-HR

Detected segment = Detected segment

Third scan Forth scan

the pipe is 5.8 mm. After inspecting the inside of the
pipe, it can be noted that the eddy current testing
technique provides reliable information about the
location of damage that can occur under the insula-
tion of the pipelines. It can also be noted that they
provide accurate material thickness data, with small
deviations between the measured and actual mini-
mum pipe wall thickness.

Fig. 8. Damaged location inside the pipe and measured minimum thickness in the damaged segment

5. CONCLUSIONS

The experimental investigation conducted in
this paper was on a pipe with composite insulation
and with the application of pulsed eddy current
technique where its effectiveness was demonstrated
in detecting defects such as corrosion and wall thin-
ning without the need to remove the insulation. PEC
technique can penetrate the composite insulation
and accurately identify the variations in pipe wall
thickness and material integrity. The technique

proved to be useful for inspecting insulated pipes
where conventional inspection methods would re-
quire costly and time-consuming insulation re-
moval. According to the study the PEC technique
can penetrate into insulation materials, including
composites, while providing reliable defect detec-
tion. This technique presents a valuable solution for
non-destructive testing in the industrial sector, of-
fering a practical and efficient method for ensuring
the safety of insulated piping systems.

Mech. Eng. — Sci. J., 42 (2), 75-81 (2024)
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Faculty of ME, Delft University of Technology,
2628 CD Delft, The Netherlands
*Q.Chen-5@tudelft.nl

A bstract Soft robots developed by smart materials and structures present advantages in adaptability and
flexibility for tailored functions in complex environment. However, conventional design methodologies, which heavily
depend on experimental procedures, present obstacles to rapid and efficient design iterations. Thus, employing model-
based design emerges as an effective approach to support the designs of soft actuators. In this study, the building blocks
was proposed employed by model-based design strategy to investigate the novel actuation approach in mechanically
intelligent morphing structures. The simulation results demonstrate, utilizing model-based strategy is the efficient way
to develop building blocks of different morphing structures. Furthermore, the combined effort of various smart
materials enables varied adapabilities and flexibilities. In summary, by integrating different modeling approaches,
material models, and contact models, it is feasible to efficiently design the inteligient structures based on the tailored
building blocks to specific requirements, thereby providing guidance and support for engineering design.

Key words: soft actuator; smart material; model-based design; mechanically intelligent; building block

CTPATEI'WJA 3A TU3AJH 3ACHOBAH HA MOJAEJIX HA MEXAHUYKHW UHTEJIUTEHTHH
I'PAJABEHU BJIOKOBHU

AmnmcTpak T Mekure poOOTH HampaBeHH OJf CTPYKTYpH CO NMAaMETHU MaTepujajd MMaaT MpPEeIHOCT BO
MIPHUCTIOCOOIMBOCTa M (DIEKCHOMIHOCTA 32 M3BPINYBake (PYHKIHH BO CIOXKEHO ONKpYXKyBame. Cemak, KOHBEH-
L[MOHAJHUTE METO/IONIOTHH 3 IU3ajH, KOU BO TOJIeMa Mepa ce TeMenaT Ha eKCIIepPUMEHTAIIHN TPOOyBarba, NPETCTaBy-
BaaT mpedka 3a Op3u u edukacHW Wrepaly Ha Au3ajHOT. [W3ajH Oa3WpaH Ha MOJENH CEe pa3BU KAaKo e(pEeKTHBEH
MPHCTAI 3a MOAJPIIKA Ha HHOBATUBEH /M3ajH HAa MEKH aKTyaTopH. Bo 0Ba HCTpaxxyBame ce MPEIoKEHN rpagoeHn
OJIOKOBM CO NMPOMEHHM Ha KOM HOBAa METOJOJIOTHja 3a JM3ajH 0a3upaH Ha MOJENU MOXE Jia NPHUAOHECEe 3a HOBa
reHepalyja MeXaHn4K1d WHTEIMICHTHN CTPYKTYPU KOM ja MeHyBaaT opMmara caMocTojHO. Pesyiratute ox cumyna-
IMjaTa MOKa)XyBaaT JIeKa KOPUCTEHETO Ha CTpaTeruja 3aCHOBaHa Ha MoJIeNy € e(hMKaceH HauKH 3a pa3Boj Ha Ipaj0eHn
OJIOKOBH CO TOCEOHM NMPOMEHJIMBH CTPYKTypH. [loHatamy, KOMOMHHpameTo Ha Pa3IWYHH ITaMETHH MaTepujajiu
OBO3MOXKYBa pa3IMiHK HpHCIocoOyBama 1 (rekcubmiHocT. HakpaTko, co HHTErpUpame Ha pa3iMyHK NPHCTANH 3a
MOJICIIMPatbe, MOJICIH Ha MaTepHjaii K MOJECIH 32 KOHTAaKT, CE OBO3MOXKYBa e(hMKaCHO TH3ajHUPabe HA MHTEIMT€HTHI
CTPYKTYPH Bp3 OCHOBA Ha Tpag0eHu OJIOKOBH MPUCIIOCOOEHH Ha crielinUIHU Oapama.

Kityunu 360poBH: MEK aKTyarop; MaMeTeH MaTepujalt; Au3ajH 0asupaH Ha MOJIEN; MEXaHWYKH WHTEIUTEHTHY
CTPYKTYpH; rpagOeH 010K

1. INTRODUCTION actuators are essential components enabling soft

robots to achieve various deformation behaviors,

Soft robotics exhibit a notable advantage in with morphing structures playing a central role in
enhancing flexibility and adaptability, finding ext- the design and functionality of these actuators. Soft
ensive utilization in diverse industrial applications actuators can be categorized into various traditional

[1, 2], from medical to agriculture and offshore. Soft types, encompassing electrical, pneumatic, particle
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jamming, and chemical reaction-based actuators.
Dielectric elastomers (DE) represent a prominent
class of materials primarily employed in electrical
actuation, utilizing electrical systems as power
sources to induce deformation. These materials find
significant application in the construction of self-
folding structures [3, 4]. Pneumatic actuators, wid-
ely favored for actuation in soft actuators, experi-
ence consistent deformation and elongation due to
the exertion of air pressure through pneumatic sys-
tems [5]. Utilizing pneumatic principles, a tech-
nique known as particle jamming actuation has been
devised to augment the rigidity of soft robots [6].
Through the removal of air within the enclosed
space, a phenomenon of particle interlocking emerges,
enabling grippers based on particle jamming to
securely grasp a diverse range of objects, spanning
from delicate to substantial ones [7]. The chemical
reaction actuator, fueled by combustion, finds appli-
cation primarily in jumping robots and bioinspired
designs [8]. However, traditional actuation methods
often require additional power systems, which lim-
its their applicability. Smart materials, possessing
distinct capabilities, offer novel avenues for advanc-
ing the design of adaptable and dynamic soft actua-
tors. These materials can undergo structural or com-
positional changes in response to various external
stimuli such as electricity, magnetic fields, light,
heat, or chemical reactions [9, 10].

The evolution of soft actuators frequently ne-
cessitates cumbersome and ineffectual experimental
investigations. Alternatively, computational simula-
tions offer a more streamlined and potentially supe-
rior adjunct to this procedure. Modeling soft actua-
tors poses significant challenges due to their pro-
nounced nonlinear behavior and complex geome-
tries. The finite element method (FEM), a widely
utilized technique in nonlinear mechanics model-
ing, provides an efficient means to address these
challenges without relying on explicit analytical
frameworks [11]. FEM excels in accommodating
substantial deformations and material nonlinearities
during deformation processes. Consequently, FEM-
based models offer a viable means to predict the
performance of soft actuators and evaluate the via-
bility of different designs under varying input con-
ditions, thereby streamlining both cost and develop-
ment timelines [12]. Besides, as for the actuator
actuated by particle jamming, coupling method of
finite element method and discrete element method
(FEM-DEM) is also an effective method to investi-
gate the interaction behaviors between the granular
materials and flexible boundary [13]. In the cou-
pling method, FEM serves as a precise tool for

characterizing the deformations occurring within
the chamber under external loads. Furthermore, the
discrete element method (DEM) proves invaluable
in modeling particle interactions within granular
materials, particularly when dealing with a limited
quantity of particles. Notably, DEM offers a compu-
tationally efficient alternative to traditional FEM
approaches, making it particularly advantageous in
scenarios where computational resources are con-
strained [14]. However, the prevailing focus of con-
temporary soft robot designs predominantly serves
industries such as agriculture, logistics, and food
processing. However, there exists a noticeable
scarcity of designs tailored specifically for deploy-
ment in marine, offshore, and port engineering.

In this study, we developed a model-based
design strategy using smart material structures to
create mechanically intelligent building blocks for
soft robotics. The key contributions are as follows:
First, we demonstrated the effectiveness of the mod-
el-based approach for designing smart actuators.
Second, we introduced the concept of building
blocks to establish mechanically intelligent morph-
ing structures for soft robotics. Third, we construct-
ed numerical models, including FEM and coupled
FEM-DEM models, to capture the nonlinear behav-
ior of smart materials and the interactions between
particles and soft bodies, verifying the feasibility of
the proposed design strategy. Finally, this approach
was successfully applied in various scenarios, such
as underwater pipe manipulation, windmill blade
installation, and seabed pipe maintenance.

2. DESIGN PROCESS

Model-based design offers a highly efficient
and optimized approach in engineering, emphasiz-
ing the creation of an optimal design plan based on
specific requirements. Unlike traditional methods
that rely on physical prototypes, model-based
design utilizes numerical models and simulation
techniques for iterative improvements, resulting in
resource savings and optimized structural designs.
The basic design process is shown in Figure 1. In
the initial phase, selecting the appropriate smart
materials is critical, as they form the foundation for
actuation. Once this is determined, the "building
blocks" are created. These building blocks are
fundamental units of mechanical intelligence, de-
signed by integrating the chosen smart materials,
geometric configurations, and external stimuli.

Mech. Eng. — Sci. J., 42 (2), 83-94 (2023)
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verification of - building blocks as K=« Geometric configuration
smart materials ) | L the intelligent unit ) Exteral stimuli

I Modelling l

S .\
U Assembly of
=

Structural design s tof
and optimization um‘ts i
morphing structures

Selection and Design of the \%- Smart material

Fig. 1. The design process of the model-based design strategy

Using the modular concept of these building
blocks, various configurations can then be
assembled to achieve specific deformation beha-
viors, which are referred to as morphing structures.
Furthermore, structural designs for specific appli-
cations are created by combining different building

Scale range;
Environment condition (Temperature, Time , Frequency);
Boundary conditions

—7/P1‘0pose design requil‘ements/— Optimizition —

blocks. After optimization, different smart materials
can be integrated to enhance the actuator's perfor-
mance. Throughout all stages of this process, nu-
merical modeling is the main approach in guiding
the design.

3. METHODOLOGY

The model-based design approach is funda-
mental for developing the building blocks. The
modelling flowchart, illustrated in Figure 2, begins
with defining design requirements based on appli-
cation scenarios, such as scale, environmental con-
ditions, and boundary constraints. From these reg-
uirements, spatial and temporal domains are estab-
lished.

| Input application scenarios |

!

;Spatial dnmainJ—Time domain—‘

Spatial condition:
Materials selection;
Geomtry (size,
strength/stiffness);

Time-dependent condition:
Stimuli;
Initial conditions;
External force

Modeling method: FEM; FEM-DEM; MBD
Material model; Contact model
Multiphysics; Multiscale

Model-based design

/ Prototyping /

Shape morphing structures

Satisfied
Building Blocks

Yes
Y

Validated
with experiments

Yes

| Output design parameters |

End

Fig. 2. The design process of the model based design
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Spatial conditions include smart materials and
structural geometries, while time-dependent factors
involve environmental stimuli, initial conditions,
and external loads. These inputs are incorporated
into the model-based design framework. In the
model-based design step, various numerical meth-
ods, such as FEM, DEM, multibody dynamics
(MBD), and coupling techniques, are then em-
ployed for simulations across multiple scales. The
simulation results inform the analysis of different
design configurations, which are further refined
through optimization. The final design is realized
through fabrication and experimental validation. In
general, numerical modeling, particularly for
capturing the nonlinear properties of materials, is a
critical aspect of this process, with commonly used
methods also discussed in this section.

FEM model

FEM is commonly used in the structure and
non-linear mechanics behavior analysis. In our
study, we used FEM as the basis for smart materials,
including temperature-sensitive hydrogel and shape
memory polymers. Also, the hyperelastic properties
of nonlinear materials are analyzed by FEM in the
membrane configuration.

First, in our study, the thermos-responsive hy-
drogel is modeled by FEM. The temperature-sensi-
tive hydrogel, polyhydrogel has garnered signifi-
cant academic interest owing to its distinctive char-
acteristics, including facile synthesis and robust sta-
bility. Considering hydrogel as a hyperelastic sub-
stance and applying the nonlinear field theory that
integrates diffusion and deformation [15], the hy-
drogel can be expressed by free energy function,

W(ly, I3, 1, T) =5 NkgT(l; = 3 — 2logly) —
kgT I T,I
2[5 = Dlog 2 + X02] — (-1,

— == =
where I; = FjxFix and I3 = detF are the first and
the third invariants of the deformation gradient
tensor. Furthermore, W is represents the chemical
potential, T denotes the temperature, N signifies the
number of chains per polymer volume, v is the vol-
ume of a solvent molecule, and kz stands for the
Boltzmann constant. Then, it is conventional to es-
tablish a reference state wherein the polymer net-
work achieves equilibrium with a solvent posses-
sing a specific chemical potential denoted as y.
This reference state involves free swelling, where
the swelling coefficient (1) remains uniform in all
spatial directions, denoted as 4, = 1, = 4, = 4,.

Given the free swelling nature of the reference state,
the swelling ratio (J) is determined as the cube of
the swelling coefficient ] = A,>. Adhering to these
stipulations, the equilibrium state can be delineated
as follows,
Ho _ NV 22 _ SNEN N R 4
m=T - D+ log (1 Ag) tate @
Moreover, the Flory-Huggins interaction pa-
rameter, x, quantifies the enthalpy associated with
the blending mechanism and is articulated with re-
spect to T and I3 for a temperature-sensitive hydro-
gel,
X(T,I5) = Ag + BT + 2222 (3)
3
The experiments can take the coefficients
A; and Bi as Ay = —12.947, B, = 0.0449K™1,
A; =7.92, B, = —0.0569 K~ [16]. In addition,
the expression of stresses immediately follows, and
the first Piola-Kirchhoff stress is computed as,
_ OWolyI3) _ OWo(4,13) 01y | 0Wp(Iy,13) Ol3

I
P= aF oL aF+ dl;  OF (4)

In the simulations, we standardize material
stresses and Young’s modulus by kT /v, where the
estimated value is 4 x 107 Pa. Different synthesis
conditions yield various initial swelling ratios, and
without loss of generality, Ao is fixed to 1.5 is uni-
formly set to 1.5 for all three directions, represent-
ing an equilibrium chemical potential of o =-0.01 for
the hydrogel material [17].

In addition, hyperelastic model is also adopted
for shape memory polymer (SMP). SMP demon-
strates significant visco-elasticity throughout its
shape memory, spanning temperatures both above
and below the glass transition temperature. This vis-
cos-elastic response exhibits a pronounced time—
temperature dependency [18, 19]. In our study, we
employed the superimposed generalized Maxwell
model and Williams-Landel-Ferry (WLF) equation
within FE solver to elucidate the mechanical behav-
ior of SMP. The utilized constitutive equations for
the multi-branch viscos-elasticity are as follows
[20],

-t

o(t) = gE, + & Z?;f El-ef_i, 5)

where o(t) represents stress at time t, &o is the strain
at the initial time, E, denotes the instantaneous mod-
ulus, E; and 7 represent the elastic modulus and re-
laxation time of the Maxwell element i, respec-
tively. The relation of relaxation modulus E in the
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generalized Maxwell equation with time t is ex-

pressed as follows,
t

E(t) = E, + Y Eje™i (6)
and satisfies the limit condition, tlim E(t) = E,.

Conducting relaxation experiments at various
temperatures and applying the time-temperature
equivalence principle is essential. This allows the
conversion of the relaxation response curve of SMP
across different temperatures into a comprehensive
relaxation response curve at a specific temperature.
According to the WLF equation [20], the connection
between the relaxation time at the present tempera-
ture T and the relaxation time at the reference tem-
perature of T,. can be written as,

— i — _Cig(T_Tr)
lgar =g T CSH(T-T) (7)

where a represents shift factor, C; and C5 are ma-
terial constant.

