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NUMERICAL INVESTIGATION OF AERODYNAMIC EFFICIENCY
IN AN AIRFOIL TANDEM CONFIGURATION

Haritina Sakova'", Marija Lazarevikj?, Zoran Markov?

'Department of Aerospace Science and Technology, Politecnico di Milano, Italy

2Faculty of Mechanical Engineering, “Ss. Cyril and Methodius” University in Skopje, North Macedonia

haritina.sakova@mail.polimi.it, /marija.lazarevikj@mf.edu.mk

A bstract Tandem airfoils, used in the fields of aerodynamics for race cars and aircraft designs, are a key
part of current research due to the aerodynamic complexity they introduce, while offering performance benefits. A
numerical 2D CFD analysis of a tandem airfoil system was performed in this paper to determine their optimal position-
ing for achieving maximum aerodynamic efficiency and analyzing the resulting flow field. Simulations were conducted
in Ansys Fluent using a high-quality mesh and refined boundary layer conditions, targeting y* < 1. Key parameters
analyzed include the lift coefficient C;, drag coefficient Cp, the C; /Cp, ratio, and flow visualizations such as pressure,
velocity, streamlines, velocity vectors, and turbulent kinetic energy. Results indicate that the optimal angle of attack
for the variable airfoil is —25°, where the highest C; /Cp ratio is obtained. However, flow visualizations show wake
formation at this angle, highlighting the need for further aerodynamic optimization to balance efficiency and wake
reduction.

Key words: aerodynamic optimization; airfoils; CFD 2D analysis; numerical modeling

HYMEPUYKO MOJEJIMPAILE HA AEPOJUHAMNWYHA EOUKACHOCT
3A KOHOUT'YPAIIMJA HA TAHAEM AEPOJUHAMWYHU ITPOPUIIN

Amcrtpax T TaHIEeMOT Ha aepOIMHAMHYHHTE POGHIN, KOU CE KOPUCTAT BO 00acTa Ha aepoJMHaMuKa 3a
TPKauK{ aBTOMOOWIIM ¥ 3a JIM33jH HA aBUOHHM, € KIIY4eH JIeJI OJl CETallHH MCTPaKyBamba, Nopagy aepoANHAMHUYHATA
KOMIUIEKCHOCT IITO ja co3uaBa. Bo oBoj Tpyn e usBpiieHa Hymepuuka ananuza 2D CFD nHa cucrem ox asa
aepoJMHaMH4HM Tnpoduia, co Len Ja ce AeduHUMpa HUBHATA ONTHMAJHA 3a€MHA IOCTABEHOCT 3a HAjBUCOKA
aepoJMHaMHU4Ha eUKACHOCT, a IPUTOA Ja ce ondaTu KBAIMTETOT Ha JoOueHarta cTpyjHa ciauka. Cumynanuute ce
crpoBenieHn co codTBepckroT maketr Ansys Fluent, kopucrejkn cooiBeTHa AMCKpPETH3alMja H YCIOBH Ha IPAHUYCH
CI10j, CO LeJT BOCTIOCTaBYBambe BpeHOCT Ha y* < 1. KulydHH napamMeTpu Kou ce peIMeT Ha aHalih3aTa ce KoeUIUeHToT
Ha noaurame (L, koepuuueHToT Ha otnop Cp, ogHocot C1/Cp, cTpyjHATa CIMKA HA MPUTHCOKOT, HHTEH3UTETOT HA
Op3uHaTa, CTpYjHHUTE JIMHUH, BEKTOPCKOTO IOJIe Ha Op3KHa, Kako U TypOyJIeHTHaTa KHHETHYKa eHepruja. Pesynrarure
MOKaXKyBaar Jieka ONTUMAITHAOT aroJjl Ha Haraj| 3a IPOMEHIMBHOT aepoJuHaMHU4eH npoduit € —25°, mpu mrto ce J00uBa
HajBucok CL/Cp oxnoc. ITokpaj Toa, CTpyjHUTE CIMKH MOKaXKyBaaT (hopMupame BPTIO3U IPH OBaa KOH(HUTypanuja,
WCTaKHYBajKH ja OTpedaTa 0J1 MOHATAMOIIHA aepOAMHAMHYHA ONITHMHU3aIHja, CO el OanaHCcHpame Ha eUKacHOCTa
¥ HaMaJTyBame Ha OTHOPOT KOj € Pe3yJITaT Ha BPTIOKHOTO CTPyEHe.

Knyuynu 3060poBu: acpoanHaMHUYIHA ONITHMHU3AIN]a; aepoJHaMUIHH podwy; ananmsa CFD 2D;
HYMEPHIKO MOJIEINPAhe

1. INTRODUCTION

Computational Fluid Dynamics (CFD) has
been developed as a scientific field by combining
the laws of physics, numerical mathematics, and
computer science in order to simulate flow phenom-
ena that are difficult to obtain analytically [1, 2]. Its

development has accelerated with the availability of
powerful processors and advanced numerical meth-
ods, which enabled the solution of increasingly
complex two-dimensional and three-dimensional
flow problems [3, 4]. Later advances in viscous-
flow simulation, based on the Navier—Stokes equa-
tions, led to the development of turbulence models
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with different levels of complexity and accuracy [5].
Aerodynamics studies the forces and motion of bod-
ies moving through air. In engineering analysis,
CFD enables numerical simulation of airflow
around aerodynamic bodies and provides a detailed
representation of the resulting flow field. In this
way, it becomes possible to interpret quantities such
as velocity, pressure, wake development, and turbu-
lence intensity around a profile or a multi-element
configuration [6, 7].

Tandem airfoils are a configuration of two air-
foils one behind the other along the flow direction,
so the rear airfoil operates in the wake region of the
front one [8]. They are used in many race car appli-
cations [9], as well as in modern aircraft designs
[10]. Compared to a single airfoil, they have shown
some efficiency improvements, while also introduc-
ing some trade-off decisions when designing this
more complex aerodynamic system [11, 12, 13]. In
addition to the pressure and velocity distributions
generated around each element, the interaction be-
tween elements introduces wake effects, local flow
separation, and increased turbulence [14]. These ef-
fects must be considered simultaneously when eval-
uating the overall aerodynamic response of the sys-
tem. Previous numerical studies showed that the rel-
ative positioning of tandem airfoils significantly af-
fects lift, drag, and wake interaction, making geo-
metric optimization a key aspect of tandem-airfoil
design. The present study is focused on a tandem
airfoil configuration composed of NACA 6412 pro-
files. The usual angle of attack between them is be-
low 30° [15]. One airfoil remains fixed, while the
second is treated as a variable element whose angle
of attack is changed in order to determine the most
favorable relative arrangement. The analysis is
based on two-dimensional RANS CFD simulations,
as suggested by current literature [16] and includes
evaluation of Ci, Cp, y*, velocity field, pressure
field, turbulent kinetic energy, streamlines, and ve-
locity vectors. The goal is to identify the configura-
tion that provides the most favorable aecrodynamic
response while also assessing the quality of the re-
sulting flow field.

2. THEORETICAL BACKGROUND
2.1. Governing equations
The numerical analysis is based on the govern-
ing equations of fluid flow solved in ANSY'S Fluent

[17]. For viscous flow, the study is grounded in the
Navier-Stokes formulation, while turbulence is

modeled through the Reynolds averaged Navier-
Stokes (RANS) approach. The RANS equation used
as the basis of the turbulence model is:

d(pvy)  d(pvvy)
+ =
ot ax]

dv; | 0vj 7
(224 22 — pufa] (1)

6xj 6xi

apP d
= —— 4 —
6xl- E)xj

where v; is the mean flow velocity, u; are the ve-
locity fluctuations, p is the dynamic viscosity, and

—puju; is the Reynolds stress tensor. Using the

eddy-viscosity hypothesis, the Reynolds stresses are
expressed as:

o =, (i 2% ) _20ks.
puiuf_“t(ax,--l_axi 3axk6U) 3pk6U @)

where y; is the turbulent viscosity, k is the turbu-
lent kinetic energy, and §;; is the Kronecker delta.

2.2. Realizable k- & turbulence model

For the present flow problem, the realizable k-
€ model was selected because it is appropriate for
simulations involving strong pressure gradients,
possible flow separation, merging flow regions,
asymmetry, and complex curved flow paths [18].
These characteristics are consistent with the ex-
pected flow around the tandem airfoil system.

The transport equation for turbulent kinetic en-
ergy is written as:

d(pk) 4 a(pU;k) _

ot axl-
9 Ke) Ok _
=5 [(u + Gk) ax}] +P+Py—pe+Se ()

The transport equation for the rate of turbulent
dissipation is:

9 a(pU; d d
(pe) , 9(p lS):_( +ﬁ)_€ 4
Jt 0x; 0x; 0./ 0x;
2
+pCiSe = Coprm + C1Cap Py +Se )

The turbulent viscosity is evaluated from:

2

k
He = Cup— )

The model constants used are those generally
accepted from Launder and Sharma [19].

Mech. Eng. Sci. Journal. 44 (1), 5-15 (2026)
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2.3. Aerodynamic coefficients and mesh-quality
parameter

For the two-dimensional configuration ana-
lyzed in this study, the acrodynamic response is ex-
pressed through non-dimensional section coeffi-
cients. The lift coefficient is given by [20]:

2F]

L= ©)
The drag coefficient is given by:
_ 2Fp
CD - val (7)

where F; is the lift force, Fj, is the drag force, p is
the fluid density, v is the freestream velocity, and [
is the airfoil chord length.

The near-wall mesh quality is evaluated by the
dimensionless wall parameter y+, defined as [21]:

+ — pUyp — Uyp (8)

u v

where u, is the friction velocity, yp is the distance
from the wall to the center of the first cell, p is the
dynamic viscosity, and v is the kinematic viscosity.

-
S
@

The aerodynamic efficiency of the system is
assessed through the ratio C; /Cp but its interpreta-
tion must be supported by the corresponding flow-
field visualizations, especially in cases where
stronger loading is accompanied by larger wake for-
mation and flow separation.

3. COMPUTATIONAL DOMAIN

There are several commonly used CFD pack-
ages considered for this type of analysis, namely
ANSYS Fluent, COMSOL Multiphysics, and Open-
FOAM. In this case ANSYS Fluent was selected as
the most suitable solver for the present research be-
cause it offers a strong balance between precision,
capability for complex simulations, and practical
usability [22]. The analyzed configuration consists
of two NACA 6412 airfoils arranged in tandem. The
leading edges of the airfoils are separated by A =
170 mm in the streamwise direction and B =
30 mm in the transverse direction (Figure 1).

The chord length of each airfoil is | =
200 mm. The position of the elements is kept iden-
tical for all investigated cases, while the angle of at-
tack of the second, variable airfoil is changed to
—15°, —20°, and —25° (Figure 1).

A
-

©

Fig. 1. Geometric definition of the tandem NACA 6412 configuration with
A =170 mm, B =20 mm, and chord length 1 =200 mm, under —15° (a), —20° (b), and —25° (c).

Since the configuration can be treated with a
constant spanwise behavior, the analysis is carried
out in a two-dimensional domain. The fluid domain
was constructed in SolidWorks and sized according
to the characteristic parameters proposed for dou-
ble-element airfoil analysis [23]. The domain
dimensions were defined so that: ¢ = 501 and
D = 60 -1, as it can be seen on Figure 2. A rectan-
gular subdomain of 3 - 0.8 m was additionally in-
troduced around the airfoil system in order to enable
local mesh refinement in the region of primary in-
terest.

Maw. unorc. Hayu. ciuc. 44 (1), 5-15 (2026)

Fig. 2. Computational domain and local refinement region
used for the tandem airfoil simulations.
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3.1. Mesh generation and near-wall treatment

The computational domain was discretized us-
ing an unstructured triangular mesh. The mesh-gen-
eration procedure included: definition of the global
maximum cell size, refinement of the rectangular
zone around the profiles, edge division along the
airfoil contours, introduction of inflation layers, and
final mesh generation. Three mesh densities were
initially tested in order to determine an appropriate
balance between computational cost and accuracy.
The dense mesh used a maximum element size of
0.1 m, the medium mesh 0.25 m, and the coarse
mesh 0.6 m. The differences in the resulting values
of C;, and Cp supported the selection of the medium
mesh as an adequate compromise for the remaining
simulations, as the differences were in the order of
1073, as it is depicted in Table 1.