Besides, silicone is frequently employed as the
standard material in soft actuators to facilitate sub-
stantial deformations. The Neo-Hookean constitu-
tive model is utilized in the finite element solver to
articulate the stress-strain correlation and manifest
hyperelasticity traits,

WnH = UnH (1_1 —-3), (8)

where uyny represents a material constant, I; de-
notes the first invariants of the deformation gradient
tensor.

FEM-DEM model

The FEM typically analyzes deformations of
components under external loads, while the DEM
focuses on particle-level materials. To model a soft
actuator driven by granular materials, it is essential
to couple FEM and DEM for a comprehensive anal-
ysis.

The movements of both discrete element and
finite element nodes adhere to Newton's Second
Law. Consequently, the external force F; acting on
both discrete element and finite element node i is
expressed as follows,

F o= dzui
i=mi\ 7 ) C))

where m; denotes the mass of element i, and u;
represents the displacement of element i. Further-
more, the centroidal moment of the discrete element
i is expressed as follows [21],

Mauw. undic. nayu. ciuc. 42 (2), 83-94 (2024)

M= 1 dzei
i =i\ 77 ) (10)

where I; is the inertia moment of element i and 6;
is the rotation angle of element i. Both of the equa-
tion (8) and equation (9) are solved using explicit
finite difference method.

Furthermore, the interaction force can be di-
vided into normal force and the tangential force, the
normal force E,, and the tangential force F; can be
expressed as,

E, =Fn,e+Fn,v (11)
F, = {Fs,e +P.'9,v |Fs| < .uanl ’ (12)
Uk, |Fs| 2.uanl

where F, . and F,, ,, are the normal spring force and
the normal damping force. Moreover, F; ., and F; ,,
denote the tangential spring force and tangential
damping force. Additionally, the p is friction coef-
ficient.

During the coupling process, FE elements,
along with their grid information, are mirrored into
the DEM solver as a wall condition [22]. This in-
volves calculating interaction forces and loads be-
tween particles and the wall within each DEM time
step. Subsequently, node forces are computed based
on particle loads and interpolated onto each FEM
element. These node forces are then transformed
into distributed loads to facilitate interpolation onto
each FE element, enabling the calculation of mesh
element deformations and node displacements.

FEM-MBD model

The MBD approach is employed to compre-
hensively capture the motion information, enabling
the simulation of scenarios involving significant de-
formations and the loading process. A coupling be-
tween the MBD and FEM models is established to
facilitate the transfer of information between rigid
and deformable components. This coupling strategy
leverages the intrinsic properties of the MBD mod-
ule to effectively constrain the actuator's motion.
Additionally, the embedded characteristics of the
MBD module allow for the formation of a rigid link-
age between components, irrespective of the motion
framework. In the coupling strategy, during each
time step of the FEA-MBD algorithm, stress and
strain are computed using the FE solver, while dis-
placements are determined by the MBD model. Im-
portantly, throughout this process, nodes involved
in rigid connections receive stress information from
the FE solver to aid in displacement calculations.
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Additionally, the presence of various rigid connec-
tions restricts structural motion to a certain degree,
allowing the MBD model to accurately represent the
motion characteristics of the multibody system.

4. CASE STUDY

In this section, various building blocks have
been proposed to demonstrate the feasibility of the
model-based design strategy. The building block is
the modular concept consists of structure geometry,
smart materials and environmental stimuli. Shown
in Figure 2, the structure geometries include the
meta-structure or particles as the selection in our de-
sign, then the smart materials include smart hydro-
gels, shape memory polymers (SMPs), and shape
memory alloys (SMAs). In addition, the enviore-
mental stimuli include temperature and chemical re-
lating stimuli. To fit specific scearios, different
structure geometris, smart materials, and stimuli
will be combined into any new building blocks to
achieve tailored functions, then based on the build-
ing blocks, the mechanically intelligent morphing
structures can be developed.

Smart materials and smart mechanism
building blocks

The first is the proposition of a particle-based
actuator, formulated through model-based design,

y [—' X
Fixed end

z

Elastic _|
membrane

Middle layer ———

Small rigid
particles

Big rigid
particles

9
J
L

Membrane shrinking

aims to fulfill the demands for significant defor-
mation and substantial bending stiffness. The anal-
ysis of this proposed actuator is conducted utilizing
the FEM-DEM approach. The design concept is
shown in Figure 3, different sized particles are filled
into different chambers, separated by a middle
layer. The chambers are enveloped by an elastic
membrane. During the actuation phase, the mem-
brane undergoes contraction, facilitated by a speci-
fied shrinking coefficient, resulting in the defor-
mation of the whole element. This deformation
causes the actuator to exhibit a bending motion to-
wards the left, propelled by the discrepancy in vol-
ume between the two chambers. Furthermore, sub-
sequent to the contraction process, the actuator's
stiffness experiences augmentation due to the phe-
nomenon known as particle jamming. The phenom-
enon of particle jamming denotes a transition in the
packing state of particles. Initially, particles are
loosely encapsulated, representing a state of natural
packing that permits particle mobility within the
membrane. However, as the packing state transi-
tions to a tighter configuration, the spatial arrange-
ment of particles undergoes alteration. Conse-
quently, the inter-particle contact forces and inter-
actions between particles and the membrane inten-
sify, impeding particle mobility. This transition re-
sults in the aggregation of particles into a solid-like
state, leading to the formation of a jammed config-
uration.

y X
r ﬁ_}/— Fixed end
;‘ d

y Elastic
~ ' membrane

-

: —
-

Big rigid
particles

Fig. 3. The actuation process of the particle-based actuator
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Secondly, to meet the demands of active actu-
ation, the adoption of responsive materials capable
of autonomous response to external stimuli holds
promise for integration into soft grippers. Operating
as an active smart material, hydrogels demonstrate
changes in shape in response to particular external
stimuli. Among these, thermally responsive hydro-
gels offer enhanced adaptability and compatibility
[23]. Actuators employing thermally responsive hy-
drogels undergo alterations in hydrogel volume in
response to fluctuations in ambient temperature,
consequently demonstrating notable directed defor-
mations within defined temperature ranges. Thus,
this section elucidates the characterization of hydro-

Hydrogel
particle

Normal soft
particle = °

Temperature condition

—

gels and other nonlinear materials through the hyper-
eastic model by employing FEM. The smart struc-
ture depicted in Figure 4 employs a thermally re-
sponsive hydrogel as its foundation. This hydrogel
particle is connected to a conventional soft particle,
typically composed of silicone or rubber, known for
its stable chemical characteristics. Initially, both the
hydrogel particle and the normal soft particle ex-
hibit identical dimensions. Subsequently, the hydro-
gel particle undergoes swelling upon exposure to a
water environment with temperature change. As the
results, this smart element will exhibit a configu-
ration featuring particles of two distinct sizes, which
can be used as the basis for different configurations.

Hydrogel
particle

Normal soft
particle

Fig. 4. Smart structure element based on hydrogel particle

The smart structures based on the smart ele-
ment are developed by the modeling and the config-
urations are shown in Figure 5. Figure 5a illustrates
a smart structure capable of both expansion and
contraction. This smart structure comprises ele-
mentary smart elements arranged in an alternating
fashion. In the initial state, all the particles are in the
same size. Subsequently, the hydrogel particles un-
dergo swelling induced by changes in temperature,
leading to elongation of the structure. Hydrogel par-
ticles assume a primary role in actuation, with nor-
mal soft particles serving a supplementary function
in maintaining structural stability. Temperature ma-
nipulation is employed to achieve the expansion and

Mauw. undic. nayu. ciuc. 42 (2), 83-94 (2024)

contraction of the hydrogel particles, thus governing
the elongation and contraction of the structure. Fig-
ure 5b shows a smart structure that can achieve
grasping behaviours. This smart structure consists
of modular smart elements organized to construct a
dual-layered framework with 4 branches. In the ini-
tial phase, all branches exhibit a straight configura-
tion characterized by uniform-sized hydrogel and
normal elastic particles. Subsequently, the hydrogel
particles undergo a swelling phenomenon. Due to
constraints imposed by the normal elastic particles,
each branch gradually undergoes bending towards
the central axis during the swelling of the hydrogel
particles, thereby manifesting a grasping behavior.
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a
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Hydrogel
particles Normal soft
particles
Temperature condition
Normal soft
particles

Hydrogel
particles

Normal soft
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Temperature condition
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Fig. 5. Different smart structures based on the smart elements:
(a) Configuration of elongation structure.
(b) Configuration of grasping structure
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Multiple smart materials based building blocks

In the situation of underwater pipe manipula-
tion and seabed pipe maintenance installation, at-
taining active deformation along with high stiffness
and adaptability is imperative. Consequently, the in-
tegration of various smart materials becomes essen-
tial for effective implementation. SMPs are materi-
als distinguished by their ability to retain a predeter-
mined, permanent shape, undergo manipulation to
adopt a temporary configuration under specific con-
ditions of temperature and stress, and subsequently
revert to their original, stress-free state upon ex-
posure to thermal, electrical, or environmental sti-
muli. Given their unique capacity to maintain two
distinct shapes under varying conditions, SMPs
hold significant promise for utilization in smart
actuator systems. The illustration presented in Fig-
ure 6 depicts the integration of a building block
incorporating SMP as its base along with hydrogel

Hydrogel
Hydrogel protrusion
protrusionT
External force
SMP

structure

SMP

structure

protrusions. The SMP base primarily functions as
the actuation mechanism facilitating substantial
deformation. Conversely, the hydrogel protrusions
serve as the supportive framework aimed at enhanc-
ing the adaptability of the smart actuator. In the
initial state, the SMP base exhibits a curved form,
while the hydrogel protrusions maintain a state of
minimal swelling. Upon the application of an exter-
nal force or stimuli, the SMP base undergoes a tem-
porary morphological change. Subsequently, when
the temperature surpasses the critical threshold of
the SMP, the material reverts to its original shape.
Following the shape recovery process, lowering the
temperature again serves to both fix the SMP shape
and induce further swelling of the hydrogel pro-
trusions. Through this cycle process, the SMP base
achieves bending behavior, facilitated by the swel-
ling and contraction of the hydrogel protrusions to
modulate the structure's thickness and enhance its
adaptability.

Hydrogel
protrusion,

Temperature condition

—

SMP
structure

Fig. 6. The building block based on SMP and hydrogel

As shown in Figure 7, the proposed building
block exhibits potential for development in specific
applications. This potential finds utility within un-
derwater environments for tasks of pipeline mainte-
nance. The operational sequence involves initial de-
formation of the composite structure through exter-
nal force, maintaining it in a temporary configura-
tion. Following immersion in water, the entire struc-
ture gradually approaches the local section of the

Mauw. undic. nayu. ciuc. 42 (2), 83-94 (2024)

pipeline. Subsequently, the pressure valve initiates
opening to release high-pressure hot gas. As a result
of the elevated temperature of the hot air, adjacent
water experiences thermal conduction, leading to its
heating. With the increased temperature, the SMP
base undergoes bending, reverting to its original
configuration, thus enveloping the pipeline in need
of maintenance to ensure safety. Upon the gradual
decrease in nearby water temperature, the hydrogel
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protrusion undergoes swelling, subsequently mak-
ing contact with both the pipe valve and its outer
wall. The inherent softness of the hydrogel structure
serves to shield the pipe from potential damage due

¥ ‘[—» X
—‘-"‘--__.-

z Underwater

« Pressure )

valve

Pipe wal] ————=

S S T T S T S S W S W W S ——

e e e e S

Open valve

to collisions. Furthermore, the hydrogel functions to
fill the space between the pipe and actuator, thereby
promoting pipe stability.

'_-1""‘--._.-
Z Underwater
—_—

Pressure
valve

Pipe wall

Fig. 7. Potential application of the multiple smart materials based building blocks

Based on the cases study, the advantages, ap-
plication, and stimuli of the smart hydrogels and
SMPs can be concluded (Table 1). Hydrogels and
SMPs are tailored for distinct applications due to
their unique properties. Hydrogels, with their ability
to undergo large deformations and respond to stim-
uli like pH or temperature, are ideal for actuation in
soft robotics and artificial muscles. Their flexibility

Table 1

and water absorption make them perfect for dy-
namic environments. Conversely, SMPs are prized
for their stiffness variation and shape recovery, ex-
celling in applications like underwater components
in unpredictable environment. Besdeis, the light-
weight and programmable properties of SMPs also
ensure structural integrity and precision where sta-
bility is critical.

Conclusion of hydrogels and SMPs

Smart material Advantages Stimuli Applications
pH
. def ) bili Temperature Soft
arge deformation capabilit . oft actuators
Hydrogel Hi ?] ter ahsarofi P y Light S
igh water absorption Magnetic field ensors
Electric field
Tunable stiffness variation Heat Smart textiles
SMP High recoverable strain Light Self-healing
Programmable shapes Magnetic field Underwater component
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In conclusion, the comprehensive design frame-
work is shown in Figure 8. The process begins with
the selection of smart materials capable of changing
shape, volume, and stiffness in response to environ-
mental stimuli. Replacing conventional soft mate-
rials with these smart materials enables energy har-
vesting from natural sources and reduces depen-
dence on external power, facilitating self-actuation
in complex or unpredictable environments. In addi-
tion, smart materials like shape memory materials
also enable stiffness changes, enhancing adaptability

and stability in real-world applications. By combing
multiple smart materials, the self-actuation unit,
which refers to “building blocks”, can be developed
to achieve specific deformations, such as surface
folding, shell volume changes, or joint bending.
Then, the morphing structures are assembled into
more complex structures, which can be modularly
configured to perform different behav-iours. Final-
ly, the mechanical intelligence relating to the soft
robotics can be developed by the structural design
based on the morphing structure for various tasks,
such as locomotion or manipulation.
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Fig. 8. The model-based design process of the smart building blocks

5. CONCLUSION

The soft robot in this study demonstrates ad-
vanced capabilities with high-level adaptabilities
and flexibilities, enabling the creation of complex
structures. The soft actuator, a key component of the
soft robotic system, is crucial in driving the robot's
overall functionality. This research explored the po-
tential of model-based design approaches for devel-
oping building blocks of modular components that
can be combined to form mechanically intelligent
structures with specialized functions.

Numerical methods, such as the finite element
method (FEM) and the combined finite element and
discrete element method (FEM-DEM), offer signif-
icant potential for advancing smart actuator sys-
tems. FEM, in particular, is highly effective for
characterizing the hyperelastic behavior of shape
memory polymers (SMPs) and smart hydrogels.
Additionally, the FEM-DEM approach has proven
useful in analyzing particle-based mechanisms that
undergo large deformations.

By employing variable smart actuation meth-
ods, it is possible to tailor the functions of these

Mauw. undic. nayu. ciuc. 42 (2), 83-94 (2024)

components to specific applications. Particle-based
building blocks, for example, demonstrate substan-
tial deformation capabilities and can increase stiff-
ness. Temperature-sensitive hydrogels exhibit ac-
tive deformation properties, making the building
blocks suitable for applications such as elongation
and grasping. A hybrid design combining SMP and
smart hydrogel can further enhance these actuators
by offering both active deformation and stiffness
control, enabling functions such as grasping, instal-
lation, and maintenance while improving the adapt-
ability of the modular building blocks.

In the future, an improved methodology ground-
ed in model-based design principles will be deve-
loped. This approach will integrate theoretical mod-
els with experimental validation, ultimately en-
abling the systematic design and manufacturing of
engineering-ready building blocks for soft robotic
systems.
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A b stract: Generating large amounts of solid hazardous waste, such as scrap motor tires, has raised the
question of seeking an appropriate method for their recycling. The pyrolysis of waste tires presents a viable solution
not only for addressing environmental challenges, but also for converting discarded tires from landfills into valuable
products. This thermochemical process offers an opportunity to produce cost-effective fuel. In this study, waste truck
tires were converted into value-added products using the pyrolysis method. The pyrolysis process was carried out in a
semi-batch reactor in an oxygen-free environment. A semi-batch reactor was automatically controlled, and three
thermostatic separators were used for the pyrolysis of waste rubber. The pyrolysis of waste truck tires yields three main
products: solid residue, which constitutes 36.50 %; a liquid fraction known as carbon black, accounting for 51.28 %;
and a 12.22 % gas fraction, syngas. The basic characteristics of the obtained liquid and solid products were examined.

Key words: pyrolysis; waste tire; semi-batch reactor; products evaluation

MNPOLEHA HA MTPOAYKTU JOBUEHU CO IINPOJIN3A HA T'YMA

Anctpaxt Co31aBambeTo rojieMd KOJMYECTBA BPCT OMACEH OTIMA/ KAKO IITO Ce OTHAJHHA aBTOMOOUICKH
IyMH, TO HaMETHYBa MpAIIameTo 3a Oapame COOABETEH METO] 33 HUBHO peluKinpame. [luponn3ara Ha OTIaIHUTE
IYMH [PETCTaByBa OCTBAPIIMBO PEIICHNE HE CaMOo 3a CIIPABYBamke CO EKOJIOIIKUTE MPEAN3BULIN TyKY U 32 KOHBEP3Hja
Ha OTIIAJHHATE TYMHU O] JETTOHMKTE BO BpeAHH mpou3Boau. OBOj TEPMOXEMHUCKH MPOIEC aBa MOKHOCT 3a ITPOU3BO/I-
CTBO Ha EKOHOMUYHO ropuBo. Bo oBaa cTynuja, co mpyMeHa Ha METOAOT Ha MHUPOJIN3a, OTHAIHUTE TYMH O]l KAMUOHH
0ea KOHBEPTHUPAHHU BO MPOM3BOJMU CO OAaAeHa BpeaHOCT. [IporecoT Ha nmupoin3a Oele CIpoBeieH BO MOTyIIapiKeH
peakTop Bo cpeauHa 0e3 NMPHCYCTBO Ha KuciopoJ. [loiymap)KHHOT peakTop € aBTOMAaTCKH KOHTPOJIHMpaH, a 3a
MUpONIN3aTa Ha OTMaHa rymMa Gea KOPUCTeHH TPU TepMocTaTupanu cenaparopy. Co MUpon3aTa Ha OTHAHU IYMH OJT
KaMHOHH ce JI00Mja TpH TITaBHU MPOM3BOIM: IIBPCT OCTATOK, KOj counHyBa 36,50 %; Teyna ¢paximja mo3Hara Kako
IpH jaryeH, co 51,28 %; u 12,22 % racHa ¢paxuuja, cuarac. MicnuryBaHn ce OCHOBHUTE KapaKTEepUCTHKH Ha joOue-
HUTE TEYHU U IBPCTH MPOU3BOIH.

Knyuynu 300poBu: MHpoIN3a; OTIAAHA TyMa, TOIyIIapsKeH PeakTop; MPOIeHa Ha IPOIyKTH

1. INTRODUCTION

The automobile industry, a fundamental sector
in highly developed nations, generates an increasing
volume of waste rubber annually. Tire disposal is
growing in importance as an environmental issue
that still has to be properly resolved. This waste
typically finds its way into urban landfills, posing a
significant environmental issue due to its non-
biodegradable nature. Consequently, utilizing this
waste material as a feedstock for fuel production has

become an increasingly pressing challenge for
numerous researchers. Alternative energy sources
arise with the passage of time because fossil energy
sources like coal and crude oil are getting exhaust-
ed. Waste tires are not biodegradable, and their
reuse or recycling requires mechanical or thermo-
chemical treatment [1].

The thermochemical pyrolysis process is a
promising technology for the management of organ-
ic solid waste. Pyrolysis has been regarded as the
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most common and eco-friendly option among waste
thermal conversion technologies. This is due to
reduced environmental pollution and increased
economic advantages [2-5]. The European Tyre &
Rubber Manufacturers Association (ETRMA) re-
ports that the annual tire sales in the European
Union reach 289 million units, representing merely
20% of the global market, which totals around 1.5
billion tires sold each year worldwide [6, 7]. The
pyrolysis method demonstrates its effectiveness by
transforming these materials into valuable end prod-
ucts under regulated process conditions. This ap-
proach allows for the optimization of specific frac-
tions of interest, particularly the liquid fraction,
commonly known as pyrolysis oil, which has a
minimal environmental pollution impact [8]. Dur-
ing the pyrolysis process, waste tires are converted
into valuable fuel products such as pyrolysis oil,
carbon black and syngas. Pyrolysis oil has been de-
rived from polymer materials, used tires, waste tex-
tiles, and various biomass compounds. The charac-
teristics of tire pyrolysis oil fuel, such as calorific
value (41-44 MJ/Kkg), density (0.90-98 kg/l), and
viscosity (2.5-5.5 mm?/s), are comparable to those
of diesel derived from crude oil [9-13]. Waste rub-
ber, owing to its unique chemical composition, in-
cludes 60-65% natural rubber and styrene-butadi-
ene rubber, 25-35% carbon as a filler, 5-7% oil, 1—
2% zinc oxide, 1-2% sulfur, along with fatty acids,
phenolic resins, stabilizers, antioxidants, petroleum
waxes, canvas, and steel wires. It serves as a valu-
able raw material that can be processed into fuel for
use in the automotive sector through refining [14].

The pyrolysis process of waste tires presents a
viable solution to address the energy crisis. How-
ever, challenges persist regarding the quality of the
resulting liquid fraction. These challenges encom-
pass a considerable presence of sulfur, elevated wa-
ter content, and aromatic compounds, all of which
are associated with environmental pollution and
health issues [15-17]. The pyrolysis of waste tires
serves as an alternative energy source in this world.
Diesel fuel can be effectively replaced by waste tire
pyrolysis oil. Significant volumes of SOx, NOx, and
CO are emitted during tire incineration, making
them challenging to handle.

The liquid fuel produced contains significant
proportion of aromatic compounds. It exhibits greater
viscosity and a higher sulfur content compared to
fossil-derived diesel. Consequently, it necessitates
further processing either purification or fractional
distillation to yield fuels with specific quantities of
paraffins, olefins, naphthenes, and aromatic com-

pounds. This additional treatment ensures that the
fuel can be utilized safely and complies with the
established standards for this category of fuel. Solid
residue and gas are produced as by-products, and at
times as primary products, each possessing distinct
economic value and suitable applications [10, 11,
18].

The pyrolysis of waste rubber is a thermo-
chemical procedure conducted in an oxygen-free
environment, frequently utilizing nitrogen, at
elevated temperatures ranging from 250 to 550°C,
either under vacuum or atmospheric pressure, with
or without a catalyst. This process yields three
primary products: approximately 50% liquid fuel,
around 40% solid residue, and about 10% gas. The
yields of products obtained from the pyrolysis
process vary based on the type of waste, which has
distinct chemical compositions, as well as the type
of reactor and specific conditions applied during the
process.

The objective of this study was to assess the
pyrolysis products derived from the thermochemi-
cal conversion of waste tires. The process param-
eters were optimized to achieve the highest yield of
liquid fuel.

2. MATERIALS AND METHODS

The raw material, consisting of shreds from
truck tires with an average particle size of 5 mm,
underwent pyrolysis in a semi-batch reactor with a
volume of 0.4 dm3. Between 120 and 170 grams of
finely chopped rubber are added to a semi-batch
reactor. To ensure an inert atmosphere, nitrogen, as
an inert gas, is flown into the reactor for 15 minutes.
The pyrolysis process was carried out according to
a temperature regime (temperature and heating rate)
that was programmed by a PID controller (Unitronics
V570). The reactor was heated from ambient room
temperature to 505°C at a heating rate of 10 °C/min.
The optimal conditions for the pyrolysis process of
truck tires in a semi-batch reactor to achieve the
highest possible yield of pyrolysis oil are depicted
in Table 1. The resulting liquid products were sepa-
rated using three thermostatically controlled, seri-
ally connected separators. The first separator is at a
temperature of 90 °C, and the second and third are
at 0°C. The collected pyrolysis oil is analyzed and
characterized according to standard test methods for
examining this type of fuel. The pyrolysis oil is a
dark-brown liquid with a strong odor, Figure 1.
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Table 1

Optimal conditions of the pyrolysis process

Parameter Measured values
Pyrolysis temperature, °C 505
Heating rate, °C/min 10
Pyrolysis oil, wt.% 51.28
Carbon black wt.% 36.50
Syngass, wt.% 12.22

Start of pyrolysis, °C 325

End of pyrolysis, °C 505

Fig. 1. Pyrolysis oil

3. RESULTS AND DISCUSSION

The chemical analysis was conducted on the
properties of the resulting pyrolysis products, which
include the amounts of pyrolysis oil (51.28 %) and
carbon black (36.50 %). The generated syngas
(12.22 %) was calculated based on the mass
balance. The density, viscosity, and sulfur content
of the pyrolysis oil were measured at 0.9071 g/cm3,
1.865 mm?/s, and 0.42 %, respectively (Table 2).
The fixed carbon and ash content of the carbon
black were determined to be 41.06 % and 25.63 %,
respectively (Table 3 and Figure 2).

Maw. unoic. nayuy. ciuc. 42 (2), 95-100 (2024)

Table 2

Chemical analysis of unrefined pyrolysis oil

c Measured values Test method
Appearance (visual) Opaque liquid

Color (visual) Black

Density at 15 °C, kg/m? 0.9071 ASTM D4052
Kinematic viscosity

at 40 °C, mm?/s 1.865 EN 1SO 3104
Ignition point, °C <40 ASTM D 93
pH 9

Refractive index 1.6893 ASTM D 1218
Distillation at 101.3 kPa*

Initial boiling point/IBP, °C 45.2 ASTM D 86

Flow temperature, °C <minus41 ASTM D 5950

Contain water and

sediments, v/v. % 2 ASTM D 2709
Sulfur contents, wt.% 0.42 ASTM D 4294
Table 3

Chemical analysis of carbon black

Parameter Measured values Test method
Water content, wt.% 0.35 1SO 589:2008
Volatile substances, wt.% 33.21 1SO 562:2010
Ash content, % 25.63 1SO 1171:2010
Granulometric composition, 67.15 1SO 1953:1994
<500 pm

Bulk density, kg/m3 456.87 ASTM D 2854
Fixed coal, wt.% 41.06 Estimated

Fig. 2. Carbon black
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Depending on reactor type and catalyst type,
process conditions, raw materials and their compo-
sition, product yields can vary significantly. During
pyrolysis, about 33-39 % of the solid residue is
obtained, 34-45 % of the liquid products, and the
rest consists of gases [19-22]. The results of the
studies indicate that a semi-batch pyrolysis reactor
is a good choice for generating pyrolysis oil from
solid tire waste. In this study, the pyrolysis process
takes place in a temperature interval of 180°C (from
325°C to 505°C) at a heating rate 10°C/min. The
properties of the total pyrolysis oil, including densi-
ty and viscosity, are found to be nearly equivalent
to those of automotive diesel fuels and truck py-
rolysis oil [23]. The obtained pyrolysis oil was
fractionated into light (36.32%) and heavy (30.18%)
diesel fuel. The densities of the obtained fractions
for light and heavy diesel fuel are 0.8780 g/cm?® and
0.9381 g/cm?, respectively. The density of the mix-
ture and the amounts of the two fractions of diesel
(0.9071 g/cm®) show that the pyrolysis oil can be
classified as a heavy diesel fraction in which there
is a presence of light components. A low initial
boiling point (IBP) of 45.2°C indicates the presence
of light components in the pyrolysis oil. The gene-
ration of sulfur compounds in the pyrolysis liquid
products is attributed to the thermal degradation of
the vulcanizing agents incorporated into the rubber
[10, 24]. The relatively low sulfur content of pyrol-
ysis oil of 0.42% allows it to be safely used as a
heating oil (according to the ASTM standard, the
maximum is 0.5%). Therefore, it is within the per-
missible limits for its safe use. However, fractional
distillation and desulfurization are necessary to
enable their use as alternative fuels for engines.
Certain researchers have determined that liquid oil
obtained by pyrolysis of waste automobile tires,
when mixed with diesel fuel at concentrations up to
75%, can be effectively used in diesel engines
without the need for any modifications to the engine
[25, 26]. Research shows that the application of
pyrolysis oil mixed with diesel fuel at concen-
trations of 20%, 40%, 60%, and 75% in a direct in-
jection diesel engine has shown comparable per-
formance and lower emissions to the operation of
the same engine when running on pure diesel fuel.
They suggest that tire pyrolysis oil could serve as a
viable alternative fuel for diesel engines in the
future [26-28].

Numerous studies on the pyrolysis of waste
tires are focused on obtaining pyrolysis oil and less
on obtaining and characterizing solid residue. There
are very few studies related to the gas product,

pyrolysis gas [29]. The pyrolysis process results in
the formation of a huge amount of solid carbo-
naceous material referred to as solid residue, pyro-
lysis char, or carbonized residue (commonly known
as carbon black). The properties of this solid residue
are determined by the specific conditions of the
pyrolysis process, as well as the composition of the
rubber being processed. It has been established, that
part of the organic gaseous products generated
during pyrolysis can be adsorbed on the surface of
the solid residue. This affects a change in the
structural characteristics of the carbon black. To
improve these characteristics, increase the diameter
of pores, increase the specific surface of the carbon
black, demineralization and carbon black activation
are required. After that, it can be used in the
production of tires, adsorbents, or catalyst carriers
[30, 31]. The amount of carbon black obtained
during the pyrolysis of truck tires and its charac-
teristics are within the limits of expectations and
literature data [6, 15].

4. CONCLUSIONS

The pyrolysis of waste tires serves as a method
to generate a substantial quantity of high-quality
pyrolysis oil and carbon black. Analysis of the fuel
characteristics of tire pyrolysis oil shows similari-
ties with diesel fuel or light fuel oil and can safely
be used as a heating oil. Also, because of its rela-
tively low sulfur contents and improving quality, it
can be blended with diesel fuel for use in diesel
engines. This is of particular importance due to the
wide application of diesel engines in the transport
sector. The yield of carbon black obtained from the
pyrolysis of tires is substantial and exhibits a
significant ash content. To enhance the quality of
the carbon black, aiming to convert it into higher-
grade carbon black, demineralization and activation
processes are necessary.
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A bstract The natural catalyst, opalized silicate-tuff, was demonstrated to be an excellent catalyst for the
breakdown of plastic waste and produced a high-yield liquid fraction. Polyethylene (PE) and polypropylene (PP) waste
mixture has been catalytically degraded in a batch reactor operating in dynamic conditions, and the obtained liquid fuel
is in the petrol and kerosene range. The yield of condensed product formation was higher than 85%. The ASTM distil-
lation according to the requirements of the ASTM D86 Standard Test Method was performed. Under ambient pressure,
the test method of determining the boiling range of a petroleum product by performing a simple batch distillation has
been used. Some physical and qualitative characteristics of the condensed product were determined. The obtained con-
densed product, 65% is in the diesel range between 180°C and 320°C. The most common compounds in condensate
are paraffin (78%) and aromatic (22%). The quantity of naphthenic is minor.

Key words: pyrolysis; ASTM distillation; natural catalyst; ASTM D86 Standard Test Method

EBAJIYALIMJA HA KPUBATA HA JECTUJIAIMJA HA ITIAIPOJIUTUYIKO TEYHO I'OPUBO

A1 cTp axT: [IpuposHHOT KaTanu3aTop, ONaIH3UpaH CHINKA-Ty(, ce MOKaka KaKo OJUTMYEeH KaTalli3aTop 3a
pasrpajayBame Ha IUIaCTHYEH OTIa] M JOOMBamke BUCOK NPUHOC Ha Te4HO ropruBo. OTnagHaTa cMeca O MOJIUEeTUIICH
(PE) u monunporniunen (PP) e katanuTuyky pasrpajieHa BO IIapiKeH peakTop IUTO paboTH BO ANHAMHYHH YCIIOBH, a
JOOMEHOTO TEYHO FOPUBO € BO BUJIOT Ha OCH3MH U Kepo3uH. [IpHHOCOT Ha TOOMEHNOT KOHAEGH3MPaH MPOU3BO/I € MOro-
nem ox 85%. Usepiiena e ASTM paectunanuja ciopen 6apamara Ha cranaapaHuoT tect-meron ASTM D86. Tlon
aMOHMeHTaJIeH MPUTHCOK, TECT METOJ0T € KOPUCTEH 3a O/pelyBarbe Ha MHTEPBAJIOT HAa BpUEHe HA HAQTEHHOT IPOU3BOJ
CO CIIPOBETYBAME €HOCTABHA AP KHA AECTHIANNja. Y TBPJCHH ce HEKOX (pU3HUKHU U KBATUTATUBHU KapPaKTEPHCTHKU
Ha KOHJICH3UPAHNOT Hpou3BoA. JJoOMEeHHOT KOHIEH3MpaH npousBox € 65% Bo panror Ha gms3en momery 180°C n
320°C. Hajuectn coenuaeHnja Bo KOHAeH3aTOT ce napaduau (78%) u apomaru (22%). KommdaectBoTo Ha HahTeHH €
MHHOPHO.

Kuayunu 36opoBu: nuposnnza; ASTM nectunanuja; IpupoeH KaTanusarop; cranaapjaeH tect-meron ASTM D86

1. INTRODUCTION feedstock for the petrochemical sector, five per-

cent is utilized for other purposes, and about

Petroleum is used excessively in mod- forty-five percent is used internationally to gen-

ern civilizations as both a fuel and a raw re- erate electricity [1]. Finding alternative energy
source for numerous businesses. Four percent is sources to petroleum is therefore necessary. Re-

used to create plastic, four percent is used as cycling of waste plastics is a very important
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issue in order to relieve environmental pollution.