Table 1

Mesh selection analysis results

Type of Maximum elements size

mesh (m) e o

Fine 0.1 0.0925 -3.068
Medium 0.25 0.0928 —3.069
Coarse 0.6 0,0928 -3.065

To ensure accurate near-wall resolution, the
first boundary-layer cell height was set to
0.00002 m, the inflation region consisted of 15 lay-
ers, and the growth factor was 1.18. The mesh was
designed so that the final simulations would retain
y* < 1, which is suitable for resolving the near-
wall region in the present study (Figure 3) [24].

Fig. 3. Final discretization of the fluid domain

3.2. Boundary conditions and simulation cases

The boundary conditions were defined through
inlet, outlet, fluid zone, wall boundaries, and the
boundary layer around the airfoils. The outlet was
prescribed through pressure-outlet conditions equal
to atmospheric pressure.

The simulations were carried out at standard
atmospheric pressure: pgem = 101325 Pa and tem-
perature: T = 288.15 K, for air with a density p =
1.2250 kg/m* and dynamic viscosity u = 1.7894 -
1075 Pa's. Only the flow field was of interest, there-
fore the energy equation was not included in the so-
lution procedure.

The processing stage was carried out through
500 iterations for each of the nine cases. The resid-
uals and monitored output parameters showed sta-
bilization after approximately 150 iterations. Alt-

hough literature may suggest lower continuity resid-
uals as ideal, the residual level on the order of 10™*
obtained in this study was treated as acceptable for
the intended engineering interpretation [25].

Table 2
Operating cases of all performed simulations

Case number Vinter (M/S) a (°)
1 11.11
2 16.67 -15
3 22.22
4 11.11
5 16.67 =20
6 22.22
7 11.11
8 16.67 -25
9 2222

Mech. Eng. Sci. Journal. 44 (1), 5-15 (2026)
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4. RESULTS AND DISCUSSION
4.1. Numerical results

The averaged numerical results obtained from
ANSYS Fluent are summarized in Table 3. The ta-
ble includes the lift coefficient, drag coefficient,
wall parameter y*, and the reported C; /C, ratio for
all nine cases. The numerical data show that the ab-
solute value of the lift coefficient increases as the
angle of attack of the variable airfoil is increased
from —15° to —25°. At the same time, the drag co-
efficient also increases. This indicates that stronger
aerodynamic loading is accompanied by stronger
viscous phenomena. The largest magnitude of the

Table 3

lift coefficient is obtained at v = 22.22m/s and
o = —25°, however, the highest efficiency is at the
same velocity but at a lower angle of attack of a =
—15° (see highlighted data in Table 3). This shows
the flow complexity and that higher lift does not
correlate to overall higher efficiency.

An important outcome of the simulation is that
all y* values remain below 1. The values vary be-
tween approximately 0.52 and 0.99, which confirms
that the near-wall discretization was sufficiently re-
fined for all simulated cases. As the velocity and the
angle of attack increase, y* also tends to increase,
which is consistent with the expectation of stronger
gradients and more intense near-wall flow behavior.

Numerical results for the tandem airfoil system

Velocity (m/s)  AOA () Lift coefficient CL Drag coefficient Cp y+ CL/Cp
-15 -3.0677023 0.092479007 0.52106687 -33.17187759
11.11 -20 -3.6163794 0.11618891 0.53262596 -31.12499635
-25 -3.8712711 0.15007215 0.5248618 -25.79606609
-15 -3.1142081 0.085772302 0.75516411 -36.30785262
16.67 -20 -3.6736985 0.10732995 0.76528352 -34.22808359
25 -3.9461482 0.13926282 0.75589286 -28.33597797
-15 -3.1453805 0.081071928 0.9752026 -38.79740593
2222 -20 -3.7153239 0.10126909 0.99018781 -36.68763983
-25 -4.0031303 0.13169004 0.97874969 -30.39812502

The original interpretation of the combined nu-
merical and graphical results retained the —25°
configuration as the preferred arrangement. How-
ever, the numerical results alone are not sufficient
for a final conclusion. For that reason, the flow field
visualizations are essential for understanding
whether the stronger aerodynamic loading is accom-
panied by undesirable wake growth and flow de-
tachment.

4.2. Velocity field

The velocity contours provide the first direct
insight into the aerodynamic behavior of the tandem
configuration. For all investigated cases, shown in
Figure 4, the velocity beneath the airfoils is higher
than above them, which is consistent with the gen-
eration of a downforce. This is the key mechanism

Maw. unorc. Hayu. ciuc. 44 (1), 5-15 (2026)

responsible for the downward aerodynamic loading
of the system.

As the angle of attack of the variable airfoil in-
creases, the flow behavior becomes progressively
less attached near the trailing edge of that element.
This effect is especially evident at the largest angle
of attack, where a clear separation region appears
behind the second airfoil. The tendency becomes
even more pronounced as the freestream velocity in-
creases.

The velocity contours therefore reveal two
simultaneous tendencies. First, higher angle of at-
tack increases the loading capability of the system.
Second, the same increase promotes separation and
wake formation. This means that the most aggres-
sively loaded configuration also becomes the most
vulnerable to aerodynamic losses generated by the
disturbed downstream flow.
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40 km/h=11,11 m/s

60 km/h=16,67 m/s.

80 km/h=22,22 m/s

Fig. 4. Velocity contour distribution around the tandem airfoil system for the investigated inlet velocities and angles of attack

4.3. Pressure distribution

The pressure contours and pressure-distribu-
tion diagrams are consistent with the velocity field,
as it can be observed in Figure 5. In accordance with
Bernoulli-type interpretation of the flow, regions of
higher local velocity coincide with reduced pres-
sure, while the opposite occurs in regions of slower
motion. Strong pressure differences are observed
near the leading edges of both airfoils and along
their surfaces.

The pressure field confirms that the airfoil pair
produces substantial downward loading. At the

same time, the pressure plots also indicate the onset
of disturbed flow at the trailing edge of the variable
airfoil. In the largest-angle cases, particularly at
—25°, the pressure field shows stronger mixing
between higher and lower pressure zones in the
wake region. This is a clear sign of increasingly
turbulent and separated flow.

Therefore, while the pressure gradients sup-
port stronger negative lift at higher angle of attack,
they also highlight the aerodynamic cost of that
choice. The pressure field does not simply confirm
improved loading, but it also reveals the mechanism
by which wake structures become stronger.

Mech. Eng. Sci. Journal. 44 (1), 5-15 (2026)
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——A0kmh=1111mis —60kmh=16,67m/s—80kmh=2222m/s

Fig. 5. Pressure contour distribution and surface-pressure behavior around the tandem airfoil system.

4.4. Turbulent kinetic energy, streamlines, In the wake region, the local velocity decreases

and velocity vectors strongly while the turbulent kinetic energy becomes

large. This combination indicates the presence of in-

The turbulent kinetic energy (TKE) contours tense turbulent structures immediately downstream

in Figure 6 provide the clearest evidence of the of the variable element. The largest turbulence con-

wake intensity generated by the variable airfoil. The centration is observed in the —25° cases, where the
highest TKE values are concentrated behind the sec- trailing-edge separation is most visible.

ond airfoil, and the concentration becomes stronger
as the angle of attack is increased.

Maw. unorc. Hayu. ciuc. 44 (1), 5-15 (2026)
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40 km/h=11,11 m/s

60 km/h=16,67 m/s

80 km/h=22,22 m/s

Fig. 6. Turbulent kinetic energy contours around the tandem airfoil system

In a streamline analysis shown in Figure 7, this
was also visualized support the same conclusion. At
higher angles of attack, the streamlines detach from
the contour of the variable airfoil instead of
following its surface smoothly. The velocity-vector
plots additionally show the direction and local
organization of the separated flow. The most pro-
nounced vortex is observed for the case with v =
22.22 m/s and a« = —25°, where the wake struc-
ture behind the trailing edge is clearly developed.

Taken together, the graphical results show that
the —25° configuration is associated with the
strongest aerodynamic loading but also with the
largest wake, strongest turbulence, and clearest evi-
dence of flow separation. This is the central trade-
off of the present study. The preferred configuration
reported by the original thesis is therefore not a fully
optimized final solution, but rather the most prom-
ising configuration within the investigated range,
provided that further refinement is introduced to
reduce the downstream wake. A two-dimensional

Mech. Eng. Sci. Journal. 44 (1), 5-15 (2026)
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CFD analysis of a tandem configuration composed of a variable second airfoil at three inlet velocities
of two NACA 6412 airfoils has been presented. The and evaluated the aerodynamic response through
study investigated the effect of the angle of attack numerical coefficients and flow-field visualizations.

40 kmh=11,11 m/s 60 km/h=16,67 mls 80 km/h=22,22 m/s

., CuCo
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L]

2 2 20
Angle of attack [°] Angle of attack [°] Angle of attack [°]
——=11.11 m/s —€—16.67 m/s —€—=22.22 m/s ——11.11 m/s —8—16.67 m/s —€—=22.22 m/s ——11.11 m/s —®—16.67 m/s —€—=22.22 m/s

Fig. 8. Aerodynamic behavior within the tandem airfoil system, based on the
a) lift coefficient, b) drag coefficient and c) efficiency ratio.
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In Table 4 a representation of the change in lift drag
and efficiency measure is reported. It can be noticed
that with increase of the angle of attack, while the
lift increases, the higher increase in drag lowered

the overall efficiency for most cases. However, at
higher velocities, hence at higher Reynolds num-
bers, this decrease of efficiency is less in all cases
percentage-wise.

Table 4
Effects of changing the velocity and the angle of attack.
Velocity AoA Change in CL Change in Cp Change in CL/Cp Overall CL/Cp change
(m/s) ©) %) % %
-15
11.11 -20 17.9 1 25.6 1 62 |
25 711 29.2 1 17.1 | 286
-15
16.67 -20 17.97 1 251 1 571
25 74 1 298 1 172 | 28.1
-15
22.22 -20 812 1t 249 1 54 |
=25 7.75 1 30 1 17.1 | 27.6

5. CONCLUSION

The results show that increasing the angle of
attack from —15° to —25° increases the magnitude
of negative lift, but also increases drag and intensi-
fies the wake behind the variable airfoil. The y*
values remains below 1 in all nine cases, confirming
satisfactory near-wall resolution and supporting the
numerical reliability of the simulations.

The graphical analysis demonstrated that the
most severe separation, largest turbulent kinetic en-
ergy, and strongest vortex structures occur in the
—25° configuration, particularly at the highest in-
vestigated velocity. Nevertheless, based on the com-
bined numerical and graphical interpretation pre-
sented in the original study, the —25° arrangement
was retained as the preferred configuration among
the three investigated angles. On another note, it
was observed that at higher velocities, the increase
in angle of attack is less significant when it comes
to efficiency. Both the lift and drag coefficients in-
creased, but due to the higher increase of drag, the
overall efficiency always decreased.

The main conclusion is that the aerodynamic
behavior of the tandem system is governed by a bal-
ance between stronger loading and stronger wake

development. For that reason, the selected configu-
ration should be understood as a promising basis for
further optimization rather than a final solution. Fu-
ture work should therefore be directed toward more
advanced three-dimensional simulations and toward
the introduction of additional aerodynamic elements
capable of reducing separation and controlling the
wake development without reaching stall condi-
tions, as all performance would be compromised.
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Abstract: Air quality remains a persistent challenge in urban environments, particularly in cities with complex
emission structures and seasonal variability. This paper investigates air quality management strategies in Skopje from
2016 to 2025, emphasizing particulate matter (PM) concentrations and long-term pollution trends. The methodology
integrates multi-year monitoring data with statistical processing, graphical interpretation, and an assessment of domi-
nant emission sources. A significant portion of the study evaluates the relationship between national regulatory prac-
tices and the European Union framework to determine practical alignment. By synthesizing technical observations with
the regulatory context, this paper offers a grounded perspective on the evolution of air quality management over the
analyzed decade.