Worldwide, the conversion of plastic waste to
fuel by application of different pyrolysis meth-
ods has been intensively researched [2]. Partic-
ularly post-consumer plastics are a very attrac-
tive opportunity for utilization as a valuable and
reusable source of hydrocarbons if they're bro-
ken down into lower molecular weight products
[3]. Apart from energy concerns, the most
promising substitute for plastics pyrolysis or re-
cycling seems to be the development of more
efficient techniques for transforming these in-
expensive waste polymers in a way that is envi-
ronmentally friendly [4].

During the cracking process of long pol-
ymer molecules, the degradation of polymer
chains can be enhanced by applying various
catalysts. The used catalysts have a high con-
version effect over the plastic wastes at lower
temperatures and decrease the activation energy
[5]. The impact of zeolitic catalysts has been
highlighted in polymer degradation catalytic
processes that provide valuable hydrocarbons
[6-9]. The effectiveness of non-zeolitic cata-
lysts in the breakdown of polymers is far less
understood. There have been reports on the cat-
alytic conversion of plastic wastes using vari-
ous non-zeolite catalysts. They consist of the
following: alumina, silica, and basic catalysts
like BaCOs [10], bimetallic catalysts, Al-Zn
composites [11], FCC catalysts [12, 13], and
mesoporous catalysts like AI-MCM-41 [14].
Hydrocarbons are produced during catalytic
degradation, which occurs at temperatures that
are comparatively low and within the motor
fuel range [15, 16]. Liquid fuel is probably the
most valuable in such a degrading process. Nat-
ural opalized silicate—tuff proved to be an ex-
cellent catalyst for plastic waste degradation
and producing a high yield liquid fraction with
gasoline and kerosene [17].

The liquid fuel obtained from catalytic
pyrolysis could be used as a transport fuel be-
cause of the high amount of aromatic and some
naphthenic compounds that could be a good
motor fuel since. Aromatic and naphthenic
compounds improve the quality of gasoline by
increasing the octane number [18]. Olefinic
compounds are industrially more attractive than

even the pure saturated compounds [19], as they
are intermediaries of many valuable and expen-
sive chemicals.

Distillation is a primary process widely
used in the oil and petrochemical industries,
providing important qualitative and quantita-
tive information on complex fuel mixtures [20].
The ASTM D86 distillation process is pre-
sented with a curve that plots the liquid mix-
ture's boiling temperature against the total vol-
ume of distillate at a specific pressure [21]. This
standard of the American Society for Testing
and Materials (ASTM) covers distillation char-
acterization techniques, describing a basic dis-
tillation procedure [22].

In this work, the efficiency of these nat-
ural catalysts for the production of liquid fuel
from waste plastic was analyzed. The obtained
condensed fraction obtained from catalytic deg-
radation of polyethylene (PE) and polypropyl-
ene (PP) is much larger than the gaseous frac-
tion. The physical properties of obtained liquid
fuel were determinate. The pyrolytic fuel was
analyzed according the ASTM D86 standard.
The main constituents of pyrolytic oil, paraf-
fin’s, naphthenic, and aromatics, were deter-
mined using the n-d-M method.

2. EXPERIMENTAL

2.1. Materials

The waste polymer mixture used in this
work was consisted of 76.2% high-density and
23.8% polypropylene. The natural alumina-sil-
icate catalyst tuff was screening through the
sieve, and the fraction of 0.03 mm was em-
ployed in the experiments. The catalyst activa-
tion was performed at 800°C for 3 h.

2.2 Experimental setup

A stainless steel 400 ml batch reactor
was used for the production of liquid fuel in the
presence of tuff catalysts. The PID (Unitronics
V570) controller controlled the temperature and
maintained a constant heating rate of 20°C/min.

Mech. Eng. — Sci. J., 42 (2), 101-106 (2024)
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The full procedure for the production of liquid
fuel was presented in our previous work [23].

The obtained pyrolytic oil was evalu-
ated using ASTM distillation, according to the
requirements of the ASTM D86 Standard Test
Method, in the apparatus depicted in Figure 1.
A basic test method of determining the boiling
range of a petroleum product by performing a
simple batch distillation has been used. The
yield of condensate product and temperature are
systematically measured. Additionally, are
noted the residual volume. The ASTM D86 test
method determines quantitatively the boiling
range characteristics of products as light and
middle distillates. Also, standard assays are
used for fuel quality control, and results rely on
several fuel characteristics, such as specific
gravity and distillation curve. These attributes
are closely linked to the composition of the fuel,
and predicting them requires understanding the
features of its constituent parts.

Thermometer

Distilling

Flask Bath Cower

Heat
Resistant -]
Eoards

Shield - |

Buener -

Fig. 1. ASTM distillation apparatus according
ASTM D86 test method [20]

3. RESULTS AND DISCUSSION

The experimental measurements are made on
each 5 vol% of distillates. In calculations of charac-
teristics of pyrolysis fractions, the essential boiling
points of 10, 30, 50, 70, and 90 vol%, were used.

Mauw. undic. nayu. ciuc. 42 (2), 101-106 (2024)

The distillation (volatility) characteristics of hydro-
carbons have an important effect on their safety and
performance. Understanding the volatility of com-
plex fluids, and particularly the behavior of fuels in
a refinery or engine, depends on their characteris-
tics. Plotting a liquid mixture's boiling temperature
against its distilled volume percentage is the ASTM
distillation curve method (Figure 2). The distillation
curve relies on the type and quantity of compounds
present in the mixture. The volumes of the lighter
phase of the pyrolytic fuel with a boiling point be-
low 175°C is the fraction that corresponds to the
gasoline range (220°C), and are only 35% of the to-
tal collected sum of all fractions. Consequently, a
greater amount, 65% of condensate, is obtained in
the diesel range between 175°C and 320°C. Distil-
lation ended at 316°C and 90% volume.

350
300
250
g 200
~ 150
100
50 4

0 50 100
vol ( %)

Fig. 2. ASTM distillation curve

The distillation characteristics of fuel are criti-
cally important. The presence of high boiling point
components in these and other fuels can signifi-
cantly affect the degree of formation of solid com-
bustion deposits.

The determination of the chemical properties
of pyrolytic fuel is usually complex and expensive
due to the large number of different compounds.
Physical properties such as density, kinematic vis-
cosity and refractive indexes were determined by
measurable laboratory tests, according to specific
standards. The fundamental variables for calculat-
ing correlations that meet the standard test method
are the density and distillation curve. The density
and kinematic viscosity were determined according
to ASTM D4052 and ASTM D445 and D446, con-
sequently. Refractive index follows ASTM D1218
and aniline point ASTM D611 (Table 1).
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Table 1

Measured physical properties of obtained
liquid fuel

Physical properties Labels = Units  Measured values

) 0.7801(15°C)
Density d g/lcm?
0.7764 (20°C)
Refractive index RI - 1.4410 (25°C)
Kinematic viscosity \ cSt 0.9765 (40°C)
Aniline point AP °C 66.3

The values shown below are computed using
the distillation data according the ASTM D86:

API — American Petroleum Institute gravity

SG — Specific gravity

VABP — Volumetric of average boiling point
temperature (°C)

GASTM — The slope of ASTM curve (°C/vol%)

MeABP  — Mean average boiling point (°C)

MABP — Molar average boiling point (°C)
CABP — Cubic average boiling point (°C)

vsus (SUS) — Kinematic viscosity to Saybolt
Universal seconds

MW — Molecular weight (g/mol)
Kw — Watson characterization factor

These properties rely on the volumetric and
volatility characteristics of the mixture, which, in
principle, can be obtained by the use of a thermody-
namic model and the chemical composition of the
mixture.

It is possible to predict the parameters for py-
rolytic oil characterization based on the results
shown in Table 2, including molecular weight
(MW), volumetric average boiling point (VABP),
mean average boiling point (MeABP), and the value
of Kw. Therefore, lower values of VABP and
MeABP, 213 and 218, as well as MW 138, suggest
lighter fuel, whereas higher values are expected for
heavier fuels. Therefore, a MW ranges from 70 to
200 for lighter fractions and between 200 and 600
for heavier fractions. This is even more confirmed
with the value of the Kw factor, which comprises a
classification method according to the variety of

paraffinic, naphthenic, intermediate, or aromatic in
the pyrolytic oil. Typical ranges of Kw are between
10 and 13. The obtained value for the Kw factor of
11.9 ~ 12 implies a hydrocarbon compound pre-
dominantly paraffin in nature. Hydrocarbons with
higher naphthenic or aromatic content are indicated
by lower values of this factor. Values of 10.0 or less
are seen in highly aromatic hydrocarbons. The boil-
ing range gives information on the composition (Ta-
ble 3), the properties, and the behavior of the fuel
during storage and use.

Table 2

Calculated values using
n-d-M correlation

SG 0.78
VABP 218.6
CABP 208.6
SASTM 3.1
MeABP 213.6
MABP 172.6
Kw 11.9075
vsus 1.02
MW 138.18
Table 3

Calculated % of groups
of compounds using n-d-M

Ca 18.660
Cn 3.14
Ce 78.20

Ca— Aromatic ring structure (%)
Cn — Naphthenic ring structure (%)
Cp — Paraffin chains (%)

The volatility properties of gasoline are closely
related to its performance within the engine; partic-
ularly, the adequate balance between light and
heavy hydrocarbons is a determinant for engine cold
start, engine heating, and fuel economy at cruising
speed. If excess light hydrocarbons are present in
gasoline, problems such as vapors lock and engine
freezing may occur [24].

Mech. Eng. — Sci. J., 42 (2), 101-106 (2024)
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4. CONCLUSION

In this work, the ASTM D86 Standard Test
Method was used for characterization obtained py-
rolytic fuel over employed catalys — opalized silica
tuff. This test method covers the atmospheric distil-
lation of petroleum products and liquid fuels using
a laboratory batch distillation unit to determine
quantitatively the boiling range characteristics of
such products as light and middle distillates. A char-
acterization of the obtained pyrolytic fuel was made
using the data obtained from ASTM distillation
curve. The results obtained from the distillation
curves indicate that pyrolytic fuel is a complex mix-
ture of compounds.

The obtained pyrolytic oil was quantitative and
gualitatively characterized. The fraction that corre-
sponds to the gasoline range (175°C) is only 35%,
and a greater amount, 65% of condensate is obtained
in the diesel range between 175°C and 316°C. The
most common compounds in oil are paraffin’s 78%
and aromatics 22%. The quantity of naphthenic is
minor, only 3%.

The molecular weight of fuel is 138, and the
two estimated boiling points (VABP and MeABP)
values of 213 and 218 suggest lighter fuel. As well
as obtained value Kw of 12 implies a fuel with par-
affinic nature.
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A bstract The aerodynamic performance of a wind turbine heavily depends on the blade airfoil designs,
therefore the initial strategy for enhancing efficiency involves using multiple airfoils with varied geometries in blade
construction. Building on this, a more innovative approach introduces new geometries for turbine hubs, allowing de-
signers to retain the primary blade shape and dimensions during the design process. This process leverages theoretical
aerodynamic principles, mathematical models and data from turbine operation under wind flow conditions. The numer-
ical model, originally developed with various airfoils, is validated by comparison with experimental results, confirming
its reliability. The unsteady airflow model reveals changes in wind turbine efficiency and aerodynamic coefficients at
varying angles of attack of the blades. The next phase includes experimental testing of a wind turbine scaled physical
model with a newly designed hub with a hemispherical shape. The 3D-printed model allows for testing at different
angles of attack, enabling comparability between numerical and experimental outcomes. Adjusting the position of the
hemispherical hub in relation to the blade root provides insights into its effect on wind capture. This method highlights
the differences between a conventional turbine hub and an unconventional hemispherical hub, utilizing the same blade
configuration. The first approach is implemented in software for airfoil design and analysis, while the second method
is employed in software for designing structural elements of the whole turbine.

Key words: wind turbine; blade design; airfoils; hub design

EKCIHHEPUMEHTAJIHO H HYMEPHUYKO UCTPAXKYBAIBE HA MOKHOCTA 3A 3TOJIEMYBAIBE
HA EOMKACHOCTA HA BETEPHA TYPBUHA ITPEKY HOB ITU3AJH HA HOCOT HA POTOPOT

A 1cTpakT: AepoauHaMHUKUTE IepopMaHcH Ha BeTepHa TypOMHa BO TojieMa Mepa 3aBUCaT O IW3ajHOT Ha
aeporpo¢dmoT Ha onaTkute. OTTaMy OYeTHATa CTpaTerrja 3a MoJo0pyBamke Ha ePUKACHOCTA BKIYIyBa KOPUCTEHE
MoBeke aeponpoGuIM CO PasIMYHM T€OMETPHH NPU HUBHATA KOHCTPYyKIHMja. ITocienoBaTeiHo, MOWHOBATUBHHOT
MIPHUCTAIl BOBEAYBa HOBU T'€OMETPHH 32 HOCOT (IIEHTapOoT) Ha pabOTHOTO KOJIO, TO3BOYBajKH UM Ha JH3ajHEpUTE A4 ja
3a/ip)KaT puMapHaTa GopMa U JMMEH3HMHU Ha JIOMATKUTE NPH NIPOLECOT Ha Tu3ajHUpame. Bo 0Boj mpoliec ce kopucrar
TEOPETCKU aepoAMHAMHMYKH MPUHIUITY, MaTEeMAaTHIKH MOJIEIN U TIOJaTOLH 3a paboTaTa Ha TypOMHHTE BO YCJIOBH Ha
cTpyeme Ha BeTep. HyMepruknoT Moieln, MPBUYHO Pa3BUEH CO PA3IMYHU aepoNpoQmiI, € BaTUIUpaH MPpeKy cnopenda
CO eKCIIepUMEHTAIIHH Pe3yJITaTH, MOTBPAYBajKU ja HEroBaTa BEpPOJOCTOJHOCT. MOENOT Ha HECTALMOHAPHO CTPYeHe
Ha BO3yX I'M OTKpHBa NPOMEHUTE BO e(bl/IKaCHOCTa 1 aCpOAUHAMUYKUTE ](Oe(bI/II_II/IeHTl/I Ipy pas3jIniHU HallaaH!U arjuv
Ha JIOTIaTKHTe Ha BeTepHaTa TypOuHa. CrieqHara (a3a BKITydyBa eKCIEPUMEHTAIHO HCIIUTYBatbe Ha CKATMPaH QU3HIKU
MOJIeJT Ha BeTepHaTa TypOHMHa CO HOB JIH3ajH Ha HOCOT BO 00JMK Ha xemucdepa. MozenoT ornedareH co 3 /1 TeXHHKa
OBO3MOXKYBa TECTHPambe NPH pa3iMYHHM HAlaJHU arid, OBO3MOXXYBAjKH CIIOPEUIHBOCT MOMEY HyMEpHUYKUTE U
eKCIIepUMEHTAJIHUTE pe3ynTaTtu. IIpucrnocoOyBameTo Ha IMonokOara Ha XeMHC()EPHYHHOT LEHTap BO OJHOC Ha
KOPCHOT Ha JIoTaTKaTa JjaBa YBHJ BO BIMjaHHETO Bp3 3adakameTo Ha BeTepoT. OBOj METO/ I'M UCTaKHYBa Pa3IUKHTE
nomer’y KOHBEHIIMOHAJICH [IEHTap M HeKOHBEHIIMOHAJICH XeMHUC(epHYeH IeHTap, KOPUCTE)KH ja ncrata KoHUryparmja
Ha JiornaTkaTa. [IpBHOT IpHCTan € UMIUIEMEHTUPAH BO cO(TBEp 3a AN3ajHUpame U aHAIIN3a Ha aeponpoduin, 1oaeKa
BTOPHOT METOJI € TPUMEHET BO COBTBEP 3 MPOSKTHPAE Ha KOHCTPYKTUBHUTE SJIEMEHTH Ha 1ieaTa TypOuHa.

Knyuynu 3060poBu: BeTepHa TypOMHA; IU3ajH HA JIOMATKA; aepONpPOQHIN; TH3ajH Ha IIEHTap Ha POTOP
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1. INTRODUCTION

The global strategy to gradually move from
fossil fuels to renewable energy sources has become
increasingly urgent in recent years. This initiative is
driven by the pressing need to confront climate
change by reducing greenhouse gas emissions and
securing a sustainable energy future. Given the in-
herent variability in electricity demand on a daily
basis, a new challenge arises to integrate various re-
newable energy resources, thereby ensuring a relia-
ble and stable electricity network capable of meet-
ing fluctuating demand patterns. The idea for com-
bining renewable energy resources has embraced
the act for taking new innovative steps in the at-
tempt of increasing their power generation effi-
ciency and reliability. In addition to hydropower,
which is widely recognized as the largest and most
cost-effective renewable energy source globally,
with a notable capacity for balancing the ratio of en-
ergy demand and energy production, wind energy
has appeared as a standout resource with a great po-
tential regarding power generation flexibility. It is
acclaimed for its scalability, environmental bene-
fits, and continuous technological advancements [1].

Understanding the impact of wind flow on the
turbine’s rotor construction is of great importance
due to the nature of the turbulent flow, which ap-
pears regardless of the rotor aerodynamics, and sig-
nificantly reduces the wind turbine power genera-
tion efficiency. The fundamental of this understand-
ing are the blades, composed of various airfoils in
order to form an entity which will optimize and en-
hance the aerodynamics of the rotor, concerning lift
and drag force. A common strategy to enhance wind
turbine power generation efficiency focuses on im-
provements of the blade design for efficiently cap-
turing and transferring the potential wind energy to
the shaft, and ultimately the electrical generator.
Blade efficiency, in terms of the ability to capture
the wind flow, peaks at their upper portions and de-
clines towards the turbine hub due to the turbulence
from the hub’s interaction with wind flow and the
shape of the blades at that region. Increasing the sur-
face area of the blades allows for greater wind en-
ergy capture, leading to increased energy produc-
tion and improved efficiency. However, this ap-
proach is constrained by the costs associated with
blade production and transportation [2, 3].

Other techniques for improving the perfor-
mance of a horizontal axis wind turbine (HAWT)
are constantly being carried out. The number of
blades is one of the factors that impact how well
wind turbines perform [4]. Wang and Chen [5] used

CFD to numerically examine the impact of blade
numbers 2, 4, 6, and 8, on a small-scale ducted wind
turbine’s performance at an inflow speed of 12 m/s.
The k-e turbulence model was used for the numeri-
cal calculations. It was observed that adding more
blades results in a higher starting torque and a
slower cut-in speed. However, more blades result in
more obstruction and slower blade entrance veloc-
ity, which reduces the power coefficient of the rotor.
On the other hand, Shintake [6] notes that the per-
formance of a HAWT increased with an increase of
the blade number from 1 to 3 and decreased with an
increase of the blade number from 3 to 5. The effect
of blade number on the aerodynamic performance
of a small-scale HAWT was investigated experi-
mentally and numerically by Eltayesh [7]. The study
was conducted by installing an experimental setup
of wind turbine rotors with three-, five-, and six-
bladed wind turbines at a constant pitch angle, dif-
ferent velocities and tip speed ratios. The study also
used ANSY'S Fluent for conducting numerical cal-
culation using the SST k-w turbulence to monitor
the effect of blade number on the power and thrust
coefficient. The results showed that compared to the
five-bladed and six-bladed wind turbines, the per-
formance of a three-bladed wind turbine increased
by 2% and 4%, respectively, while keeping a good
agreement between the calculated and measured
values.

The X-Rotor concept [10], a wind turbine rotor
design developed to face the challenges of offshore
spaces, combines horizontal-axis and vertical-axis
wind turbine technologies to optimize efficiency
and reduce costs. The innovative rotor comprises a
primary rotor in a double-V configuration and sec-
ondary rotors attached to the primary blades' tips.
These secondary rotors (HAWT), consequently to
their reduced size, can reach significantly higher ro-
tor speed, therefore provide enough power take-off,
eliminating the need for gearbox or bespoke gener-
ators, and reducing maintenance costs.

Joining the trend of producing new innovative
designs for enhancing wind turbine efficiency, Hui
Hu and colleagues at lowa State University [11] in-
troduced the Dual-Rotor Wind Turbine (DRWT)
concept. Their research focused on mitigating root
losses near the hub and reducing aerodynamic inef-
ficiencies caused by wake interactions in wind
farms. The DRWT system bring into service a sec-
ondary, smaller, co-axial rotor designed to capture
energy in regions typically underutilized by conven-
tional HAWT. Through experimental and numerical
studies, the team demonstrated that the secondary
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rotor not only improved energy capture but also en-
hanced wake mixing, leading to greater overall effi-
ciency.

Similliar to the DRWT, Sandip A Kale and
S.N. Sapali analyzed various innovative multi rotor
wind turbine designs. By utilizing multiple smaller
rotors [12], these systems can increase the swept
area without the need for excessively large rotors.
Multi-rotor configurations, such as co-planer, co-
axial, and counter-rotating designs, amount to the
potential for higher energy capture while addressing
challenges like structural weight and complexity.
These systems have been evaluated for their techno-
logical advantages, feasibility, and cost-effective-
ness, demonstrating benefits in both power output
and structural efficiency compared to traditional
single-rotor system

In the pursuit of achieving optimal techno-eco-
nomic solutions for enhancing the efficiency of con-
ventional HAWTS, this study addresses the less-ex-
plored role of turbine hubs in maximizing wind en-
ergy utilization. The focus is on the implementation
of an unconventional novel hemispherical hub de-
sign, aiming to optimize airflow interaction at the
root of the blades - a region associated with energy
losses - while maintaining the number of blades, and
blade configuration, including shape, and length.

This paper presents a comparative analysis of
the wind energy harnessing ability between a con-
ventional HAWT, and a HAWT with a hemispheri-
cal hub. The comparison is conducted by obtaining
key performance metrics, including the power coef-
ficient (Cp), revolutions per minute (RPM), and cut-
in wind speed, as functions of wind velocity. The
results were acquired by performing experimental
measurements under varying wind flow for both de-
signs, validated by a numerical model.

2. THEORETICAL BACKGROUND

As airflow interacts with a wind turbine, it in-
duces a boundary layer near the turbine's surface
due to fluid disturbances forcing blades to move.
This boundary layer, influenced by fluid viscosity,
plays a pivotal role in understanding the dynamics
of velocity at the fluid-solid interface. Variations in
fluid pressure, governed by the Bernoulli principle,
contribute to the development of lift and drag forces
[10].

To optimize turbine efficiency, specific airfoil
shapes are strategically chosen to generate a turbu-
lent boundary layer, thereby delaying separation

Mauw. undic. nayu. ciuc. 42 (2), 107-115 (2024)

[10]. Figure 1 illustrates the intricate airflow pat-
terns around turbine blades. The lift coefficient and
drag coefficient, detailed in subsequent formulas,
guantitatively assess the boundary layer's impact on
lift and drag forces, respectively.

Fig. 1. Airflow behavior around turbine blades

The conveyance of mechanical forces between
a solid body and a fluid occurs across the body's en-
tire surface through fluid pressure. In wind turbines,
the combined effect of natural wind and rotor-in-
duced flow generates an aerodynamic force on the
rotating blades [10].

Figure 2 illustrates the resultant force repre-
sented as F, decomposed into perpendicular (lift) L
and parallel (drag) D components relative to the
wind velocity W. Lift counteracts gravity and both
forces are influenced by the angle of attack, which
is the angle between the blade chord line and the
wind direction.
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Fig. 2. Forces acting over an airfoil

The forces are given by the following expres-
sions:

L= CpAW? 1)
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D = ZCpopAW? )

where p is the density of air, C. and Cp are the lift
and drag coefficients, respectively, A is the aifoil
planform area.

3. NUMERICAL MODEL

Airflow over a wind turbine is modeled and
simulated using the XFOIL software tool, part of the
Qblade software suite. The wind turbine rotor blades
are composed of multiple asymmetrical NACA4412
airfoils. Initial boundary conditions used for the
modeling setup were Reynolds number of 1-10° in-
dicating a turbulent flow, Ncit of 9 indicating the
critical value of detachment of the air current from
the airfoil, angle of attack in the range from —15 to
+20° and constant air density of 1,225 kg/m?®.

Figure 3 and Figure 4 illustrate the simulated
optimal angle of attack which is determined for op-
timal airflow over the blades and boundary layer.
The value of that angle is 6°.

Boundary Layer
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The wind turbine rotor with 44 cm in diameter,
is designed consisting of three blades, each blade
comprised of ten segments. The first two segments
of every blade are designed from circular airfoils for
the purpose of easy installation in the turbine hub,
while the remaining eight segments are designed us-
ing the NACA4412 airfoil, as shown in Figure 5.
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Fig. 3. Glide-ratio to angle of attack ratio
(Optimal angle of attack)
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Fig. 4. Boundary layer and pressure distribution at optimal angle of attack
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Fig. 5. Wind turbine blade design
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The standard chord line optimization, twist op-
timization and Tip Speed Ratio (TSR) A are used for
the optimization of the blade geometries. The TSR
is determined iteratively using the following equa-
tion:

Cp = C1(Cy — C3B% — Cy)e’s, ®)

where: C1 = 0.5, C, =§, Cs = 0.022, Cs=5.6,

Cs =— 0'1/17R, and g = 1°. Optimal C, is achieved at
TSR of 5.2.

The standard Betz model is applied to optimize
the chord line for maximum efficiency. This model
is an indicator of the best efficiency that can be
achieved for a wind turbine under ideal conditions —
utilizing the wind power excluding the occurrence
of power losses. The Stall method is used for opti-
mizing the blades twisting for a predetermined opti-
mal TSR value, enabling automatic regulation of
turbine operation.

Rotor operation is simulated using the Blade
Element Momentum (BEM) model — a 2D model

which performs discretization of the blades and cal-
culates loads based on local fluid flow, incorporat-
ing mass and momentum conservation. Correction
methods such as Prandtl Type factor and 3D correc-
tion factor are utilized for accurate simulation, ac-
counting for rotor three-dimensionality.

4. EXPERIMENTAL SETUP

Experimental measurements of the number of
rotations of the turbine rotor are performed at the
laboratory of fuid mechanics and hydraulics at the
Faculty of Mechanical Engineering in Skopje.
Three blades are designed in SolidWorks using co-
ordinates from the wind turbine rotor’s numerical
model in Qblade, ensuring identical geometry be-
tween the experimental and numerical models.

A standard hub and a modified hemispherical
hub are created for the conventional and unconven-
tional rotor assemblies, respectively, as shown on
Figure 6.

Fig. 6. Design of two turbine hubs

The rotor geometries are produced using a 3D
printer and assembled into a single unit, mounted on
a 36 cm metal stand. Balancing of the metal pole is
achieved using two metal ropes to reduce vibrations
from airflow during testing. The wind turbine is po-
sitioned at the air tunnel exit, measuring 275%275
mm in area. The fluid stream inlet speed, generated
by a fan at the tunnel entrance, is controlled using a
frequency regulator. A net is installed in the air tun-
nel to disrupt vortex effects caused by the fan’s po-
sitioning.

Measurements are conducted at seven different
speeds for both rotor configurations. In addition,
two additional tests were performed on the modified
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hub rotor, adjusting the distance of the hemisphere
from the blade center. Airspeed is measured using a
digital anemometer, and the number of rotations of
the rotor with a digital tachometer. The experi-
mental system consisting of a balanced wind tur-
bine, wind tunnel, and accompanying measuring de-
vices is shown in Figure 7.

The experiment is used in order to validate the
numerical model for the wind turbine operation in
the wind tunnel, and to use it in an attempt to in-
crease the utilization of the air flow, increase the
number of revolutions of the rotor and eventually
increase its efficiency, by implementing the new
turbine hub.
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Fig. 7. Experimental system

5. NUMERICAL MODEL VALIDATION

Validation of the numerical model was done
by comparing the experimentally measured values
and numerically obtained results for the number of
revolutions per minute of the turbine rotor as an es-
sential factor in power generation. This was facili-
tated by the rotor adaptable design, allowing for
blade rotation and precise angle adjustments. Fig-
ures 8 and 9 show the comparison between the ex-
perimental and numerical data for angle of attack 3°
and 6°, respectively. It can be seen that the results

450

Revolutions per minute (min1)
= = N N w w iy
(S} o al o (S} o a1 o
o o o o o o o o o

0 0.25 0.5 0.75

Wind speed (m/s)

1

are in good agreement. The differences that exist
can be assigned to the measurement errors, errors of
the numerical model and the influence of surround-
ing airflow conditions.

After the numerical model is being validated,
it can be used for simulations of operation for other
wind turbines with different airfoils, blade design
and rotor configuration, furthermore they can serve
as a basis for further adjustments to the experi-
mental model and subsequent validation through the
numerical analysis.

—8— Qblade
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Fig. 8. Collective pitch 3°
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6. RESULTS AND DISCUSSION

The wind turbine performance was observed
with a modified configuration using the hemispher-
ical hub. The number of rotations was measured un-
der identical installation conditions as the standard
turbine, which had been validated through both nu-
merical and experimental models. With the optimal
6° angle of attack determined from simulations and
verified experimentally, measurements were taken
of the rotor rotations at speed of 0.5, 0.6, 0.7, 0.8,
0.9,1,and 1.5 m/s.

Furthermore, these measurements are expand-
ed to include another variable — the distance of the
hemispherical hub from the center of blade place-
ment. This alteration affects the timing and duration
of contact with the fluid current, consequently
impacting the blade efficiency in capturing the fluid

600
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0 0.2 0.4 0.6 0.8
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flow. The distances for this measurement were 5,
10, and 15 mm, respectively. Figure 10 shows the
influence of the distance of the hub from the blade
placement center on the number of revolutions.

In the case of the wind turbine with the hemi-
spherical hub distanced 15 mm from the center of
the blades, which is determined by the intersection
of the blade’s axis, a significant increase in revolu-
tions per minute is observed. A portion of the wind
flow is directed to the upper parts of the blades, re-
sulting in enhanced utilization of wind power, there-
fore in increased rotational speed. The same portion
of wind flow in the case of wind turbine with stand-
ard hub design is flowing by the hub and the lower
parts of the blades, resulting in wake effect and in-
creased losses, hence the lower value of the rota-
tional speed.

—@— Standard turbine

Hemisphere hub
(distance of 5 mm)

Hemisphere hub
(distance of 10 mm)

Hemisphere hub
(distance of 15 mm)

1.2 1.4 1.6

Fig. 10. RPM at wind speed from 0 to 1.5 m/s for different rotor configurations
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While comparing the obtained experimental
results, it must be noted that the discrepancy be-
tween the rotational speed of the standard wind tur-
bine rotor and the one with the hemispherical hub
distanced 5 mm from the center of the blades is rel-
atively small. This indicates the limited benefit of
implementing the hemispherical hub, which visibly
depends on the distance between the center of the
blades and the hemispherical hub itself

0.6

0.5

0.4

= 0.3

0.2

0.1

Wind speed (m/s)

For these particular models, a simulation for
determining the variation of the power coefficient as
a function of the wind speed was conducted (Figure
11). Comparing Figures 10 and 11, we can clearly
note that the examined turbine models are experi-
encing their full potential between wind speed of 1.3
and 1.35 m/s. This indicates an increase in vorticies
and losses for higher wind speeds and higher
rotational speed of the rotor, due to the stall effect.

@ Distance of 15 mm
Distance of 10 mm
Distance of 5 mm

Standard turbine

1.6

Fig. 11. Cp variation as a function of different wind speed

For the wind turbine rotor with a hemispherical
hub distanced 15 mm from the blade center, at the
optimal wind speed of 1.3 m/s, the value of the C,
is approximately 21.5% higher than the power coef-
ficient of the standard wind turbine rotor configura-
tion. For the rotor configuration with the hemispher-
ical hub distanced 10 mm from the rotor center, at
the optimal wind speed, the C, percentage differ-
ence is reduced, yet still amounts to a significant ap-
proximate of 19 %.

Additionally, it is notable that the right posi-
tioning of the hemisphere results in a better cut-in
speed. Distancing the hemisphere 15 mm from the
original hub center for this particular design, allows
for better wind flow mitigation to the tip of the
blades, enabling the rotor to start rotating and gen-

erating power earlier, and at lower wind velocities
than the rest of the rotor configurations.

The experimentally obtained values of rotor
revolutions cannot be directly compared to those of
full-scale wind turbines due to its significantly
smaller size. Scaling this experiment also means
taking into consideration the rotor aerodynamic in-
fluence in a wind farm.

Regarding the aerodynamic similarity, the
Reynolds number for a full-scale turbine would be
significantly higher than the experimtal setup. The
difference could impact boundary layer behaviour
and the aerodynamic forces acting on the blades.

Although the loads on the wind turbine struc-
ture caused by the various rotor configurations were
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not subject in this paper, we must note that the hem-
ispherical hub design may introduce different static
and dynamic loads at full scale. Larger structures of
this kind might require adjustments to ensure mate-
rial strength and stability, particularly under high
wind speeds or turbulent conditions.

The implementation of new geometries for this
kind of structure will involve cost and practical
feasibility, relating to manufacturing, installation,
and maintenance.