Key words: air quality; particulate matte;, urban pollution; regulatory alignment

IMPOIIEHA HA CTPATEI'NUTE 3A YIIPABYBAIBE CO KBAJIMTETOT HA BO3JYXOT BO CKOILJE:

JOJII'OPOYHHU TPEHIAOBU HA PM YECTUYKHUTE U YCOTJIACEHOCT CO PEI'YJIATUBATA
2016-2025

A1 cTpaxkT: KBaTUTETOT Ha BO3AYXOT NIPETCTaBYyBa MOCTOjaH MPEAU3BUK BO YPOAHHUTE CPEIHHH, 0COOEHO BO
IpaloBUTE CO KOMIJIGKCHH €MHCHOHH CTPYKTYPH U Ce30HCKa BapujadmwiHOCT. OBOj TPYA I'M UCTPaXyBa CTpaTErHUTE
3a yIpaByBame CO KBAJIMTETOT HA BO3AYXOT BO Ckomje Bo mepnoot 2016—2025 ronuna, co akIeHT Ha KOHIIEHTpAaIu-
UTE Ha cycreHaupaHuTe yecTnuky (PM) M IONIrOpoyHHTE TPEHAOBH Ha 3araayBarme. MeToJ0JI0rujaTa MHTerpupa 1mo-
BEKETOAMIIHH ITOJATOLH O] MOHUTOPHUHT CO CTaTHCTHYKa 00paboTka, rpauyKa MHTEpIpeTalyja ¥ IpoleHa Ha IOMH-
HAaHTHHUTE U3BOPH HA eMHCHja.3HAYUTEIICH JIeJT OfI CTy [HjaTa ro OLEeHyBa OJJHOCOT NOMely HallHOHAJIHHUTE PEryJIaTOPHH
MIPaKTHKHU U pamkarta Ha EBporickata YHuja 3a 1a ce yTBp/M NpakTHYHATA ycoriaceHocT. [Ipexy cuHTe3a Ha TeXHHY-
KUTe HaOJbyayBarma CO PEryJaTOPHUOT KOHTEKCT, TPYJIOT Hy[H IEPCIEKTHBA 33 €BONYLMjaTa HA YIPABYBAHETO CO
KBAJIMTETOT Ha BO3AYXOT BTEMEJICHA BO aHATU3UPAHUOT TIEPHOI.

Kiy4Hu 300poBH: KBIUTET Ha BO31YX; CYCIICHIMPAHN YECTUUKH; YPOAHO 3arajyBambe; PeryiaTopHa yCOrIaceHOCT

INTRODUCTION

Ambient air pollution is a major environmental
and public health concern [1]. Across European
urban centers, it remains one of the most critical
challenges, driving urgent regulatory reforms [2].
Specifically, Skopje has historically experienced
severe exceedances of particulate matter limit
values, generating substantial socio-economic and

health implications [3]. Alongside anthropogenic
emissions from heating and traffic, the city's specif-
ic urban morphology and continuous spatial ex-
pansion further complicate the effective dispersion
of pollutants [4]. The primary objective of this work
is to systematically evaluate the evolution of air
quality management strategies over a decade. Driv-
en by the complex interaction of these emission
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sources and meteorological conditions, Skopje
serves as a representative urban case study.

The city's valley topography severely limits
horizontal airflow. During winter, frequent temper-
ature inversions reduce vertical exchange, causing
the Planetary Boundary Layer (PBL) altitude to fre-
quently drop below 200 m [5]. This fundamentally
dictates the volume available for pollutant disper-
sion and drastically increases PM concentrations.
Furthermore, radiational cooling at night forms a
highly stable, shallow nocturnal boundary layer that
traps ground-level emissions. Morning solar radia-
tion then increases the PBL height, improving ver-
tical mixing. These diurnal PBL oscillations are a
key mechanism driving the daily variability of pol-
lution.

To address these severe physical limitations on
pollutant dispersion, robust regulatory frameworks
are essential. While the national "Ambient Air
Quality Act" [6] mandates institutional air quality
planning, it lacks specific legal instruments for in-
dividual protection. In contrast, the new EU Di-
rective 2024/2881 [7] introduces legal liability and
the right to compensation for health damages caused
by non-compliance with air quality standards (Arti-
cle 28), transforming regulation from mere govern-
ance into strict accountability.

While existing studies extensively document
the localized health impacts and meteorological
drivers of pollution in Skopje, there is a notable gap
in synthesizing long-term technical monitoring data
with the evolving legal frameworks. Previous liter-
ature lacks a comprehensive, decade-long analysis
of pollution trends across different urban zones,
evaluated directly against the stringent new Euro-
pean standards. To address this, the present study
provides a combined long-term statistical and regu-
latory assessment of air quality in the city in the pe-
riod of 2016-2025. The scientific added value of
this research lies in integrating advanced heatmap
visualizations of a ten-year continuous dataset with
a direct comparative analysis between national
legislation and the newly introduced EU Directive
2024/2881, offering a practical perspective on urban
air quality management.

METHODOLOGY

The research methodology is structured into
four distinct phases: data collection, data prepro-
cessing, data processing, and data visualization and
analysis, as illustrated in the flowchart in Figure 1.

PHASE 1: DATA COLLECTION
Input: Raw hourly data (MOEPP)
Action: Selection of Karposh & Lisiche stations

Output: Raw Hourly Dataset (2016-2025)

PHASE 2: DATA PREPROCESSING
Input: Raw Hourly Dataset

Action: Removal of anomalies & Filling missing
values

Qutput: Cleaned Consistency-checked Dataset

PHASE 3: DATA PROCESSING
Input: Cleaned Dataset
Action: Aggregation into weekly/hourly
averages
Qutput: Processed Data Matrices for Heatmaps

PHASE 4: DATA VISUALIZATION & ANALYSIS
Input: Processed Data Matrices

Action: Heatmap generation & Trend
identification

Dutput: Final Air Quality Trend Assessment

Fig. 1 Flowchart of the four-phase air quality
assessment methodology

Phase 1: Data collection: The initial phase in-
volved the acquisition of raw hourly data for partic-
ulate matter (PM,s and PM,¢) from the authorized
State Automatic Air Quality Monitoring System
(SAAQMS), governed by the Ministry of Environ-
ment and Physical Planning (MOEPP). The ana-
lyzed dataset spans a comprehensive 10-year pe-
riod, from January 2016 to December 2025. To cap-
ture the spatial distribution of pollutants and the di-
verse urban microenvironments within the Skopje
agglomeration, two specific monitoring stations

Mech. Eng. Sci. J., 44 (1), 17-25 (2026)
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were selected: Karposh and Lisiche. This selection
was not random but based on their distinct geo-
graphical positioning (Karposh in the western part,
and Lisiche in the eastern part of the city) and their
varying proximity to major emission sources. To-
gether, these locations provide a representative
overview of the three primary types of polluters: in-
dustrial facilities, urban traffic, and residential
households. The exact geographical coordinates of
the stations were provided by MOEPP. Further-
more, all measurements were recorded at a standard
height of 1.5 meters above ground level, which ac-
curately represents the average human inhalation
height for ambient air.

Phase 2: Data preprocessing: Following data
retrieval, the raw hourly datasets were integrated
into Microsoft Excel for preprocessing. This phase
included systematic data sampling and the rigorous
removal of measurement anomalies. Specifically,
negative values resulting from instrument calibra-
tion errors and extreme outliers exceeding three
standard deviations (the 3-sigma rule) from the
weekly mean were excluded. To ensure temporal
continuity without distorting the statistical baseline,
isolated data gaps of one to two hours were ad-
dressed using linear interpolation. Larger missing
intervals were reconstructed utilizing mean diurnal
profile imputation for the respective month, thereby
preserving the natural seasonal variance of the da-
taset prior to further analysis.

Phase 3: Data processing: The cleaned dataset
was subsequently processed to extract meaningful
temporal trends. Using time-series aggregation and
arithmetic averaging in Excel, the data matrices
were structured. This involved the precise calcula-
tion and adoption of values to generate average
weekly profiles and average hourly profiles, allow-
ing for the isolation of specific pollution peaks re-
lated to time of day or day of the week.

Phase 4: Data visualization and analysis: In
the final phase, the processed data matrices were
utilized to construct heatmaps for trend identifica-
tion. The heatmaps were developed entirely within
Microsoft Excel using custom formulas and condi-
tional logic. A continuous color gradient was ap-
plied to visually represent pollution intensity: green
indicates minimal pollution values (clean air), pro-
gressively transitioning through darker shades as
concentrations increase, culminating in dark red,
which signifies the maximum recorded pollution
values (heavily polluted ambient air). This visuali-
zation method directly correlates temporal patterns
with the exact intensity of the aerosol pollution.

Maw. unose. nayu. ciuc. 44 (1), 17-25 (2026)

RESULTS AND DISCUSSION

Temporal distribution and heatmap analysis

The long-term temporal dynamics of PMj
concentrations in Skopje are visualized through
heatmap diagrams for the Karposh (Table 1) and
Lisiche (Table 2) monitoring stations. These dia-
grams map average weekly values over a ten-year
period. The numerical values presented within these
specific heatmaps represent the average weekly
concentrations of PMjo. These weekly arithmetic
means were derived by aggregating the prepro-
cessed base dataset of continuous hourly measure-
ments over the ten-year period (2016-2025). This
level of temporal aggregation was selected to
smooth out short-term daily anomalies while effec-
tively highlighting broader intra-annual pollution
patterns.

The analysis indicates a clearly expressed sea-
sonal wvariability, with high-concentration zones
consistently localized in the winter months (weeks
1-8 and 46-52). This specific winter period corre-
sponds to the peak heating season and is character-
ized by stable atmospheric conditions and a reduced
Planetary Boundary Layer (PBL) height.

e Karposh station analysis: The patterns in Kar-
posh show a more uniform distribution during
transitional periods, likely due to the continuous
influence of traffic emissions. However, even
here, a noticeable cooling of colors (reduction
in intensity) is observed in the middle section of
the heatmap (weeks 15-35) across the years.

e Lisiche station analysis: The Lisiche heatmap
shows significantly higher intensities compared
to Karposh, particularly during the winter
months. The "winter blocks" in Lisiche are
more persistent, confirming the heavy impact of
domestic heating with solid fuels in this residen-
tial area.

e Station comparison and trends: A comparison
of the two locations reveals that Lisiche consist-
ently exhibits 20-30% higher peak concentra-
tions than Karposh during winter episodes.
Quantitatively, the analysis between 2016 and
2025 indicates a significant improvement. In
Karposh, annual average PM  levels decreased
by 48.3% (from 60.1 to 31.1 pg/m?3), while
Lisiche showed a 36.7% reduction (from 79.1 to
50.1 pg/m?®). While summer concentrations re-
main relatively constant, the most significant re-
ductions are observed during the transitional
and winter heating periods.
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Table 1
Heatmap diagram of PM |y concentrations at the Karposh monitoring station (2016-2025),
illustrating seasonal variability and recurring high-concentration periods
Karposh Average weekly value expres sed in pg/m®