The introduction of the hemispherical hub has
shown a positive impact on increasing the rotor rev-
olutions and power coefficient under identical oper-
ating conditions. This is attributed to its geometry,
which directs the wind current towards the upper
part of the blades, preventing losses from flow dis-
ruption between the blades.

The hemispherical hub could be a great effi-
ciency solution for the multi-rotor wind turbines
which use multiple smaller rotors instead of a single
larger one, to increase the swept area, without the
structural challenges of larger blades. Smaller rotors
mean smaller hemispherical geometries, reducing
the manufacturing cost and structural challenges,
while enhancing every rotor efficiency.

Upwind rotors avoid tower shadowing but re-
quire complex yaw mechanisms to align with the
wind. In contrast, downwind rotors simplify the de-
sign by aligning passively, but face efficiency losses
due to tower interference. In both cases, the focus is
on the blades, which in the optimization phase will
eventually reach their full potential. Implementing
the hemispherical hub could only strengthen the
wind turbine’s ability to harness wind power.

Morphing blades, inspired by natural struc-
tures, are dynamically adjustable blades to changing
wind conditions in order to improve aerodynamic
performance. Implementing these blades to the
multi-rotor wind turbine design, and utilizing the
hemispherical hub design, could provide a novel hy-
brid approach to enhancing turbine efficiency.

Of course, this type of additional geometry, af-
ter examination of the multiple considerations re-
garding the scaling process, can be used not only for
designing new wind turbines, but also for enhancing
the efficiency of existing ones.

7. CONCLUSION
In this paper an experimental analysis on the

number of rotations of two wind turbine rotor as-
semblies was conducted. Additionally, a numerical
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analysis on a standardly designed wind turbine rotor
was performed for various angles of attack and dif-
ferent flow velocities, using NACA4412 airfoil-
based blades. For the optimization of the rotor, the
standard chord line optimization, twist optimization
and TSR were used. This analysis was conducted
using the Qblade software in order to produce a nu-
merical model that can be experimentally validated.
For this particular model, the optimal angle of attack
was achieved at 6°, which gives the best glide ratio
for the model, hence the instructions regarding the
blade placement.

Changing the standard configuration of the
wind turbine hub assembly by adding an unconven-
tional geometry on the experimental setup, while
maintaining the same geometry of the blades, for
different angles of attack, different air flow speed,
identical to the numerical model, an increase in the
number of revolutions per minute of the rotor is
achieved. The result notes an increased utilization
of the potential wind energy, therefore an increase
of the turbine efficiency.

These numerical and experimental models can
be used for further analysis regarding the placement
of the hemisphere, improving its aerodynamic ge-
ometry and its influence on the statics and loads on
the whole construction of the turbine. Finally, these
models can be used for further analysis regarding
the influence of this geometry on the air flow at a
wind farm.
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A b stract: North Macedonia’s recent steps towards clean energy have mirrored the country’s ambitions to
join the European Union and have included a significant revamp of its 2030 energy development strategy putting a lot
of emphasis on the liberalization of the energy sector and an increase in the share of renewables in energy production.
However, facilitating this energy transition that seeks to embody the postulates of the European Green Deal, as pre-
dicted in the newly adopted, 2040 energy strategy would encompass the combined efforts by existing and newly created
entities (both government and private) that form the energy sector in the country. This in turn requires the unification
of their efforts through the creation of a legislative framework that will include major regulation changes to ensure that
the focused actions of the energy sector entities are controlled, and do not overload the grid, or endanger its stability.
Analyzing the successful outcomes provided by regulation advancement in the last 5 years, while relying on the lessons
learned principle, will provide the backdrop against which these new regulation changes can be proposed.

Key words: legislation; renewable energy sources; grid stability; energy liberalization; energy transition

OCBPT HA NTIPOMEHUTE NIOTPEGHU BO ITIPABHATA PEI'YJIATHUBA
HA C. MAKEJOHUMJA 3A OJIECHYBAIBE HA TPAH3UIINJATA
KOH OBHOBJIMBU U3BOPU HA EHEPI'NJA

AmncrtpaxkT: Yekopure Ha C. MakeoHHja KOH OYHCTA €HEPrUja COBPIICHO I'M OTCIMKYBaaT aMOHIIMHUTE Ha
3eMjara Ja ctane aen ox EBporickara YHuja u monpaszoupaar oOHoByBame Ha Lenaute ox CrpaTernjara 3a pa3Boj Ha
eHepreTckrot cektop a0 2030 roanHa, cTaBajKy akIEHT Ha TMOepain3alnjaTa Ha eHepreTCKHOT CEKTOP U 3HAYUTEITHO-
TO 3roJeMyBame Ha YJeNoT Ha OOHOBIMBUTE N3BOPU HA €HEprHja BO IPOU3BOACTBOTO HA €JIEKTPUYHA eHepruja. Me-
I'yToa, OCTBapyBamETO Ha EHePreTcKaTa TPaH3uIMja Koja [ejM J1a T'H OTeJIOTBOPH NMOCTyaaThTe Ha EBporickuorT 3eneH
JIOTOBOP, BMETHATH BO HOBaTa CTpareruja 3a pa3Boj Ha €HEepreTCKHOT cekTop 1o 2040 roguHa, Tu ondaka 3apyKeHUTE
HAIopH Ha CUTE TOCTOJHH W HOBOCO3/1a/ICHH MPABHH €HTHTETH (O BIAJUHHOT, HO U OJ IPUBATHUOT CEKTOP) KO I'o
COYMHYBaaT EHEPreTCKHOT CEKTOP BO ApkaBaTa. OBa MOBJIEKyBa I0Tpeba o1 yHUHIMpParke Ha HUBHUTE HAIIOPH MTPEKY
co3/1aBambe MpaBHA paMKa cO 3HAYUTEIIHU PEryJIaTHBHHU IPOMEHH KOH Ke CIIy>KaT Kako KOHTPOJICH MEXaHH3aM 3a 00e-
JMHETUTE aKTHMBHOCTH Ha €HEPreTCKUTE SHTHTETH, CO YHja MOMOII OU ce W30erHajo OnToBapyBame Ha Mpexara 3a
NPEHOC Ha eNeKTPUYHATa SHepruja U OU ce OCUrypuiia Hej3uHaTa ctabmiHocT. [loTnupajku ce Ha IPUHIMIIOT 32 Hayde-
HH JICKIIUH, aHAJIM3UPAKBECTO HA MTO3UTUBHUTE MPAKCU OJf UBMHUHATUTE 5 IFOAWHU, KOU NPOUBJIETIIE O] MIPOMCHHUTE BO
HpaBHaTa peryiaTusa, € 100pa OCHOBa Bp3 KOja OU ce MpeIoikKKIe HOBUTE PeryIaTHBHHU POMEHH.

Knyuynu 360poBu: neruciatisa; OOHOBIMBH H3BOPH Ha €HEPTHja; CTAOMIHOCT Ha €IeKTPO-CHEepreTcKaTa Mpexa;
eHepreTcka Jubepann3anija; eHepreTcka TpaH3uIuja

1. INTRODUCTION painfully obvious. However, a geopolitically influ-
ential, stable and secure European Union (EU) can
The geopolitical turmoil of the last few years do nothing less than ensure its energy security in a

has made Europe’s excessive energy dependence manner compatible with its climate objectives. For-
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tunately, in the medium and long-term, the goals of
the European Green Deal (EGD) coincide with the
goals related to the EU’s energy security, as Euro-
pean policymakers find the EU’s climate agenda a
vital part of the response to Russian aggression. In
fact, it seems that the war in Ukraine has acted as a
catalyst for the EU. It has accelerated its transition
to using more renewable energy [1]. Renewable en-
ergy sources (RES) are clean and potentially end-
less, and they produce no emissions during opera-
tion. Subsequently, the rise in renewable energy use
for electricity generation is key in helping the EU
reach its European Green Deal (EGD) goals. This
shift, along with increased use of biofuels and green
hydrogen, has helped reduce fossil fuel reliance.

Almost in the same timeframe (2020-2023)
the Republic of North Macedonia, a candidate coun-
try for accession and membership in the EU for the
better part of the last two decades, that gets around
280 sunny days per year, was said to have “pi-
oneered the energy transition towards renewables in
the Western Balkans” [2]. Recently, the country has
seen an exponential growth of its photovoltaic (PV)
electricity generation capacities, with figures stating
a 140% rise in installed capacity for the 2022-2023
period alone [3]. This might be the only positive as-
pect in an otherwise challenging energy landscape.
The country’s 2030 energy development strategy
stresses the need for greater energy security. This
requires diversifying energy resources by type,
source, and supplier. To achieve this, the country
must maximize the use of domestic resources [4].
However, the strategy faces several challenges.
These include outdated technologies and insuffi-
cient investments in maintenance, modernization,
and expansion. There are also high electricity loss-
es, both technical and commercial. The current en-
ergy mix is unfavourably structured from an envi-
ronmental and economic standpoint, and the coun-
try remains heavily dependent on energy imports.
Finally, there is incomplete harmonization of legis-
lation with European standards.

As a direct consequence, the spike in electric
energy production due to the newly installed PV ca-
pacities has resulted in a heightened risk of grid
overload without no immediate solution to the inter-
mittent nature of renewables since the current en-
ergy needs rarely correlate with the disposability of
the generated energy [5]. However, this challenge
has already been addressed in the more recent —
2040 energy development strategy, but it seems a
legislative framework that would coordinate and
unify the efforts of all energy sector entities is still

lacking [6]. In summary, this paper aims to examine
the steps North Macedonia is taking to draft and
adopt the necessary policy changes. These changes
are intended to support a smooth transition to re-
newable energy, reduce energy dependency, and en-
hance energy security. The goal is to achieve this
transition at a pace that does not jeopardize the
country’s electricity distribution grid or existing
generation capacities.

2. REGULATION WITH REGARDS
TO THE USE OF RES

Regulation development basis

The energy development strategy of the Re-
public of North Macedonia is created by a working
group composed of academics, researchers, and ex-
perts from diverse fields. This group operates under
the Research Centre for Energy and Sustainable De-
velopment (RCESD), a body of the Macedonian
Academy of Arts and Sciences, which conducts
both fundamental and applied research in the energy
sector. Due to the interdisciplinary nature of the re-
search involved, the strategy addresses a broad
range of issues, including the energy, economic, or-
ganizational, institutional, legislative, and educa-
tional dimensions of energy sector development. It
focuses on key areas such as energy production, dis-
tribution, and utilization. The primary objective of
the strategy is to outline the most favourable long-
term path for the sector’s development, while iden-
tifying potential challenges and proposing solutions
to mitigate them.

Once formulated and adopted by the govern-
ment, the Strategy serves as a critical framework for
the country’s sustainable development and its inte-
gration into broader European processes. To date,
the RCESD has drafted two Strategies: one covering
the period 2010-2030 and another for 2020-2040
(Figure 1).

While the Strategies provide valuable fore-
sight, they should be regarded as dynamic docu-
ments, with varying degrees of precision in their
projections. As such, the Strategy must be regularly
updated to reflect new developments in both the na-
tional and global energy landscape. Nonetheless, the
Strategy offers a robust foundation for the proactive
engagement of all stakeholders in the Macedonian
energy sector. It ensures that relevant authorities
and entities collaborate towards a common goal,
guided by a shared vision.
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Fig. 1. Energy sector development strategy 2020-2040

Institutional framework

The institutional framework of North Macedo-
nia's energy sector begins with the government,
which is responsible for proposing policy measures
and overseeing their implementation. At the other
end, municipal councils at the local level are tasked
with proposing and enacting measures aligned with
the goals of the energy development strategy. Be-
tween these two levels, numerous entities exist, with
overlapping and often interchangeable roles in the
energy sector.

At the government level, the ministry respon-
sible for the energy sector up to 2024 was the Min-
istry of Economy. It had a dedicated Energy Depart-
ment whose main tasks were the strategic planning
and development of the legislation in the energy
sector, implementation of the energy policy includ-
ing the policies for energy efficiency and renewable
energy sources, and the use of new technologies.
The government, through this department, also en-
couraged the development of the private sector in
the area of energy and supported the scientific and
technological development, particularly in the utili-
zation of renewable energy sources. At the same
level, however, part of the responsibilities related to
energy used to belong to the Ministry of Environ-
ment and Physical Planning and the Ministry of
Transport and Communications.

To assist the government in implementing en-
ergy policy, the Energy Agency (EA) was estab-
lished in 2006. The EA was responsible for prepar-
ing strategies, development plans, and programs re-
lated to energy efficiency and renewable energy uti-
lization. It also coordinated regional projects, pre-
pared proposals for energy-related laws and tech-
nical regulations, and supported the implementation
of investment projects.
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Following the general elections in North Mac-
edonia, however, in the second half of 2024, amid a
major government restructuring, a new Ministry of
Energy, Mining and Mineral Resources was estab-
lished. The new ministry complements the existing
governmental structure by consolidating and
streamlining energy-related responsibilities under
one dedicated authority. This move aims to enhance
coordination, policy development, and implementa-
tion within the energy sector. The Ministry of En-
ergy is expected to play a central role in managing
the country's energy transition, ensuring the align-
ment of national energy policies with European Un-
ion standards, and overseeing key areas such as re-
newable energy, energy efficiency, and infrastruc-
ture development. By focusing specifically on en-
ergy issues, it allows for more focused leadership
and better alignment of strategies, while also im-
proving the oversight and integration of energy-re-
lated projects across various sectors of government.

The Energy Regulatory Commission (ERC),
an independent body, plays a crucial role in regulat-
ing energy activities. Operating under the Law on
Energy, the ERC is tasked with overseeing specific
energy sector issues and making decisions within its
defined legal framework.

Finally, at the municipal level, the mayor and
municipal councils propose actions on implement-
ing specific segments of the energy policy, based on
public interest and local significance. They deter-
mine the need and sources of funding for new and
the reconstruction and upgrade of existing facilities,
propose measures and activities for increasing en-
ergy efficiency and support the production of en-
ergy from RES. These proposals had to be approved
by the Ministry of Economy (now the new Ministry
of Energy), upon which they are enacted in the form
of a municipal energy development program for a
period of five years.

Standing regulation

North Macedonia has historically signed and
ratified the Agreement of the Energy Charter, the
Energy Community (EnC) Treaty, the United Na-
tions Framework Convention on Climate Change
and the Kyoto Protocol. According to the Energy
Community Treaty, a major part of the country’s
successful energy transition is the full compliance
and harmonization with the EU’s energy commu-
nity core legislation on energy, environment, RES,
energy efficiency and oil reserves.
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Consequently, North Macedonia’s strategic
commitments in the energy sector have been incor-
porated in the Law on Energy, first drafted in 2008
and adopted in 2011, albeit heavily revised in 2018.
The revised Law on Energy in 2018 transposed the
EU’s Third Energy Package in the electricity sector,
as well as their RES Directive with regards to
greater implementation of renewables in the heat-
ing, electricity production, and transport sectors.

The Law on Energy includes a dedicated chap-
ter on renewable energy sources (RES). It proposes
a 10-year action plan aimed at further developing
the electric power system. This plan focuses on in-
troducing smart grids and energy storage systems to
ensure reliable operation as the share of RES in-
creases. The law also offers financial incentives for
renewable energy producers, in line with Directive
2009/28/EC. These incentives include feed-in pre-
miums to support “preferred producers” and encour-
age greater market integration of renewables. The
law stipulates that the electricity distribution system
operator must prioritize access and distribution for
RES-generated electricity. This must be done in an
objective, transparent, and non-discriminatory man-
ner, considering the operational limits of the power
system. Additionally, the law states that no license
is required for producing electricity from RES for
personal use. Surplus energy can be supplied to the
distribution network under conditions set by sec-
ondary rules and regulations. To protect the envi-
ronment, RES electricity generation plants are con-
sidered public interest projects.

The use of RES in electricity generation is also
addressed in the Law on Energy Efficiency, adopted
in 2022. This law aims to regulate energy use and
draft policies to increase efficiency in production,
transmission, distribution, and supply. It also seeks
to support higher shares of renewables in the energy
mix. The Law on Energy Efficiency introduces the
concept of an "energy aggregate." This refers to a
service provider that combines load curves from
multiple consumers to sell or auction energy on or-
ganized markets. The goal is to reduce peak loads,
balance energy from renewable sources, and en-
hance supply security. However, the law places
more emphasis on using RES for heating rather than
electricity generation. A key provision focuses on
building design and major renovations. It requires a
mandatory energy analysis by a building inspector
to assess the potential for decentralized RES sys-
tems, combined energy production systems, heat
pump systems, or centralized heating and cooling
systems supplied by RES.

While RES application is not immediately at-
tributed to any remaining legislative acts, the exist-
ing Law on Concessions and Public-private Partner-
ships, as well as the Law on Environment and the
Law on the Protection of Nature, have indirectly fa-
cilitated the accelerated implementation of RES in
electricity production. Similarly, the Law on Waste
Management and the Law on Battery Waste Man-
agement, in line with circular economy agendas to
prolong a product’s life and recycling could poten-
tially stimulate the creation of battery energy stor-
age systems (BESS) by repurposing old electric ve-
hicle batteries [7].

Proposed regulation

In recent years, North Macedonia has made
consistent efforts to harmonize its energy legislation
with that of the EU. The guidelines outlined in the
energy sector development strategies, alongside the
passage of the Law on Energy, have led to the draft-
ing of numerous primary and secondary regulations.
However, the process of passing and implementing
these laws has been slow and with varying degrees
of success. The previous application of the renewa-
ble energy provisions within the Law on Energy re-
vealed gaps that need to be addressed to better align
with new trends and emerging needs in both the
global and domestic energy sectors. In many neigh-
bouring countries, renewable energy is governed by
dedicated laws separate from general energy policy.
Recognizing this, North Macedonia has moved to-
ward adopting a distinct Law on Renewable Energy
Sources [8].

This new law seeks to fill the gaps left by the
Law on Energy, focusing on encouraging greater
consumer adoption of renewable energy, promoting
the production of RES to meet local demand, and
reducing long-term energy import dependency. It
aims to decrease reliance on fossil fuels, protect the
environment, and help mitigate climate change. As
of late 2023, the Draft Law on RES proposes a se-
ries of support measures to help achieve the objec-
tives of the 2040 Energy Development Strategy and
the National Energy and Climate Plans. These focus
on increasing the share of RES in gross final energy
consumption. The draft law also calls for the devel-
opment of the electric power system, incorporating
smart grids, smart metering systems, and electricity
storage solutions to ensure reliable system operation
as the share of RES grows. Furthermore, it advo-
cates for the integration of RES into the electricity
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market, while avoiding market distortions and con-
sidering the costs of system integration and network
stability. Additionally, the draft law emphasizes the
need for urban planning documents to align with the
construction of RES production facilities, ensuring
proper approval processes for building or recon-
structing such facilities.

Moreover, this newly drafted law details the
conditions of becoming a preferred electricity pro-
ducer and the responsibilities towards the country’s
electricity production and distribution system en-
sured by the application of higher technical stand-
ards of the installed systems and the licensing of
both the production plant and the installers. All RES
electricity producers will have to meet the technical-
technological conditions, and the connection re-
quirements set out in the Network Rules for Elec-
tricity Distribution [9, 10] and must be recorded
within the country’s registry by their production ca-
pacity.

Households and small consumers could be
self-sustained by building their own photovoltaic
system or small wind farm with 4 kW of installed
capacity for households, and 20 kW of installed ca-
pacity for small consumers. According to the Draft
Law on RES [8], the produced electricity surplus
from these units would be handed over to the elec-
tricity distribution network at a price calculated as:

C=PCE-0.9, if Ei>E,
or
C=PCE-0.9-Ei/Ey, if Ei<E,
where:

E; = the total electricity delivered by the sup-
plier and taken by the consumer-producer within a
calculation period and expressed in kWh,

E, = the total electrical energy delivered to the
electrical distribution network from the consumer-
producer within a calculation period and expressed
in KWh,

PCE = average price of electricity that the con-
sumer-producer pays to the supplier for the pur-
chased electricity, without compensation for using
the network (net fee) and other fees and taxes,
within a calculation period and expressed in
MKD/kWh.

Finally, the issue of energy storage is briefly
addressed. The draft law allows a preferred elec-
tricity producer to establish an energy storage facil-
ity, which can be used to store the electricity gener-
ated by their own power plant — specifically, the
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plant that receives financial support (such as a
premium) for its energy production, which is then
supplied to the distribution network. At the same
time, the law prohibits the preferred producer from
using the storage facility to store electricity drawn
from the network.

In summary, despite being an important piece
of legislature, in this draft stage, some points of the
law seem too vague, while others are deliberately
left loosely defined. However, the proposed Law on
RES is currently open to suggestions and public
debate over its contents [11] and will likely see
some future additions made by representatives from
the expert community, academia and both the
private and public sectors.

Of the remaining proposed legislation, North
Macedonia ratified the Paris Agreement as a non-
Annex | Party to UNFCCC, with the next most im-
portant strategic measures being the adoption of a
Long-Term Climate Action Strategy and a Law on
Climate Action. The country is in the process of
adopting both in order to establish a strong and sus-
tainable framework for coordinating climate action
through the development of a national strategic and
legal framework harmonized with the EU and
supported by the financing mechanism of the EU
Instrument for Pre-Accession Assistance (IPA I1).
Drafting of the Climate Action Law (including the
transposition of Regulation (EU) No. 525/2013 on
monitoring mechanisms) has begun, and the first
draft was prepared in April 2020.

Work on the Long-Term Climate Action Strat-
egy began in March 2019 and was finalized with its
publication in May 2021. The strategy aims to signi-
ficantly reduce greenhouse gas emissions and en-
hance the resilience of society, the economy, and
ecosystems to the impacts of climate change. It fo-
cuses on establishing a highly efficient energy sys-
tem that is predominantly powered by renewable
energy sources (RES). The goals of the strategy are
embedded in the Law on Climate Action. This in-
cludes proposing measures to promote the pro-
duction of renewable or CO,-free energy, together
with measures to improve energy conservation and
efficiency across all sectors of the economy. The
strategy also emphasizes the need to foster invest-
ments in climate-friendly projects, support research,
and encourage best practices in key areas, such as
renewable energy production, energy distribution
and management, energy storage, smart grid tech-
nologies, and data centers for utilizing renewable
energy.
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3. ANALYSIS OF THE 2018-2023 TIMEFRAME:
RES IN ELECTRICITY PRODUCTION

The electricity production capability of North
Macedonia, historically, has relied on coal-fired
thermal power plants and hydro power plants as the
main electricity generation capacities. The main
electricity production entity in the country is a state-
owned company — Elektrani na Makedonija (ELEM),
which accounts for ~70% of the total installed
capacity, as the owner of two large coal-fired
thermal power plants, Bitola and Oslomej. The total
installed electricity production capacity of the
country is 2.06 GW with ~48% belonging to thermal
power plants, ~34% to both large and small hydro
power plants, ~15% to combined natural gas fired
plants, and only ~3% to other RES [12].

In recent years electricity generation from coal
in North Macedonia has been decreasing steadily
and has amounted to ~60% in 2017. On the other
hand, overall, RES generation capacity has been
increasing (from 2010 until 2018) amounting to
37% (including hydro power), which has led to the
increase of RES generation up to almost 25% in the
overall generation in 2017 and 2018 [12]. It should
also be noted, that in 2018, RES accounted for
18.1% of the gross energy consumption in the
country, which is almost identical to the quantities
reported by EU-28 countries for the same time
period. At the end of 2017, with regards to RES
there were 170 eligible producers with 128 MW
installed capacity that have been using financial
incentives in the form of feed-in premium tariffs
with 67.5 MW hydro, 16.8 MW solar PV, 36.8 MW
wind and 7 MW of biogas, respectively. The overall

0.67 Hydro
1.6

Photo-
voltaics
Wind

4.9

Theoretical energy potential (GW)

® Biogas

paid incentives to eligible producers of electricity
have been rising steeply and added up to 35.7 mil
EUR in 2017. Back then, the government revealed
its plans to continue with the feed-in tariff mecha-
nism, to introduce market-based premiums and pro-
vide the legal backdrop against which these changes
can be performed in the form of the revised Law on
Energy.

North Macedonia has a theoretical ~7.3 GW
potential for exploiting RES for electricity produc-
tion, especially solar and wind RES [13]. The high-
est share of this potential comes from wind of up to
4.9 GW, followed by solar PV up to 1.4 GW, and
hydro up to 0.67 GW. The largest cost-competitive
solar PV potential is on a utility scale, while large-
scale hydro potential is mainly located on the
Vardar river and to a lesser extent on the Black Drim
river. Due to the major revisions and additions to the
Law on Energy in 2018, in the field of RES, the
ERC announced that during 2022 it issued 267 new
RES power plant licenses with a total installed
capacity of 152.2 MW [14]. With that, the total
installed capacity (Figure 2) for electricity produc-
tion in the country increased by 7%. Most invest-
ments were made in PV power plants — 106.5 MW,
followed by 36 MW in wind power plants, 7.2 MW
in small hydropower plants and, 2.5 MW in biogas
thermal power plants [14]. With the introduction of
a Program for the promotion on the use of RES in
2022 [15] that details and eases the application
conditions for feed-in premiums for large RES
plants and subsidies for households and small con-
sumers, this investment trend was expected to con-
tinue in 2023, with another 250-300 MW, however
factual reports if this was the case are still not pub-
lished.

2.5
7.2
36

106.5

Installed capacity in 2022 (mW)

Fig. 2. Theoretical energy potential and installed capacity in 2022

Until recently, North Macedonia used the
cheapest electricity in the region, which is why most
industrial facilities as well as its citizens were com-
fortable on the issue of energy. But, following the

energy crisis brought by Covid 19, significantly
exacerbated by the war in Ukraine, with energy
prices increasing by 400-500% [16], it became
obvious paying the new tariffs will likely take a
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major financial toll. In 2021, the prices of all energy
sources reached a historical peak, with electricity
prices reaching 450 EUR per MW/h, in contrast to
pre-crisis prices of 55-65 EUR per MW/h [16].
From today’s perspective, energy prices are not
likely to drop to their pre-crisis rates, and invest-
ment into RES has been seen as a potential energy
sector stabilization measure, with investments in PV
power plants being the only faster option through
which industrial facilities, companies and even
homes can reach a lower electricity bill.

It is clear that renewable energy sources, and
particularly PV electricity production systems, have
the potential to lower electricity costs, especially for
businesses. Their hurried introduction in North Ma-
cedonia, however, coupled with their intermittent
nature have led to infrastructural and transmission
challenges. This was identified in 2022 by the ERC,
as new PV capacities strained the stability and even
threatened to overload the distribution network. A
potential solution currently considered by the ERC
is the introduction of battery energy storage systems
capable of balancing electricity production with the
actual needs and the peaks and lows of electricity
demand. Official studies by the ERC are reportedly
ongoing, but experience has shown that the BESS
should be able to store 10-20% of the installed
capacity of the PV power plant. A legislative
obligation to install BESS along with larger PV
plants is also considered although this will increase
the price of the investment by 20-30%, which might
have to be alleviated through BESS subsidies to
reduce the difference [16].

4. DISCUSSION

According to the 2040 Energy Development
Strategy [6] RES share in the gross final energy con-
sumption increases over all three proposed develop-
ment scenarios as part of the strategy, landing in the
range of 35-45% in 2040. The utilization level of

33%

Referece Scenasrio

Moderate scenario

the renewables as an important factor for decarbon-
ization of the energy sector, has been considered rel-
evant even in the most unfavorable — the Reference
scenario, where 33% RES share is projected after
2030, and by taking into account heat pumps, the
RES share in gross final energy consumption would
become even higher, reaching almost 40% in the
more favorable Moderate transition scenario and
45% in the Green scenario. All three scenarios (Fig-
ure 3) envisage a steep growth of electricity gener-
ated from RES (~7 times more in 2040 vs. 2017)
with hydro maintaining its largest share in electric-
ity generation, but PV and wind being the fastest
growing technologies.

According to the 2040 Energy Development
Strategy [6], the share of Renewable Energy
Sources (RES) in gross final energy consumption is
projected to increase across all three proposed de-
velopment scenarios, reaching between 35% and
45% by 2040. The role of renewables in decarbon-
izing the energy sector remains critical, even under
the most challenging scenario — the Reference sce-
nario —which forecasts a 33% RES share post-2030.
When factoring in the use of heat pumps, the RES
share would rise further, reaching nearly 40% under
the Moderate transition scenario and 45% under the
Green scenario. All three scenarios (Figure 3) pre-
dict a significant rise in electricity generated from
RES, with a projected sevenfold increase by 2040
compared to 2017. Hydropower will continue to
contribute the largest share of electricity generation,
while PV and wind energy technologies are ex-
pected to grow the most rapidly.

However, North Macedonia still faces rela-
tively high levels of electricity supply interruptions
in its distribution network compared to regional av-
erages. As such, there is considerable potential for
improving the reliability of the country's power sup-
ply. To integrate more RES, the country will need
to invest in further developing its distribution net-
work and continuously enhance its overall reliabil-

ity.

40% 45%

Green scenario

Fig. 3. RES share in gross final energy consumption over three proposed scenarios following 2030 [6]
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Additionally, to integrate more variable RES
necessitates to manage system flexibility. Besides
the huge amount of solar PVs (up to 1,400 MW), the
scenarios envisage up to 750 MW of wind, which
are less predictable in terms of hourly generation.
This will add to the complexity of daily operations
for grid management, and some of the likely solu-
tions include:

— Implementation of viable demand response
options, including vehicle-to-grid, power-to-heat
and battery storage. Although the average available
capacity is similar in Reference and Green scenar-
ios, the differences in spread between peak demand
and maximum theoretical available capacity (—23%
for Green scenario vs. —8% for Reference scenario)
emphasizes the critical need for investments in flex-
ibility in the Green scenario.

— Implementing a balancing mechanism as a
short-term step (including system services for sec-
ondary and fast tertiary regulation). In this direction,
cross-border balancing could enable a cost-effective
solution, while in the mid and long-term, the steps
include use of existing and construction of new
power plants such as pumped-storage hydropower
plants or gas fired power plants (including combi-
ned heat and power). Additional flexibility could be
gained from biomass and biogas small-scale plants.

5. CONCLUSIONS

Efficient use of energy and renewables are the
cornerstone of the EU’s energy transition as set out
in the EGD and the most immediate response to its
energy dependency on Russian gas. Therefore, al-
though zero carbon fuels are expected to have a
much more significant role in the future primary en-
ergy consumption, RES should be the ones winning
the growth race. North Macedonia, being an acces-
sion candidate to the EU has been dedicated to har-
monizing its legislation with that of the EU’s energy
community while also trying to lessen the effects of
the 2021 global energy crisis. These efforts have
translated into major revisions of its Law on Energy
and the subsequent creation of multiple national ac-
tion plans (on energy efficiency, on energy and cli-
mate, and on the use of RES) which along with the
financial incentives derived from them have led to
significant penetration of renewables, and particu-
larly PV systems have increased the electricity pro-
duction capacity and the total gross consumption of
electricity derived from RES in North Macedonia.

However, in spite of the detailed scenarios de-
veloped as part of the 2030 and 2040 Energy Devel-
opment Strategies, North Macedonia is lacking an
overall proactive approach in the legislative seg-
ment, since most regulations are being passed reac-
tively or rather once a challenge for the energy sec-
tor is exposed. The current policies offer limited
guidance on several key issues, including the relia-
ble integration of new electricity generation infra-
structure, the ongoing improvement of the grid
through soft measures, and plans for new invest-
ments and upgrades to the distribution network.
They also lack provisions for advanced concepts
such as smart grids, energy storage systems, and ve-
hicle-to-grid technologies. Drafting the new Law on
RES is a step in the right direction, but even it, with
all its strong suits, might be arriving a little too late.
While this law offers potential solutions and incen-
tives for new users it does little to protect the grid of
potential overloads and balancing out the peaks and
lows of electricity production and demand. To ef-
fectively implement the new energy sector policies,
which introduce numerous obligations, it is essen-
tial to strengthen the capacity of North Macedonia's
energy institutions. At present, institutional capacity
is limited, and intergovernmental coordination is al-
most nonexistent. The establishment of the new
Ministry of Energy, Mining, and Mineral Resouces,
however, offers a glimmer of hope, as it presents
itself as a vital step toward addressing these chal-
lenges.

In summary, North Macedonia’s energy sector
sentiments are in the right place looking to increase
RES penetration in electricity production but lack
the legislative framework that would allow this to
happen without endangering future electricity pro-
duction and grid integrity.
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Abstract: The energy sector of the Republic of North Macedonia faces considerable challenges in achieving
sustainable transition and reducing greenhouse gas emissions. Using the EnergyPLAN software, various scenarios were
analyzed to evaluate the potential for a complete phase-out of coal and oil-fired thermal power plants, replaced by
renewable sources and new natural gas cogeneration plants. The results indicate that increasing the share of renewables
significantly enhances energy security and contributes to CO- emissions reduction, aligning with set climate targets.
These findings highlight the need for a strategic approach to modernizing the energy sector, which would foster long-
term sustainability, reduce dependence on energy imports, and enable greater energy independence for North Macedo-
nia.