(vs:(lj((l)y) 2016 ‘ 2017 2018 2019 2020 2021 2022 2023 2024 2025
1 | 182:56120] 91.44872 | 123.31770| 56.62316 | 95.97423| 4357508 | 79.47143] 11271770 | 103.61530] 75.82043
2 74.31954 [[11202167620] 99.48969 | 88.50186 | 93.37574] 32.25149] 53.18730] 54.66958| 54.51989 | 49.17936
3 7552323 | 149.36090 | 61.08980 || 184:2088] 58.63337 ] 113.67340| 46.77842] 47.56213| 65.60342| 45.28156
4 171.37460 | 177.80170 | 111.65490 | 71.64726 | 122.80550 | 40.47786 | 61.92285| 20.24847| 40.10242] 75.52399
5 80.12107 || IBBEISAON0] 11556090 | 115.5683] 95.20230] 74.77736] 71.57102] 37.46883| 66.24348| 52.81936
6 61.78221[  73.74274] 67.63859 [ 54.84367] 48.10064 | 43.14440] 52.18345] 51.89683 | 102.71700| 47.51001
7 56.44329 | 101.12320] 60.49661[ 38.4974] 67.35926 | 85.69476| 63.25355| 67.04438] 45.09261] 55.67441
8 56.57347 |  87.56284 ] 37.11607 | 75.83544] 5570456 | 73.52352] 35.77959[ 50.87795] 46.37467| 42.73810
9 37.22364|  66.19157 | 62.81000 | 49.56776] 48.38952| 50.21358] 49.85753| 38.92049 | 39.85993] 47.33244
10 3553433  35.89087 | 48.96774[ 66.58307[ 32.39596] 53.52090] 33.81413] 37.60614| 26.82423] 43.10547
11 34.78659 |  48.49297 | 45.19760| 46.6313[ 35.17288] 28.89199] 47.98573] 29.72197| 26.00280| 39.48523
12 38.57724]  58.52119] 3857076 38.96651] 40.84826] 38.62813| 39.36827| 39.20333] 28.99315] 27.03661
13 50.79199 |  38.75446 | 39.61183 | 42.87281[ 44.37941[ 31.33099] 42.80673] 22.37894| 29.25106| 19.99217
14 4420056 |  28.10580 | 34.41134] 47.68231] 33.11706] 27.81780| 2855027 22.86277| 33.57013] 13.09713]
15 40.07163 [  34.01651] 5361620 [ 20.85083[ 27.12182] 26.93147] 30.53695] 20.46636] 36.21519] 22.17650
16 37.50890 | 21.20526 | 39.60990 | 26.85436| 28.24887] 25.33556] 26.95451] 21.30057| 23.60881] 17.61566
17 2178841  40.52203 | 46.22379] 49.43697 | 24.22082| 38.97549 | 22.42846| 2371989 15.37174| 16.16186
18 18.74104 ]  38.64804 | 44.35433 | 24.86283] 22.16746| 27.05174] 25.02911[ 20.52822] 15.46366 | 20.01056
19 26.65869 |  28.69169 | 29.06564 | 25.19376] 21.90993 [ 22.49387 | 32.84791| 17.31142] 14.72059]| 18.85910
20 2236131  26.31447 | 2229460 24.18371] 45.94420| 24.36598| 26.49547| 26.60126] 19.81221 | 183.25547 |
21 2723349  23.41117| 27.05357] 22.16750] 31.65895] 31.77810] 39.49049| 22.80884 | 21.65453| 15.45376 ]
22 26.97460 ]  27.55042 | 34.18114 - | 15552020] 26.22417] 34.52614] 22.40078 | 23.57344 | 14.75524]
23 24.25271]  28.37833 | 29.72357 - 21.63581 | 29.30227] 27.33287] 26.38415]| 29.89156 | 24.23007
24 24.60370 |  30.63860 | 31.40862[ 46.00077 [ 23.49700] 28.18472] 24.48060] 18.55170| 37.85811] 22.03135
25 42.88807 |  34.99176 | 25.45899| 33.50267 || 15:44817| 52.71544] 36.53592| 3176894 52.13440 | 19.81240
26 30.22557 |  48.26363 | 21.84719 - 20.48651 | 40.25627 [ 31.45673[ 21.22618] 28.23030] 22.37524
27 24.48416]  31.18580 | 33.97461[ 32.17873] 27.95412] 36.83772| 29.17820| 23.11870] 22.83049 | 19.73321
28 30.89600 |  33.73711] 27.63574] 30.38013[ 27.36991] 34.97265 34.00774 [ 34.00709 | 19.75684
29 28.20360 |  36.09125 ] 30.93781 - 22.83910 | 28.06892] 31.26793] 37.25939| 34.89667 | 18.71853
30 35.33226 [  31.11209 | 2457169 27.67323[ 19.01017] 47.47722] 29.19150] 20.51528| 22.99174] 34.79323
31 3257830  38.62851| 31.06987] 26.59503[ 22.15887 | 47.14270 | 25.24438] 24.82698| 27.95010] 13.93669]
32 26.92590 |  44.65187 | 35.95551 - 24.74570 [ 33.02322] 20.52926] 18.37960| 19.85799| 17.09317
33 44.48154 |  35.87954 | 32.03443| 27.78287 - 28.43257 | 29.14734] 33.31627| 37.57757| 26.80184
34 28.66051 |  31.80164 | 34.27459 | 42.70190 - 37.62453] 31.72647] 38.69202| 24.52940 | 18.24733
35 42.73030 | 39.19270 | 32.72446 | 39.86597 - 25.46464 | 25.19068] 25.22642| 34.28607 | 24.48689
36 4252754 |  32.77221| 31.75764] 39.51707 - 28.74853] 21.30820] 27.59800| 51.79239| 18.66869
37 61.83666 |  36.94603 | 34.30400] 33.96176 - 4030662 | 22.82322| 35.34971 | 18:25368] 23.36657
38 37.26067 | 29.59374 | 46.23320| 32.36835 - 26.65276 || 15.78434| 44.05665 | 15.42695] 19.33077
39 67.13931 [  28.94846 | 34.43549 | 30.92547 - 33.97154 | 25.09577] 31.65312] 24.00619] 21.12807
40 47.79514 | 37.86460 | 46.57454 [ 29.52047] 31.06047 ] 25.98606] 28.05421] 34.31919 ] 17.96864 [1110:30657
41 66.91759 | 53.97864 | 43.58766] 38.00127[ 32.52072 [[114:26250] 31.94263] 50.79380 | 17.18819 | 12:51896
42 33.84209 | 87.94207 | 62.34853[ 55.13636 [ 21.99789] 48.19015] 36.26293] 35.28333| 26.03383 ] 22.66496
43 68.92306 |  34.75450 | 49.05707 | 74.64382] 55.27790] 66.10764] 37.76416] 37.91788] 43.99203| 26.36680
44 82.11958 |  70.37434] 73.30069 | 44.76658] 47.07670] 56.03758] 55.58927] 28.99420]| 39.55801] 28.29567
45 5415353 | 89.05047 | 101.72560 | 33.86322] 64.48902] 52.46002| 46.47875| 28.80036] 60.07709 | 24.55001
46 122.08500|  44.52933] 85.56866 | 48.34937| 114.6545] 69.98255| 56.55923] 30.66173 | 20.79906 | 36.74447
47 141.0769 | 120.08740| 60.19500 ] 46.43100 | 68.51273 | 54.24000 | 28.76502] 29.86216[ 40.30739[ 24.04859
83.16847 |  56.22856 | 70.28774[ 42.88383 [ 141.56340] 56.13800] 59.25830] 45.44793| 47.60940 | 22.35417
[ 49 |)2168018| 97.88880 | 138.19740 | 8163167 | 96.85448| 37.63568| 47.72418| 59.60908| 29.35847| 42.42966
[ 121.8411] 18568180] 74.48090 | 56.17770| 61.04939 | 26.22426] 34.08209 | 43.14992] 39.84603 | 53.46763
[ 51 [IN29W87080)  40.81356 | 10215040 | 52.59775| 47.27292 11246102 | 114.01230 | 93.16704] 5261041 | 145.29510
46.05465 | 107.51610 | 92.19563 || 16.78401] 84.03221| 66.00155 || 123.14260 | 157.12230 | 24.26330] 42.70976
Annually 60.13769 |  63.42649 | 53.60008 | 48.89023| 48.96683] 41.75828] 39.17898] 37.21285| 34.97302] 31.07103
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Table 2

Heatmap diagram of PM o concentrations at the Lisiche monitoring station (2016-2025),
illustrating seasonal variability and recurring high—concentration periods

Lisiche Average weekly value expressed in pg/m’
PM10

(weekly) | 2016 2017) 2018 2019 2020 2021 2022 2023 2024 2025
1 |72587 | 1388 | 2075 | - 171.1 44.4 109.7 147.9 130.9 150.2

2 1029 | 2259 | 1447 - 133.5 40.9 67.5 73.6 66.7 116.2

3 110.0 1624 | 838 - 79.4 130.2 75.0 70.2 116.8 72.1

4  |2529 | 2075 | 1518 - 183.8 619 71.8 29.7 35.5 100.3

5 1286 |JISSISIN  150.0 - 158.2 147.1 94.6 56.7 109.7 102.5

6 916 109.7 92.8 - 70.0 53.4 66.0 89.4 138.8 73.9

7 68.2 116.5 92.1 - 107.0 131.3 79.0 127.0 69.9 76.4

8 68.7 110.8 44.1 - 74.4 130.2 43.4 91.7 60.2 58.6

9 41.4 69.0 80.7 - 63.4 79.9 51.3 42.1 46.6 65.5

10 37.7 35.3 58.9 - 40.5 65.0 34.7 48.4 34.1 78.7

11 43.9 58.8 44.1 - 55.5 29.5 55.0 415 33.0 47.4

12 38.0 54.7 43.8 - 66.5 47.0 48.5 59.7 41.0 38.9

13 54.8 40.1 42.3 - 49.0 37.0 418 29.3 29.8 30.9

14 41.2 25.0 35.0 - 38.1 36.8 26.3 26.9 37.9 22.7

15 33.9 29.8 43.1 - 41.9 29.0 35.0 25.9 39.8 35.9

16 342 | 2086 | 345 - 35.2 29.9 29.1 27.2 25.4 25.0

17 27.2 34.8 38.6 - 24.7 38.9 25.0 25.2 23.2 25.8

19 30.7 257 32.0 - 26.0 224 312 [ 177 | 203 | 240

20 24.7 25.3 24.7 - 54.4 234 28.3 27.3 265 | 200 |
21 30.6 24.8 33.4 - 34.1 29.5 33.4 26.1 28.7 255

22 28.0 29.0 36.6 - [wew T 263 337 | 209 [ 235 24.2

24 25.8 38.8 424 - | 269 | 269 256 | 197 | 327 33.9

25 39.3 40.1 39.4 - |TieE eos 29.9 33.3 54.0 324

26 38.8 43.0 28.9 - |Tere ] a7s 28.8 23.5 27.5 333

27 56.2 314 455 - 289 | 329 22.3 22.7 23.7 323

28 60.7 33.0 32,5 - 315 | 354 26.4 32.9 318 335

29 60.2 34.4 33.8 - | 213 ] 269 30.0 39.7 33.2 305

30 63.2 253 311 - 238 | 56.0 29.3 27.1 24.0 40.5

31 68.5 30.6 34.5 - 313 42.3 25.4 22.9 291 | 213 |
33 46.9 37.0 34.6 - 34.3 33.9 32.1 29.6 35.5 30.8

34 33.6 32.6 40.6 - 26.4 32.4 34.4 35.4 27.4 26.0

35 48.0 38.9 44.0 - 36.1 28.4 24.5 26.0 32.3 29.3

36 26.8 33.7 36.2 - 34.1 29.4 264 || 220 | 451 28.4

37 53.6 39.9 35.1 - 44.4 46.6 30.3 378 [1168 ] 446

38 33.2 31.2 40.8 - 47.9 311 25.0 44.4 24.3 26.6

39 68.5 39.4 20.9 - 32.7 32.2 32.1 32.3 30.7 317

40 - 55.1 412 - 28.4 239 42.0 37.9 250 | 189 |
41 - 51.2 - - 369 |66 39.0 40.8 300 [ 219 ]
42 37.8 73.6 - - 28.1 57.4 59.2 30.7 35.5 35.7

43 67.5 485 - - 74.1 82.2 714 42.5 62.4 39.8

44 108.4 93.1 - - 70.5 63.7 79.3 35.8 62.1 64.0

45 67.1 104.0 - - 79.6 80.9 74.7 36.8 89.7 44.7

46 182.9 50.7 - - 158.0 70.6 78.1 453 42.6 79.5

47 185.5 177.1 - - 95.0 61.0 53.1 61.9 73.6 42.1

48 114.2 79.7 - - 198.2 67.4 74.2 63.7 109.6 34.4

49 [NS028N 140.2 - - 109.7 40.7 64.9 73.5 55.5 85.8

50 1699 [ 2266 | - - 87.6 312 44.2 94.1 69.8 106.8

51 2SR 681 - 75.4 61.6 148.7 179.9 163.9 120.3 199.8

52 63.0 156.3 - 35.1 107.1 935 1700 [ 2158 | 490 57.2

Annually [ 79.1 73.8 55.5 55.2 61.2 52.2 500 | 492 [ 481 50.1
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Comparative analysis of daily concentration trends
(2016 vs. 2025)

To further evaluate the long—term trends, a di-
rect comparative analysis of daily PMio concentra—
tions was performed. While the heatmap analysis
focuses on weekly aggregations, Figure 2 provides
a higher-resolution comparison between the initial
year of the study (2016) and the final year (2025)
across a full 365—day cycle.