Key words: CO: emissions; EnergyPLAN; energy sector; renewable energy sources; sustainable development

AHAJIN3A HA TPOU3BOJACTBEHUTE KAITAIIUTETH U OJAPKJIMBOCTA
HA EHEPTETCKHOT CEKTOP HA PEITYBJIMKA CEBEPHA MAKEJOHUJA
CO IPUMEHA HA CO®TBEPOT ENERGYPLAN

A mcrTpacx 1 EHeprercknor cextop Ha PemyGmuka CeBepHa MakenoHHja ce cOO4YyBa CO 3HAYHTENHHU
MpeU3BHIH BO HACOKA Ha OJIPKIINBA TPaH3HIMja M HAMAJTyBambe Ha CTaKJIeHWYKUTe racoBu. Kopucrejku ro cohtBepor
EnergyPLAN, anamm3upaHu ce pa3id4HU CIEHapHja 3a IEJIOCHO HCKIydyBame Ha TEPMOLEHTPAIHUTE Ha jarieH U
Ma3yT CO HHBHA 3aMeHa CO OOHOBJIMBH M3BOPH M HOBHM KOTE€HEPaTHBHH IIOCTPOjKHM Ha NMPUPOAEH rac. Pesynrarure
MOKaXyBaaT JIeKa 3roJeMyBambeTO Ha YJEIOT Ha OOHOBIMBHTE W3BOPH 3HAYMTEIHO ja MOAOOpYBa EHeprerckara
CHT'YPHOCT U BOJIM JI0 HaMaltyBame Ha emucuute Ha CO: 3a mocraBeHHTe KIMMATcKy 1ean. OBUe HAOM HAryacyBaaT
notpeda o1 CTPAaTErucKH MPHUCTAN KOH MOJIEPHU3ALMjaTa Ha SHEPreTCKUOT CEKTOP, KOj Ke ja MOTTHKHE J0JIT0OpOYHaTa
OJP>KJIMBOCT ¥ K€ ja HaMAaJIM 3aBUCHOCTA OJ] yBO3 Ha €HEPrHja, 0BO3MOXYBajKHU [10rojieMa eHepreTcka He3aBUCHOCT 3a
MakenoHuja.

Knyunn 360poBu: emucun Ha CO2; EnergyPLAN; o6HOBIMBY H3BOpH Ha €HEPTHja; OIPIKIIMB Pa3Boj; EHEPTETCKH CEKTOP

1. INTRODUCTION

The energy sector in North Macedonia faces
significant challenges in its transition towards re-
newable energy sources, aiming to reduce green-
house gas emissions and enhance energy independ-
ence [1]. Within the global context of sustainable

development efforts, transforming national energy
systems is essential, especially in countries highly
dependent on fossil fuels [2]. North Macedonia
strives to reduce emissions through a strategy fo-
cused on expanding the share of renewables, posing
both technical and economic challenges for the
country [3].


https://doi.org/10.55302/MESJ244221271s
mailto:i.stojanovski2571@student.mf.ukim.edu.mk

128 1. Stojanovski, I. Seso

Previous studies on energy transition in North
Macedonia focus on analyzing various scenarios and
methods for integrating renewables using different
simulation models.

Cosi¢, Kraja¢i¢, and Duié [4] analyze the po-
tential for a 100% renewable energy system in North
Macedonia by 2050, utilizing the EnergyPLAN mod-
el to simulate scenarios of 50% and 100% renewable
sources. The results show that such a transition
would require substantial investments in infrastruc-
ture and energy storage technologies yet would sig-
nificantly reduce carbon emissions and increase
energy independence.

A study published by the Macedonian Academy
of Sciences and Arts [5] highlights how degraded and
unused agricultural land could be repurposed for
solar and wind installations, allowing for a signi-
ficant increase in renewable energy production with-
out altering natural resources. By fully utilizing these
areas, North Macedonia could achieve high energy
independence, reducing import dependency and en-
hancing system stability.

The paper “Assessment of Solar and Wind En-
ergy Resources in Serbia” [6] evaluates the potential
for solar and wind energy in Serbia by analyzing
meteorological data and identifying optimal regions
for renewable sources. The complementarity of these
resources offers stability potential for energy systems
relevant to similar systems such as North Macedo-
nia's.

Lazova and Sefo [7] analyze North Macedo-
nia’s energy capacity, emphasizing the importance of
developing infrastructure for renewable sources and
introducing cogeneration plants. Their study
evaluates scenarios for increasing the share of re-
newables, assessing impacts on system stability and
the potential to reduce import dependency. The re-
search suggests that proper planning and develop-
ment of renewable energy infrastructure could sig-
nificantly contribute to the country’s energy inde-
pendence and long-term system stability.

In their study, Mijakovski, Lutovska, and Moj-
sovski [8] examine the impact of the European en-
ergy crisis on North Macedonia, exploring measures
to strengthen energy security through the integration
of renewables. The findings indicate that expanding
solar and wind capacities could substantially reduce
import dependence and contribute to the stability of
the energy sector.

This research aims to analyze the possibilities
for the gradual phase-out of coal- and oil-fired power
plants in North Macedonia by replacing them with
renewable sources and new natural gas cogeneration

plants. Using the EnergyPLAN software, detailed
simulations of renewable integration scenarios are
conducted to assess impacts on energy security, eco-
nomic viability, and emissions reduction. Transition-
ing to renewable sources not only reduces imports
but also contributes to economic stability by effi-
ciently utilizing domestic and natural resources.

2. METHODOLOGY

The research employs a quantitative analysis
method using EnergyPLAN software, designed to
evaluate national energy systems and optimize en-
ergy resource distribution. EnergyPLAN facilitates
the integration of renewable sources and assesses
impacts on energy security, stability, and CO: emis-
sions, providing iterative adjustments toward effi-
cient, optimal solutions. This methodology is partic-
ularly suitable for modeling energy transitions in
countries with systems similar to North Macedo-
nia’s.

Primary data sources include annual reports and
databases from the Energy Regulatory Commission
[9-13], AD ESM [14], and AD EVN [15], covering
capacity, production, and energy imports-exports.
The collected data span installed capacities (renew-
able and non-renewable), energy and fuel import-
export figures (e.g., coal, natural gas, oil), fuel prices,
electricity production, and consumption, as well as
seasonal and daily demand variations. Additionally,
information on consumption patterns across sectors
enables an in-depth analysis of demand dynamics
and resource allocation.

Data collection methods consist of reviewing
reports from relevant institutions, accessing national
and international databases, and analyzing official
statistics, ensuring comprehensive and reliable data
for simulations.

The analysis spans the years 2019 to 2023,
capturing the impact of significant events on the en-
ergy sector, such as the COVID-19 pandemic and the
Russia-Ukraine conflict, both of which have affected
energy demand and supply. The pandemic led to
reduced industrial and transport demand, ac-
companied by a rise in household energy use [16].
The conflict, on the other hand, has created global
resource shortages and sharp price increases, under-
scoring the need for diversification and a transition
to renewable sources [17].

Based on this analysis, two alternative scenarios
are defined. Both involve constructing the Cebren
pumped storage hydropower plant to balance the
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electricity supply during high demand or low re-
newable generation. The scenarios differ regarding
thermal power plant roles: in the first, one unit of the
REK Bitola thermal plant remains operational as the
sole active coal and oil-fired capacity; in the second,
all thermal plants are retired, with coal fully replaced
by renewables and new gas-based cogeneration.

Each scenario is examined from two perspec-
tives: one prioritizes continuous operation to meet

Table 1

total energy demand, while the other focuses on
economic viability, operating only when most cost-
effective. The economic assessment considers the
following costs: Cebren pumped storage — €1 billion,
coal — €4/GJ, natural gas — €19/GJ, biomass — €9/GJ,
€230 million for the new gas cogeneration plant,
€790 million for new wind turbines, and €741 million
for photovoltaic panels. A detailed descripttion of the
scenarios is provided in Table 1.

Installed capacities of energy sources in N. Macedonia: actual capacities and two alternative scenarios

HPP i
HP TPP w PV
¢ Dammed Hydro River Hydro Pumped Back ind
287.41 1034 557.4 162.4 0 72.8 310
Scenario 1:
HPP i
HP TPP w PV
¢ Dammed Hydro River Hydro Pumped Back ind
287.41 233 1015 162.4 458 600 1000
Scenario 2:
HPP
HP TPP . Wi PV
¢ Dammed Hydro River Hydro Pumped Back ind
487.41 0 1015 162.4 458 600 1000

3. RESULTS AND DISCUSSION

The analysis compares real data on North Mac-
edonia's energy status, provided by the Energy Reg-
ulatory Commission, with theoretically possible
scenarios simulated in EnergyPLAN. This compar-
ison provides a detailed understanding of current
opportunities for reducing imports by increasing do-
mestic electricity production, as well as the potential
for lowering CO- emissions. Through the additional
two proposed alternative scenarios, the key role of
renewable sources in the transition toward energy
independence is also identified, contributing to the
sector's long-term stability and sustainability.

The production of thermal energy from cogen-
eration plants and heating stations in Macedonia ex-
hibits notable fluctuations throughout the analyzed
period. These variations are attributed to several
factors, including the growing demand for thermal
energy, the condition of energy facilities, and the in-
fluence of policies aimed at promoting energy effi-
ciency and the use of renewable sources. Simula-
tions reveal that cogeneration plants possess signif-
icant potential to increase real production levels,
with 2021 marking the highest recorded output
compared to other years (Figure 1).
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Fig. 1. Heat production from cogeneration plants
during the analyzed period

This trend is crucial to the country’s long-term
energy strategy, as increased production from co-
generation sources may contribute to achieving en-
ergy independence and enhancing system stability.
Additionally, heating stations, as traditional sources
of thermal energy, continue to play a substantial
role, although their contribution varies depending
on market conditions and regulatory policies (Fig-
ure 2).



130 1. Stojanovski, I. Seso

BERC = EnergyPLAN

s
040 43
035 029
0.30 0. 232 260270
025 |
Z 02 |
g
0.15 1
010 |
0.05 1
0.00 —
2019 2020 2021 2022 2023

Year

Fig. 2. Heat production from heating plants
during the analyzed period

Electricity production from renewable sources
and hydropower plants in Macedonia showed sub-
stantial growth over the analyzed period, particu-
larly notable in 2023. This upward trend reflects on-
going investments and policy shifts favoring renew-
able technologies. Figure 3 illustrates this progress,
highlighting increased energy generation from hy-
dropower, wind, and solar sources. The 2023 peak
production, the highest compared to previous years,
underscores the effectiveness of strategies aimed at
diversifying the energy mix. These results suggest
Macedonia is gradually achieving its environmental
goals, energy independence, and sustainable devel-
opment, reducing reliance on fossil fuels and energy
imports.
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Fig. 3. Electricity production from renewable sources
during the analyzed period

According to data provided by the Energy
Regulatory Commission, electricity production
from thermal power plants and cogeneration facili-
ties in North Macedonia has not demonstrated a
clear trend of decline from 2019 to 2023. However,
simulations conducted using the EnergyPLAN soft-
ware indicate a potential decrease in production due
to the gradual reduction in fossil fuel use and the
shift toward more sustainable energy sources (Fig-
ure 4).
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Fig. 4. Total electricity production from thermal power plants
and cogeneration plants

These projections align with global and local
decarbonization efforts in the energy sector, result-
ing in significant reductions in CO: emissions (Fig-
ure 5). This positive impact represents a critical step
toward achieving the country’s climate goals, sup-
porting the global fight against climate change, and
positioning
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Fig. 5. CO: emissions from the energy sector in Macedonia
during the analyzed period

North Macedonia is an active participant in
global sustainability initiatives. Despite these pro-
jections, simulations suggest that thermal power
plants and cogeneration facilities will continue to
play an essential role in ensuring energy stability,
particularly during periods of increased electricity
demand or limited capacity from renewable sources.

Electricity imports, as depicted in Figure 6,
have shown a steady decline, reaching their lowest
point in 2023. Data indicate that electricity imports
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dropped by 89.9% in 2023 compared to 2019, de-
creasing from 1.826 TWh in 2019 to just 0.185 TWh
in 2023. This trend is particularly significant as it
reflects North Macedonia's growing energy inde-
pendence, achieved through increased domestic
production and enhanced energy efficiency.
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Fig. 6. Graphical representation of the trend in the reduction
of electricity imports

The comparative graphs between the actual
electricity generation from cogeneration plants and
thermal power stations and the theoretically possi-
ble and necessary output, as shown in the software
simulations, further highlight the system's reliance
on electricity imports as a function of thermal power

production. These graphs reveal that in years where
the gap between actual production from cogenera-
tion and thermal plants and the projected levels in
the simulations is the greatest, a heightened need for
electricity imports arises. This suggests that al-
though cogeneration plants and thermal power sta-
tions have adequate capacity, various factors have
prevented them from producing sufficient energy to
fully meet the system's demands.

The two alternative scenarios for Macedonia’s
energy future reveal a strong potential for achieving
full energy independence by increasing the use of
renewable sources and optimizing existing capaci-
ties. Each scenario includes the installation of 600
MW of wind and 1000 MW of photovoltaic capac-
ity, part of which is already underway. The first sce-
nario involves the operation of a single unit from the
REK Bitola plant (233 MW), providing a stable sup-
ply without imports and generating 0.66 TWh for
export. The second scenario proposes the replace-
ment of all coal capacities with a 200 MW gas co-
generation plant, allowing for 0.34 TWh in exports
(Figure 7). Additionally, both scenarios anticipate
the construction of the Cebren hydropower plant
(458 MW), adding to supply and export potential.
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Fig. 7. Comparison of production capacities in the energy sector in Macedonia (2023 and Scenarios 1 and 2)

In the first scenario, CO2 emissions would be
reduced by 29%, while in the second, emissions
would drop by 30.3% compared to 2023 levels (Fig-
ure 8), highlighting environmental and economic
benefits, particularly concerning potential carbon
taxes. These results indicate that Macedonia could
make a significant contribution to the global fight
against climate change while strengthening its en-
ergy stability and reducing costs associated with en-
ergy imports.
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When analyzing the proposed scenarios from
an investment perspective, where production capac-
ities are activated only during the most economi-
cally viable periods, the results reveal significant
challenges. The limited capacity of North Macedo-
nia’s existing distribution grid cannot adequately
absorb and transmit energy from new installations,
particularly renewable sources such as wind and
solar. This infrastructure shortfall calls for substan-
tial investment to upgrade and expand the trans-
mission network.

The simulations also indicate that economi-
cally driven production increases the need for elec-
tricity imports, creating a greater dependency on
external sources. To overcome these challenges, in-
vestments in the expansion and modernization of
the electricity distribution network should be con-
sidered, enabling better integration of renewable
sources. Such investments would entail increased
costs for constructing new transmission lines, and
transformer stations and improving systems for
managing energy flows.

4. CONCLUSION

Based on analyses conducted for North Mace-
donia's energy sector from 2019 to 2023, this study
reveals significant opportunities for advancing en-
ergy independence and reducing greenhouse gas
emissions by increasing the use of renewable energy
sources. These measures are crucial for achieving
the country’s climate goals and align with global
trends toward decarbonization and sustainability of
energy systems. The simulations indicate that North
Macedonia has the potential to establish a stable
electricity supply and enhance energy security
through the achievement of energy independence.

The integration of new capacities, such as the
Cebren pumped-storage hydropower plant, wind
farms, and solar panels, plays a central role in this
transition, yet presents a significant technological
and economic challenge requiring substantial in-
vestment and support from the government and pri-
vate sector. The findings also suggest that the addi-
tion of new cogeneration facilities could enhance
energy stability and security while simultaneously
reducing CO: emissions, which is essential for
meeting national climate targets.

This research confirms the need to intensify ef-
forts to modernize the energy sector and stimulate
investments in renewable energy sources. Such
measures will not only provide energy independ-

ence but will also contribute to the country’s eco-
nomic and environmental sustainability. Addition-
ally, this approach will position North Macedonia as
an exemplar of successful sustainable energy transi-
tion and increase its resilience to global and regional
energy crises.
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version is only for the electronic version of the Journal.
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Please check all figures in your paper both on screen and on a black-and-white hardcopy. When you
check your paper on a black-and-white hardcopy, please ensure that:

—the colours used in each figure contrast well (Figure 3),
—the image used in each figure is clear,
— all text labels in each figure are legible.

Please check all figures in your paper both on screen and on a black-and-white hardcopy. When you
check your paper on a black-and-white hardcopy, please ensure that the image used in each figure is clear and
all text labels in each figure are legible.

Fig. 3. Example of an image as it will appear at the electronic version of the Journal and a multi-line caption
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