The daily time—series analysis confirms a sub-
stantial reduction in both the frequency and the
magnitude of extreme pollution episodes. In 2016
(represented by the orange/red line), peak daily con-
centrations frequently exceeded 300 pg/m?. In con-
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trast, the 2025 profile (blue line) exhibits a signifi-
cant downward shift. Although the characteristic
seasonal variability remains, the winter peaks in
2025 are approximately 40% lower than those rec-
orded in 2016, indicating a significant decrease in
the most severe pollution events over the analyzed
decade.

A similar evaluation was conducted for the
Karposh station, as shown in Figure 3. Although
Karposh generally exhibits lower absolute PMiy
concentrations compared to Lisiche, the relative im-
provement over the decade is even more pro-
nounced. This station represents an urban environ-
ment with heavy traffic influence, making it a criti-
cal indicator for assessing urban mobility and gen-
eral air quality management.

231
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Fig. 2. Comparison of daily PMio concentrations (ug/m?) at the Lisiche monitoring station for the years 2016 and 2025
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Fig. 3. Comparative analysis of daily PM1o concentrations at the Karposh monitoring station for the years 2016 and 2025
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The daily trends for Karposh confirm a 48.3%
reduction in annual average concentrations. As il-
lustrated in the Figure, the extreme peaks that char-
acterized the 2016 winter season are significantly
flattened in the 2025 profile. The consistency of the
summer concentrations across the decade suggests
that baseline urban pollution remains stable, while
the drastic winter reflect long—term changes in local
emission dynamics. The fact that Karposh now stays
more frequently within the regulatory daily limit of

90
80
70
60
50

ug/mn3

40
30
20
10

2016 2017 2018 2019

Karposh Lisice

2020

50 pg/m?* compared to 2016 highlights the long—
term evolution of air quality in this part of the city.

The overall progress in air quality manage-
ment relative to statutory requirements is summa-
rized in the annual trend analysis. Figure 4 illus-
trates the comparison of annual average PMio con-
centrations for both the Karposh and Lisiche sta-
tions over the 2016—2025 period, measured against
the European Union and national annual limit value.

2021 2022 2023 2024 2025

EU limits == e e MK limits

Fig . 4. Comparative analysis of annual average PM 1o concentrations at Karposh and Lisiche stations (2016-2025)

As displayed in Figure 4, a consistent and
measurable downward trend is evident for both
monitoring locations. A significant milestone is
reached at the Karposh station, where the annual av-
erage concentration successfully dropped below the
regulatory threshold of 40 pg/m?® in the final stage
of the analyzed decade.

The persistent gap between the two curves, de-
spite the shared declining trend, highlights the local-
ized impact of high—emission sources, particularly
domestic heating in the Lisiche area. The alignment
of both curves toward lower values suggests struc-
tural changes in emission profiles beyond seasonal
meteorological variations.

Regulatory compliance: national legislation vs.
EU frameworks

Despite the local improvements, the broader
situation remains serious. According to the 2023
Global Air Quality Report [8] Macedonia still rec-
ords significantly higher concentrations of PM2.5
compared to the average of the European Union

Maw. unose. nayu. ciuc. 44 (1), 17-25 (2026)

countries. This data emphasizes the necessity of fur-
ther systemic action. From a legal perspective, the
results indicate that the existing air quality manage-
ment system is limited in terms of its effectiveness.
Although national legislation provides for obliga-
tions to prepare plans, their implementation does not
always result in measurable improvements. In this
context, the European approach, which introduces
the right to compensation for health damages caused
by illegal levels of air pollution, represents a signif-
icant step towards increasing the responsibility and
protection of citizens.

To systematically contextualize these regula-
tory differences, Table 3 provides a comparative
overview of the existing national legislative frame-
work against the updated European Union directives
regarding air quality standards and enforcement
mechanisms.

Based on the parameters outlined in Table 3,
this difference between the national and European
approaches indicates a fundamental transformation
in the concept of air quality management. While the
national system is primarily based on planning and
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administrative obligations without strict enforce-
ment mechanisms, the European regulation intro-
duces direct legal protection for citizens. With the
introduction of the right to compensation for health
impacts, air pollution is no longer treated solely as
an environmental problem, but also as a fundamen-
tal human rights issue, which significantly increases
the legal pressure on institutions for the effective
implementation of measures.

Summarizing the findings, it is evident that
achieving air quality targets in Skopje is closely
linked to the strictness and enforcement of the reg-
ulatory framework. The comparative analysis be-

tween the national legislation and the new EU Di-
rective 2024/2881 indicates a systemic gap in three
key pillars: standards, accountability and transpar-
ency. While the Macedonian Regulation on Limit
Values is a static document, the new EU regulation
is a progressive act that fully incorporates the strict-
est WHO recommendations from 2021. Table 3
quantitatively illustrates this systemic gap regarding
the fundamental standard for fine particulate matter
(PM255). As analyzed in the table, achieving align-
ment with the EU’s 2030 target of 10 pg/m? will re-
quire Macedonia to mandate a drastic 60% reduc-
tion from its current legally permissible annual limit
of 25 ng/m3.

Table 3
Comparative analysis of air quality management frameworks
Averaging MK decree Directive (EU) Percentage of reduction
Pollutants period (50/05, 04/13) 2024/2881 (2030 Target) (EU ambition)
pg/m3 ug/m3 %
PM, 5 (Fine particles) 1 year 25 10 -60
PM; (Suspended particles) 1 year 40 20 =50
PM;, (Suspended particles) 24 hours 50 (35 times a year) 45 (18 times a year) Drastic reduction
NO, (Nitrogen dioxide) 1 year 40 20 =50
NO, (Nitrogen dioxide) 1 hour 200 (18 times a year) 200 (1 time per year) Drastic reduction
NO, (Nitrogen oxides) 1 year 30 30 0
SO, (Sulfur dioxide) 24 hours 125 50 pg/m?3 -60
SO, (Sulfur dioxide) 1 hour 350 (24 times a year) 350 (1 time per year) Drastic reduction
CONCLUSIONS e Reduction in peak intensity: The comparative

This study assessed long—term air quality man-
agement in Skopje by analyzing PM concentration
trends over a ten—year period (2016-2025).

The analysis yields several specific conclu-
sions:

e Significant decadal improvement: The Karposh
station achieved a major milestone by success-
fully bringing the area into compliance with the
EU annual limit value of 40 ng/m?, reflecting a
nearly 50% reduction over the decade.

e Persistent residential hotspots: While Lisiche
showed substantial reduction, it remains above
the statutory threshold, confirming that residen-
tial areas heavily reliant on solid—fuel heating

require more aggressive, localized interventions.

analysis of daily profiles between 2016 and
2025 indicates that the "pollution ceiling" has
been lowered. Extreme winter peaks have de-
creased by approximately 40%, highlighting a
significant shift in long—term pollution episodes,
even though seasonal variability remains high.

e Methodological efficacy: Heatmap visualiza-
tions proved to be an indispensable tool for
identifying spatiotemporal patterns that are of-
ten obscured in standard time-—series graphs,
specifically highlighting the interaction between
emission cycles and the dynamics of the plane-
tary boundary layer (PBL).

In conclusion, the integration of technical
monitoring and legal analysis is a key step toward

Mech. Eng. Sci. J., 44 (1), 17-25 (2026)
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improving air quality management. The study indi-
cates that while Skopje is on a trajectory toward reg-
ulatory compliance, the winter months remain a
challenge due to the complex interplay between
emissions and stable atmospheric conditions. Future
research should prioritize the integration of high—
resolution meteorological models and urban param-
eters to enhance forecasting capabilities and refine
the targeting of emission—reduction policies.
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THE ROLE OF RENEWABLE ENERGY SOURCES AND BATTERY ENERGY
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Teodora Gjorgjievska!, Simona Stamatoska?, Nikola Manev?, Tajana Kostadinova®

!Institute for Security, Defense and Peace, Faculty of Philosophy, “Ss. Cyril and Methodius” in Skopje
’Military Academy “General Mihailo Apostolski”, Skopje,
associate member of Goce Delcev University, Stip
'Faculty of Technology and Metalurgy, University of "Ss. Cyril and Methodius" in Skopje
e-mail: nikola.manev@ugd.edu.mk

A bstract: The resilience of critical energy infrastructure has become an increasingly important component
of national security, particularly in the context of growing energy demand, geopolitical uncertainty, and the ongoing
transition toward renewable energy systems. In North Macedonia, the partial blackout of 18 May 2025 exposed vul-
nerabilities within the national power system when an overvoltage event resulted in the separation of the 400 kV and
110 kV networks and the loss of approximately 79% of the national electrical load. The event highlighted the potential
consequences of infrastructure disruptions on the continuity of essential services and the functioning of society. This
paper examines the role of renewable energy sources (RES) and battery energy storage systems (BESS) in enhancing
the resilience of critical infrastructure. Using a resilience-based framework grounded in critical infrastructure protection
principles, the study analyzes how decentralized renewable generation, energy storage technologies, and microgrid
architectures can reduce vulnerability to technical failures, supply disruptions, and cascading effects within the elec-
tricity sector. In particular, emphasis is given to the contribution of solar photovoltaic systems, wind energy, and BESS
in improving operational flexibility, supporting voltage and frequency stability, strengthening energy security, and
enabling the continued operation of critical facilities during grid disturbances. The analysis demonstrates that the stra-
tegic integration of RES and BESS can enhance the robustness and adaptive capacity of critical energy infrastructure
by reducing dependence on centralized generation and imported fossil fuels while increasing the ability of the power
system to withstand and recover from disruptive events. The paper argues that renewable energy technologies and
energy storage should be considered not only as instruments of decarbonization but also as key components of national
resilience and critical infrastructure protection strategies.

Key words: energy security; critical infrastructure protection; distributed energy resources; microgrids;
power system stability

YJIOT'ATA HA OBHOBJIUBUTE U3BOPU HA EHEPIT'UJA U BATEPUCKHUTE CKJIAIMUIITA
HA EJIEKTPUYHA EHEPI'MJA 3A IOAOBPYBAILE HA PESUWJIMEHTHOCTA
HA KPUTUYHATA UHOPACTPYKTYPA

AmcTpakT: PesnmnmmenTHOCTAa Ha KPUTHYHATA €HEPreTCKa HHPPACTPYKTypa CTaHyBa CE MOBa)KHA KOMITOHEHTa
Ha HaMoHaHaTa 6e30eIHOCT, 0COOSHO BO YCIOBH Ha 3rojieMeHa mobapyBauka Ha €HEepIrHja, TeONMOINTHIKA HEU3BEC-
HOCT U TeKOBHAaTa TPaH3MIMja KOH OOHOBIIMBY M3BOpH Ha eHepruja. Bo CeBepHa MakenoHHja A€TyMHHOT HPEKHH BO
CHa0/lyBameTO CO ENeKTpUYHA eHepruja Ha 18 maj 2025 roanHa ru OTKPH PaHIMBOCTHTE HA HALIMOHAIHUOT €IIEKTPO-
EHEePTeTCKH CHUCTEM, KOTa I0jaBaTa Ha IMPEHAIojyBamke TOBEE 0 pa3/iBojyBame Ha Mpexkute o 400 kV u 110 kV u
ryOeme Ha TpHOIIIDKHO 79% O IeNIoKyTIHaTa HOKPHUEHOCT CO eNIEKTPUYHA SHeprHja Bo apkaBara. HactaHoT ru Harma-
CH TOTSHIMjATHUTE MOCIISTUIN Ol HapyIlyBambaTa Ha HHYPACTPYKTypaTa Bp3 KOHTHHYUTETOT HA OCHOBHUTE YCITyTH
¥ GYHKIHOHHMpPamkeTo Ha onmrecTBoto. OBOj TPYA ja pasriienyBa yiorara Ha oOHOBIMBHTE M3BopH Ha eHepruja (OUE)
¥ Ha OaTepuCKHUTe CKIIAIUINTA Ha eleKTpuyHa eHepruja (battery energy storage systems — BESS) Bo ynanpenyBamero
Ha pe3WIMEHTHOCTa Ha KpUTHYHATa nH}PpacTpyKkTypa. Koprcrejkn pamka 3acHOBaHa HA PE3MIIHEHTHOCTA U MPUHITUITH-
Te Ha 3alITUTA Ha KPUTHIHATA HHPPACTPYKTYpPa, HCTPAXKYBABETO aHATM3MPA KAKO JEIEHTPATH3UPAHOTO IIPOU3BO/I-
CTBO 0J1 OOHOBJIMBH M3BOPH, TEXHOJIOTHHUTE 33 CKIAAUPAE HEPriuja i MUKPO-MPEXKHHUTE apXUTEKTYPH MOXaT Ja ja
HaMaJaT PaHJIMBOCTa HA TEXHUYKH 1e(DeKTH, IPEKUHHU BO CHA0lyBabETO U KACKAAHH €()EKTH BO EJIEKTPOCHEPTETCKUOT
CEeKTOp U BO IEJIOKYITHHOT CUCTEM Ha KpUTHYHA HHPpacTpyKTypa. [locebeH akIeHT e cTaBeH Ha IPUIOHECOT Ha OTO-
BOJITAMYHUTE CHCTEMH, BeTepHaTa eHepruja 1 BESS Bo nonobpyBamero Ha onepaTnBHaTa (IICKCHOMIHOCT, ITOIPII-
KaTa Ha HAaIllOHCKaTa ¥ (PpeKBEHIMCKATa CTaOMITHOCT, 3ajaKHYBabETO Ha eHepreTckara 6e30eIHOCT U 0BO3MOXKYBAbETO
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HeTipedyeHo (yHKIHOHNpPamhe Ha KPUTHIHUTE 00jEKTH TIPH HapyIlyBamka BO €JIeKTpPOSHepreTcKaTa Mpexa. AHanu3ara
MOKaKyBa JeKka crparemkara uHTerpanuja Ha OUE u BESS moxe ma ru 3romemm poOycHOCTa M aganTHBHHOT
KalaluTeT Ha KpUTHYHATa eHepreTcka nHPPacTpyKTypa MpeKy HaMalyBambe Ha 3aBUCHOCTA O IIEHTPATU3UPAHO HPO-
H3BOJICTBO M YBO3 Ha (POCHITHU TOPUBA, HCTOBPEMEHO 3T0JIEMYBajKH ja CHOCOOHOCTA Ha €JIEKTPOCHEPTETCKUOT CHCTEM
Jla M3pKA ¥ T0Op30 Ja ce IOTpaBy O HapyllyBamara. TpyaoT apryMeHTHpa JieKa TexHojIoruute 6asupanu Ha OUE
U CHCTEMHTE 3a CKJIaaupame eHepruja Tpeda Ja ce pasriieyBaaT He caMO KaKo MHCTPYMEHTH 3a JieKapOoHH3alHja,
TyKy U KaKko KJIyYHU KOMIIOHEHTH Ha HallHOHAIHATa PE3WINEHTHOCT U CYIITHHCKH JeI O] CTpaTEeTUHTE 3a 3aIlTUTa Ha

KpUTHUYHATa HHPACTPYKTYpa.

Konyunu 360opoBu: eneprercka 6e30eJHOCT; 3aIlITHTa HAa KpUTHIHATA HHPACTPYKTYpa;
JUCTPUOYHPAaHH EHEPreTCKH PECYPCH; MUKPO-MPEKH; CTAOMIIHOCT Ha €HEPreTCKHOT CHCTEM

1. INTRODUCTION

Critical energy infrastructure (CEI) compris-
ing generation, transmission, distribution, and
emerging storage systems represents a foundational
pillar of national security in North Macedonia. It
sustains essential societal functions, economic con-
tinuity, defense readiness, and public order. Any
prolonged disruption can cascade into broader
threats, including compromised military operations,
halted industrial output, and erosion of public con-
fidence. The National Security Strategy of the Re-
public of North Macedonia (2024 — 2029) explicitly
identifies energy import dependency and vulnera-
bilities in critical infrastructure protection (particu-
larly the energy sector) as priority risks requiring di-
versified and resilient solutions [1].

The partial blackout of 18 May 2025 vividly
illustrates these vulnerabilities. At 04:59 CEST,
overvoltage conditions during very low demand
triggered cascading transformer trips, separating the
400 kV backbone from the 110 kV network and re-
sulting in the loss of approximately 79 % of national
load before MEPSO restored power within three
hours [2]. Root causes included insufficient reactive
power compensation, limited system flexibility, and
reliance on centralized, import-dependent genera-
tion, factors that amplified the event's severity de-
spite rapid recovery [2].

This incident is not isolated. A strikingly sim-
ilar overvoltage-driven blackout struck the Iberian
Peninsula on 28 April 2025, where voltage surges
(exceeding absorption capacity) caused cascading
generation disconnections, frequency collapse, and
total system blackout across Spain and Portugal
(lasting up to 10+ hours in areas), with ripple effects
into southern France [3]. This event, the most severe
in Europe in over two decades, underscores over-
voltage as an emerging risk in modern grids, espe-
cially under low-load or high-renewable conditions
[3, 4]. Lessons from the ongoing Russian invasion
of Ukraine demonstrate how distributed solar gen-
eration and energy storage can enhance grid resili-
ence and limit blackout propagation under targeted

disruptions, providing a relevant model for strength-
ening infrastructure against hybrid threats [5].

Building on these insights, this paper posits
that accelerated integration of renewable energy
sources (RES), particularly utility-scale solar PV,
wind, and co-located battery energy storage systems
(BESS), function as a strategic facilitator of CEI re-
silience. Decentralized RES-based microgrids re-
duce single-point failure exposure, provide inherent
local voltage/reactive support, enhance flexibility to
counter intermittency and low-load instability, and
diminish geopolitical risks tied to fossil fuel im-
ports.

Recent momentum in North Macedonia further
demonstrate the feasibility of this transition, includ-
ing the 2026 Annual Plan for Construction of En-
ergy Facilities approving 3 GW solar, 907 MW
wind, and 2 GW/5 GWh storage capacity (total in-
vestment ~€5.72 billion), as well as the 134 MWdc
Bitola-3 solar project on reclaimed coal land (fi-
nanced by EBRD and KfW, December 2025), ex-
pected to generate 180.9 GWh annually while
avoiding approximately 134 kt of CO: emissions.
These initiatives illustrate concrete pathways to-
ward transforming legacy vulnerabilities of the na-
tional energy system into a more decentralized, flex-
ible, and resilient infrastructure aligned with con-
temporary security and sustainability objectives [6-
9]. Accordingly, this paper aims to evaluate how
RES integration, supported by energy storage and
microgrid configurations, can enhance the resili-
ence of critical energy infrastructure under emerg-
ing grid stress conditions.

This paper is structured as a position paper that
provides a narrative review of critical energy infra-
structure resilience in North Macedonia. It first ex-
amines key resilience vulnerabilities, then analyzes
lessons from the May 2025 blackout event, and fi-
nally reviews how renewable energy sources, en-
ergy storage systems, and decentralized architec-
tures can contribute to improving critical energy in-
frastructure resilience.
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Key definitions:

e Critical Energy Infrastructure (CEI) — Critical
energy infrastructure refers to physical and
cyber assets essential for the generation,
transmission, distribution, and management of
electricity whose disruption would significantly
affect national security, economic stability,
public safety, or essential services.

e Resilience — Resilience is the ability of an en-
ergy system to anticipate, withstand, adapt to,
respond to, and recover from disruptive events
while maintaining critical functionality.

o Distributed Energy Resources (DERs) — Dis-
tributed energy resources are small-scale
generation, storage, and demand-side resources
connected near the point of consumption.

e Microgrids — Microgrids are localized energy
systems capable of operating either connected to

the main grid or independently in islanded mode.

e Battery Energy Storage Systems (BESS) —
Battery energy storage systems are electro-
chemical storage technologies capable of stor-
ing electricity and providing grid-support ser-
vices such as frequency regulation, voltage

support, peak shaving, and black-start capability.

2. CURRENT STATE OF THE ENERGY SECTOR

Threat landscape and vulnerabilities
of North Macedonia's Energy CEI

The energy sector in North Macedonia consti-
tutes critical energy infrastructure, essential for sus-
taining societal functions, economic activity, de-
fense capabilities, and overall national security [10].
Disruptions to CEI can propagate rapidly, affecting
public services, industrial output, and military read-
iness. The primary threats stem from a combination
of geopolitical dependencies, technical fragilities,
and emerging operational risks in a transitioning
power system.

Geopolitical and import risks

North Macedonia remains heavily reliant on
imported fossil fuels and electricity, exacerbating
exposure to global price shocks, supply interrup-
tions, and geopolitical pressures. In 2024 — 2025,
fossil fuels (primarily coal and natural gas) ac-
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counted for approximately 58% of electricity gener-
ation [11]. Natural gas is sourced entirely through
imports [12], while net electricity imports fluctuated
significantly (e.g., 11.03% of gross consumption in
2024, down from higher levels in prior years due to
domestic increases) [ 13]. This dependency on exter-
nal suppliers for fossil fuels and occasional electric-
ity creates chronic vulnerabilities: global energy
market volatility (post-2022 Ukraine conflict
spikes) directly translates to domestic price inflation
and supply uncertainty [14]. The National Security
Strategy (2024-2029) explicitly flags energy import
dependency and lack of diverse energy supplies as
key risks, noting that reliance on fossil fuels height-
ens susceptibility to external shocks and secondary
crises [1].

Recent geopolitical developments, particularly
tensions involving the United States, Israel, and Iran
in early 2026, further highlight the fragility of
global energy markets. Military escalation and stra-
tegic uncertainty contributed to significant oil price
volatility, driven by both actual and anticipated dis-
ruptions. The risk of restricted access to critical
chokepoints such as the Strait of Hormuz, through
which approximately 20% of global oil flows
transit, introduced a substantial geopolitical risk
premium, leading to sharp price increases and
heightened uncertainty in global energy markets
[15, 16]. Even in cases where supply disruptions
were temporary or avoided, price fluctuations re-
mained pronounced, reflecting the sensitivity of en-
ergy markets to geopolitical instability. For import-
dependent countries such as North Macedonia,
these dynamics translate directly into increased fuel
prices, inflationary pressures, and exposure to cas-
cading economic shocks, reinforcing the risk of
broader energy and security crises.

Technical vulnerabilities

North Macedonia’s CEI suffers from ageing
infrastructure, inadequate reactive power manage-
ment, and instability under low-load conditions.
The transmission system (400 kV and 110 kV net-
work) is characterized by ageing infrastructure, with
a significant portion of equipment approaching or
exceeding its designed operational lifetime, limiting
both efficiency and operational flexibility [17, 18].
This structural constraint reduces the system’s abil-
ity to maintain stable voltage profiles under dy-
namic operating conditions and increases reliance
on external support during contingencies.
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In addition, the system exhibits limited reac-
tive power compensation capability due to insuffi-
cient deployment of modern voltage control tech-
nologies, such as shunt reactors, static VAR com-
pensators (SVCs), and STATCOM devices [18]. As
highlighted in European system operation guide-
lines, such technologies are essential for maintain-
ing voltage stability in transmission networks with
variable load profiles and high interconnection lev-
els. Their absence or limited penetration in North
Macedonia’s grid reduces the system’s capacity for
dynamic voltage regulation and increases sensitivity
to disturbances [19].

Under low-load or light-loading conditions,
the system is particularly vulnerable to voltage in-
stability. Long transmission lines operating at re-
duced load generate significant capacitive reactive
power, which can lead to voltage rise phenomena
across the network. In the absence of adequate reac-
tive power absorption equipment, this surplus reac-
tive power cannot be properly compensated, result-
ing in voltage excursions beyond acceptable opera-
tional limits [20]. These effects are further amplified
by interconnections with neighboring systems,
where power flows and voltage conditions may
vary, introducing additional complexity into local
voltage control.

Overall, the combination of ageing infrastruc-
ture, limited reactive power compensation, and in-
herent capacitive effects in lightly loaded transmis-
sion lines creates persistent operational challenges
for the stability of North Macedonia’s electricity
system, particularly during periods of low demand
and high system interconnectivity.

The 18 May 2025 blackout

The partial blackout on 18 May 2025 exempli-
fies how these vulnerabilities converge into high-
impact events. At 04:59 CEST, during very low pre-
dawn demand and minimal cross-border flows,
overvoltage conditions escalated on the 400 kV net-
work. Lightly loaded lines generated excess capaci-
tive reactive power, pushing voltages toward 450
kV in the absence of online reactors, SVCs, or
STATCOMs [2]. Cascading trips of 400/110 kV
transformers (triggered by overvoltage protection)
progressively isolated the 110 kV network, resulting
in a full blackout across that subsystem and loss of
approximately 79% of national load [2]. The 400 kV
backbone remained intact, enabling faster restora-
tion by MEPSO, which completed reconnection in
3 hours.

While recovery was relatively fast, the incident
exposed a significant system fragility: a localized
disturbance propagated into widespread load shed-
ding, disrupting essential services and exposing
gaps in reactive power planning and low-load fore-
casting. Classified as ICS Scale 3 (highest severity)
by the European Network of Transmission System
Operators for Electricity (ENTSO-E), the event un-
derscores increasing risks in systems transitioning
toward variable and low-load operation [2, 17, 18].

Broader security implications

The National Security Strategy (2024-2029)
identifies energy import dependency and CI vulner-
ability as explicit national security risks, warning
that weak protection of energy infrastructure threat-
ens disruption of essential services, stability, and re-
silience [1, 21]. Lack of a dedicated critical infra-
structure law (defining responsibilities, funding,
standards, and training) compounds these issues, as
does insufficient focus on cyber-physical interde-
pendencies [10]. In a hybrid threat environment,
such vulnerabilities could be exploited through sab-
otage, cyberattacks, or supply coercion, with cas-
cading effects on defense and societal functions
[22].

Beyond these direct operational risks, vulnera-
bilities in CEI also have broader systemic security
implications due to the increasing interdependence
between energy infrastructure and other critical sec-
tors. Modern energy systems are tightly coupled
with digital communication networks, transport sys-
tems, healthcare services, and defense command-
and-control structures. As a result, disturbances in
the power sector can rapidly propagate across mul-
tiple domains, transforming localized technical fail-
ures into systemic national-level disruptions. For
North Macedonia, where redundancy and distrib-
uted backup capabilities remain limited, even short-
duration outages may compromise emergency
response coordination, border management sys-
tems, and operational readiness of security insti-
tutions. This interconnectivity amplifies the strate-
gic relevance of CEI protection, positioning energy
system resilience as a foundational component of
overall national resilience under both conventional
and hybrid threat conditions.

To illustrate the spectrum of threats, Figure.1
presents a simple threat matrix classifying risks by
probability and impact. The matrix highlights the
need for resilience measures that address both rare
catastrophic events (via distributed generation and
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storage) and persistent chronic pressures (diversifi-
cation to reduce import exposure). These vulnera-
bilities collectively undermine CEI resilience and
national security.
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Fig. 1. Critical energy infrastructure risk matrix

3. RENEWABLES INTEGRATION
AS A RESILIENCE FACILITATOR

The vulnerabilities outlined in the previous
section like geopolitical import dependency, ageing
grid assets, reactive power deficiencies, and low-
load instability, can be materially mitigated by stra-
tegic integration of RES, particularly utility-scale
solar photovoltaic (PV), wind power, and co-lo-
cated BESS. Rather than viewing RES solely as a
decarbonization tool, this paper positions acceler-
ated RES deployment as a core facilitator of CEI re-
silience, transforming centralized, import-reliant
systems into more decentralized, flexible, and au-
tonomous architectures.

As shown in Figure 2, resilience improvements
associated with renewable energy integration ex-
tend beyond the generation mix itself and affect
multiple operational and structural dimensions of
the power system. Conventional centralized sys-
tems are characterized by concentrated generation
assets, high import dependence, slower recovery
processes, limited operational flexibility, and
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greater vulnerability to cascading failures. In con-
trast, renewable-integrated decentralized systems
benefit from distributed generation, inverter-based
voltage support, enhanced recovery capabilities en-
abled by BESS, and reduced exposure to geopoliti-
cal supply risks. The figure further illustrates how
decentralized architectures support island-capable
microgrids, improve continuity for critical facilities,
and provide greater scalability through modular de-
ployment.

These attributes collectively strengthen the
ability of the energy system to withstand, absorb,
adapt to, and recover from disruptive events.

Decentralization and reduced single-point
failure risks

The integration of renewable energy sources
(RES) fundamentally transforms the structural to-
pology of the power system from a highly central-
ized configuration toward a distributed generation
model. In conventional energy systems, electricity
production is concentrated in large thermal or hydro
plants, connected through a limited number of high-
voltage transmission corridors. This architecture in-
herently introduces single-point failure risks, where
disturbances affecting key nodes can propagate rap-
idly across the entire system, potentially resulting in
cascading outages.

In contrast, distributed renewable generation,
particularly solar photovoltaic (PV) and wind instal-
lations enables geographical dispersion of genera-
tion assets. This decentralization reduces depend-
ency on individual generation units and transmis-
sion corridors, thereby limiting the spatial extent of
failure propagation. In the context of North Mace-
donia, where the 18 May 2025 blackout demon-
strated how localized overvoltage conditions can es-
calate into system-wide load loss, decentralization
provides a structural mitigation mechanism against
similar cascading events.

When combined with distributed energy re-
sources (DERs), renewable systems can also seg-
ment the grid into semi-independent operational
zones (microgrids), further reducing systemic vul-
nerability. This structural shift is particularly rele-
vant for critical facilities such as hospitals, military
bases, and emergency response centres, which can
maintain localized operation even under wider grid
disturbances.
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Fig. 2. Comparative resilience characteristics of centralized vs decentralized energy systems
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Flexibility and voltage/reactive power support

A key technical limitation of North Macedo-
nia’s existing energy system is insufficient opera-
tional flexibility, particularly under low-load condi-
tions where voltage instability becomes more pro-
nounced. Renewable energy systems, when inte-
grated with modern power electronics and energy
storage, can significantly improve system flexibility
and dynamic stability. Unlike conventional syn-
chronous generators, inverter-based renewable sys-
tems can be configured to provide fast reactive
power compensation. Through advanced control al-
gorithms, PV and wind inverters, as well as battery
energy storage systems (BESS), can actively sup-
port voltage regulation by absorbing or injecting re-
active power as needed. This capability is particu-
larly important in scenarios characterized by excess
capacitive reactive power, such as lightly loaded
transmission lines, which contributed to the 2025
blackout event.

Battery storage systems further enhance flexi-
bility by providing multiple grid-support functions
[23], including:

- fast frequency response,

* voltage stabilization,

* peak shaving,

* spinning reserve substitution,

* and black-start capability.

These features allow the system to respond
more effectively to rapid changes in demand or gen-
eration, reducing the likelihood of voltage collapse
or cascading disconnections. In this sense, RES
combined with BESS transitions from being a pas-
sive generation source to an active stability compo-
nent of the grid.

Geopolitical risk reduction and energy autonomy

North Macedonia’s current energy mix is char-
acterized by significant dependence on imported
fossil fuels and external electricity markets. This
structural dependency exposes the system to geopo-
litical risks, global price volatility, and supply chain
disruptions. As demonstrated during recent interna-
tional energy crises and regional conflicts, external
shocks can rapidly translate into domestic economic
and energy instability. The integration of renewable
energy sources directly reduces this exposure by in-
creasing the share of domestically produced energy.
Solar and wind resources, unlike fossil fuels, are lo-
cally available and not subject to international sup-
ply chain constraints or geopolitical bottlenecks
such as transit routes and chokepoints. This contrib-
utes to improved energy sovereignty and reduced
strategic vulnerability. In addition, distributed re-
newable systems reduce reliance on fuel logistics
and import infrastructure, which are often the first
targets of disruption in hybrid or conflict-related
scenarios. From a national security perspective, this
shift enhances strategic autonomy, ensuring that es-
sential services are less exposed to external coercion
or supply interruptions.

Overall resilience benefits of RES integration

When considered collectively, the integration
of renewable energy sources, energy storage sys-
tems, and decentralized grid architectures signifi-
cantly enhances the resilience profile of critical en-
ergy infrastructure. The combined effect of decen-
tralization, operational flexibility, and reduced ex-
ternal dependency results in a more adaptive and ro-
bust energy system (Table 1).

Table 1
Vulnerability—resilience summary
Vulnerability Consequence Resilience measure Supporting technology
Import dependency Supply disruption Domestic RES deployment ~ Solar PV, Wind

Low-load overvoltage Voltage instability

Limited flexibility Poor disturbance response
Critical facility exposure  Service interruption
Slow restoration Extended outages
Centralized generation Cascading failures

Ageing grid assets Reliability degradation

Reactive power control
Flexible operation
Island-capable microgrids
Black-start capability
Distributed generation

Smart-grid modernization

Smart inverters, STATCOM
BESS

DERs + BESS

BESS

RES + DERs

Digital monitoring
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Key resilience improvements include:

« distributed generation to reduce the risk of
cascading failures,

» improved voltage and frequency stability via
inverter-based control systems,

» faster recovery and system restoration
through localized operation and black-start
capability,

* enhanced continuity of critical services
through microgrid islanding,

+ and reduced exposure to geopolitical and fuel
supply shocks.

However, it is important to emphasize that
RES integration alone is not sufficient. Renewable
energy deployment should therefore be viewed as
one component of a broader resilience strategy ra-
ther than a standalone solution. Without adequate
storage, grid modernization, advanced forecasting,
reactive power management, cybersecurity protec-
tion, and institutional coordination, high penetra-
tions of variable renewable generation may intro-
duce new operational challenges, including voltage
fluctuations, congestion, and balancing difficulties.
Its resilience benefits are maximized only when
supported by complementary investments in smart
grid technologies, advanced monitoring and fore-
casting systems, reactive power compensation in-
frastructure, and cybersecurity frameworks. With-
out these supporting systems, high penetration of
variable renewable energy may introduce new oper-
ational challenges.

4. CONCLUSION

The findings presented in this paper demon-
strate that North Macedonia’s ongoing energy tran-
sition represents both a strategic opportunity and an
emerging resilience challenge for critical energy in-
frastructure. While the country has accelerated the
integration of renewable energy sources through
ambitious solar, wind, and energy storage projects
aligned with broader European decarbonization ob-
jectives, the institutional, legislative, and technical
frameworks required to fully support this transition
remain underdeveloped. Existing gaps in critical in-
frastructure protection policy, reactive power man-
agement, grid modernization, and coordinated resil-
ience planning increase the risk that rapid renewable
integration may outpace the operational capabilities
of the national energy system.

The 18 May 2025 partial blackout highlighted
how structural weaknesses within the transmission
network, including ageing infrastructure, insuffi-
cient reactive power compensation, and limited
flexibility under low-load conditions, can rapidly
escalate into large-scale disruptions. At the same
time, the event demonstrated the urgent need for re-
silience-oriented modernization strategies capable
of addressing both conventional technical vulnera-
bilities and emerging hybrid threats.

This paper argues that renewable energy inte-
gration should therefore be approached not solely as
a decarbonization objective, but as part of a broader
resilience and national security strategy. Distributed
renewable generation, battery energy storage sys-
tems, and microgrid architectures have the potential
to significantly enhance system adaptability, reduce
single-point failure exposure, improve voltage and
frequency support, and strengthen continuity of op-
erations for critical facilities. However, these bene-
fits can only be fully realized through the parallel
development of adequate legislative frameworks,
modern grid management capabilities, smart-grid
technologies, cybersecurity protections, and resili-
ence-focused operational planning.

Rather than eliminating vulnerabilities auto-
matically, the transition toward decentralized re-
newable systems redistributes and transforms risk
across the energy sector. Consequently, the resili-
ence of future renewable-based systems will depend
not only on installed generation capacity, but also
on the ability of institutions, regulators, and system
operators to anticipate, manage, and mitigate the
new operational complexities associated with high
renewable penetration.

For North Macedonia, the planned expansion
of solar, wind, and storage capacity represents a
unique opportunity to simultaneously advance en-
ergy security, sustainability, and national resilience.
Yet achieving these objectives will require a more
comprehensive strategic approach that integrates re-
newable deployment with critical infrastructure pro-
tection principles, legislative modernization, and
long-term system flexibility planning. In this sense,
the energy transition should not be viewed as a
purely environmental process, but as a multidimen-
sional transformation directly linked to national se-
curity, economic stability, and societal resilience
under increasingly complex geopolitical and tech-
nological conditions.
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DESIGN AND DEVELOPMENT OF A LOW-COST ENVIRONMENTAL
MONITORING SYSTEM FOR UNIVERSITY CAMPUS APPLICATIONS
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Faculty of Mechanical Engineering, “Ss. Cyril and Methodius” University in Skopje,
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A bstract: This paper presents the design and framework development of a low-cost loT-based multi-param-
eter air quality monitoring network for smart campus applications, including its hardware and software architecture and
an initial evaluation of the proposed prototype. The proposed system is designed to measure key environmental param-
eters, including particulate matter (PM1, PMa2.5, PM10), ambient noise levels (dB), temperature and barometric pressure.
The system is based on cost-effective hardware components and integrates wireless communication technologies to
enable real-time data transmission. The system enables continuous monitoring while remaining user-friendly and easy
to deploy. Unlike traditional monitoring systems, which rely on large and expensive equipment installed at fixed
locations, the proposed system is compact and portable, allowing deployment across different locations and enabling
users to monitor environmental conditions in real time, while also providing indicative insights into potential changes
in measured levels. Experimental validation of the noise sensing module demonstrated good agreement with a reference
sound level meter, indicating the suitability of the proposed system for indicative environmental monitoring applica-
tions.

Key words: [oT; air quality monitoring; environmental monitoring; low-cost system; wireless communication

JAU3AJH U PA3BOJ HA HUCKOBYIIETEH CUCTEM 3A MOHUTOPUHI'
HA )KUBOTHATA CPEJIMHA 3A AIIVIMKALIUN
HA YHUBEP3UTETCKHUTE KAMITYCH

AmnctpaxkT: BooBoj Tpy e mpeTcTaBeH IM3ajHOT U pa3BojHATa paMKa Ha HUCKOOYIIeTHa Mperka Oa3upaHa Ha
ToT 3a MOHMTOPHHT Ha MOBEKe MapaMeTpH Ha KBAIMTETOT Ha BO3IYXOT, HAMEHETa 3a MPUMEHa BO TAMETEH KaMITyc,
BKJIy4yBajK{ ja Hej3UHATa XapABepcKa U coTBEpPCKa apXUTEKTypa, KaKo U MOYETHa eBaiyalyja Ha MpPEe/I0KSHHUOT
npoTtoTun. IIpeyIoKeHHOT CHCTEM € AW3ajHUpaH 3a Meperme Ha KIYYHH IapaMeTpd OJ JKHBOTHaTa CpE/HHa,
BKJIy4yBajku cycrneHaupanu dectnuku (PMi, PMzs, PMio), HuBoa Ha amGuenranHa Gyuasa (dB), Temnepatypa u
aTMoc(epckn nmpuTtucok. CrcteMoT ce 6a3upa Ha eKOHOMHYHH XapABEPCKH KOMIIOHEHTH M WHTETpHpa O0e3KHIHU
KOMYHHUKAIIMCKH TEXHOJIOTHH CO IIeJI J1a C& OBO3MOXH IIPEHOC Ha MOJATOLH BO peaiHo Bpeme. CHCTEMOT 0BO3MOXKYBa
KOHTHHYHpPAH MOHHUTOPHHT, IIPHU IITO OCTaHYBa €IHOCTABEH 3a KOPUCTEH:E U JIECEH 3a ITOCTABYBame. 3a Pa3iMKa O]
TPaAMIMOHATHUTE MOHUTOPUHT-CHCTEMH, KOM ce 0a3MpaaT Ha rojema M CcKama ompeMa HMHCTaaupaHa Ha (UKCHH
JIOKAIMH, TIPE/UIOKEHUOT CHCTEM € KOMIIAKTeH M MPEHOCIHMB, IITO OBO3MOXXYBAa HETOBO MOCTABYBAmbE HA PA3IMIHU
JIOKAllMK ¥ CIeJCHe Ha YCJIOBHTE BO JKMBOTHATA CPEIUHA BO PEAlHO BpeMe, Kako M J0OWBambe HHANKATHBHU
coryie/lyBama 32 MOYKHH NPOMEHH Ha HM3MEPEHHTE BPEAHOCTH. EKCIepHMeHTanHaTa BajMAalldja Ha MOAYJIOT 3a
Mepeme OydaBa Imokaxa o0po coBHarame co pe)epeHTeH Mepad Ha HUBO Ha 3BYK, IITO YKa)KyBa Ha COOABETHOCTA HA
MPEJIOKEHHOT CUCTEM 32 HHAWKATUBHHU AIUIMKALMK 33 MOHUTOPUHT HA )KUBOTHATA CPEMHA.

Knyunn 36opoBu: loTM; MOHHTOPHHT Ha KBAJINTET HAa BO3AYX; MOHUTOPHHT Ha )KUBOTHA CPEJIHA;
HHUCKOOYIIETeH cucTeM; Oe3)KnuHa KOMYHHKaIHja
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INTRODUCTION

Air pollution represents one of the major envi-
ronmental challenges today, with significant im-
pacts on human health, contributing to approxi-
mately 7 million premature deaths annually and be-
ing closely linked to respiratory and cardiovascular
diseases. Skopje is frequently ranked among the
most polluted cities in Europe, particularly during
the winter season, when elevated concentrations of
particulate matter (PMas) lead to unhealthy air
quality levels [1]. These conditions are mainly
caused by residential heating, traffic emissions, in-
dustrial activities, and unfavorable valley topogra-
phy.

Motivated by these challenges, this work pre-
sents the development of a low-cost loT-based sys-
tem for real-time monitoring of environmental pa-
rameters and air quality. The proposed system con-
sists of an autonomous sensing unit equipped with
sensors for measuring particulate matter (PM.s and
PMyy), ambient temperature, and environmental
noise levels. The collected data are transmitted via
LoRaWAN to a central gateway and further for-
warded to a cloud-based platform for real-time vis-
ualization and analysis. The system enables contin-
uous monitoring with periodic measurements and
supports historical data analysis through graphical
representations. The rapid development of [oT tech-
nologies enables cost-effective real-time monitor-
ing and integration of multiple sensing units, con-
tributing to more accurate environmental assess-
ment and improved decision-making in urban envi-
ronments. Several studies have proposed loT-based

environmental monitoring systems. In the study [2],
a low-cost system based on Arduino UNO is pre-
sented, capable of measuring multiple environmen-
tal parameters; however, it lacks scalability and
long-range communication capabilities. Similarly,
[3] introduces a solar-powered system using
ESP8266 and Wi-Fi communication, which is en-
ergy-efficient but limited by short-range connectiv-
ity. In [4], an ESP32-based system is proposed for
real-time monitoring, but it is primarily designed for
localized applications and depends on Wi-Fi com-
munication.

In contrast, the system proposed in this work
utilizes LoRaWAN communication, enabling low
power, long-range data transmission suitable for
distributed deployment across smart campus and ur-
ban environments. Additionally, the solution em-
phasizes a compact and scalable design with real
time monitoring and historical data analysis capa-
bilities.

CONCEPT FOR SENSOR NETWORK
AT THE FACULTY

Proposed sensor deployment across
the faculty campus

The concept of the proposed sensor network is
based on the deployment of multiple distributed
measurement units across our faculty campus, with
the primary objective of capturing spatial variations
in environmental conditions (Figure 1).

LoRaWAN

Manitaring Node

Marstoring Node

ing Node itaring Node

Fig. 1. Campus deployment concept of the IoT environmental monitoring system
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The placement of the units is proposed based
on the functional characteristics of the campus en-
vironment. Measurement units are intended to be in-
stalled at building entrances, courtyard areas, labor-
atory surroundings, and parking zones, where vari-
ations in air quality are expected due to human ac-
tivity and localized emission sources. As a concep-
tual implementation, the units are proposed to be
mounted on existing infrastructure elements, such
as lighting poles (lamp posts), at a height of approx-
imately 2.5 to 3 meters above ground level.

This proposed installation height is selected to
approximate the human breathing zone while reduc-
ing the influence of ground level disturbances and
ensuring unobstructed airflow around the sensors.

System Architecture

The system architecture is designed as a mod-
ular and distributed structure consisting of sensing,
processing, communication, and visualization lay-
ers. The architecture enables continuous acquisi-
tion, preprocessing, and transmission of environ-
mental data within a smart campus framework. The
black-box model in Figure 2 illustrates the system
as a functional unit that converts environmental

]
]
]
H Measurement of
]
1
[]

St_particles particulate matter
§t air concentrationinair |

*  (PMI.0, PM2.5, PMI10)

inputs into processed and transmitted information.
Inputs include ambient air parameters, electrical
energy, and control signals, while outputs consist of
measured data, visualized information, and trans-
mitted signals via LoRa. The system performs
acquisition, preprocessing, and communication of
environmental parameters.

The functional architecture of the proposed
system is illustrated in Figure 3, where the overall
process is decomposed into several interconnected
subsystems responsible for sensing, data acquisi-
tion, processing, communication, and visualization.

E. (Electrical energy)

St_air, [Ambient air]
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Fig. 2. Black-box model of the IoT environmental
monitoring system
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Fig. 3. Functional block diagram of the environmental monitoring system
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The system begins with the sensing stage,
where environmental parameters are continuously
measured. This includes particulate matter concen-
tration (PM, 0, PM2s, PM)o), ambient temperature,
atmospheric pressure, and environmental noise.
These measurements represent the primary input
signals to the system. The acquired sensor data are
forwarded to the data acquisition and preprocessing
block, where initial operations such as signal

conditioning, synchronization, and formatting are
performed.

Control inputs such as system configuration,
communication settings, and on/off states are also
processed at this stage. Following preprocessing,
the data are subjected to further processing and fil-
tering in order to improve measurement reliability
and remove potential noise or outliers (Figure 4).

-
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—
BMP280
ot
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* Reads sensors
'|||||' INMP441  Formats data
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* Tables
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Fig. 4. Data transmission and visualization architecture using Supabase and Vercel

Based on the processed values, the system can
trigger alerts when predefined threshold limits are
exceeded. The processed environmental data are
then directed toward two main outputs. The first
output includes real-time visualization of measured
values through display interfaces such as web or
mobile applications. The second output involves

wireless transmission of data to an external system
using LoRa communication.

This modular structure enables efficient data
flow, scalability, and reliable operation of the sys-
tem within a distributed environmental monitoring
network (Figure 5).
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Fig. 5. Layered architecture of the proposed loT-based environmental monitoring system
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The cloud platform represents the final layer of
the proposed IoT monitoring system and enables
data storage, real-time visualization, and analysis of
the measured environmental parameters through
Supabase and a Vercel-based web dashboard [5].

After the environmental parameters are
measured by the sensors, the data are processed by
the ESP32 microcontroller and transmitted through
the LoRa gateway. The gateway forwards the
received data to the cloud backend, where the
measurements are stored in a Supabase database.

Each measurement record includes the sensor
node information, timestamp, and measured values
such as particulate matter concentration, tempera-
ture, pressure, and noise level. This enables both
real time monitoring and historical data analysis.
The stored data are then accessed by a web dash-
board deployed on Vercel, where the values are pre-
sented through cards, tables, and graphical repre-
sentations. The platform allows users to observe

Trend in the last 24 hours

m PM25 PM10 Temperature

o Noise (dBA)

Trend in the last 24 hours

Noise PM2§ m Temperature

o PM10 (ug/m3)
GO03
Group 3

Wb Noise Le

66.4 dBA

18.0 pg/m?

Trend in the last 24 hours

Trend in the last 24 hours

current environmental conditions, analyze trends
over the last 24 hours, and review daily or monthly
changes. In addition, the system is designed to sup-
port comparison between different sensor nodes,
which makes it suitable for future expansion into a
distributed monitoring network across the univer-
sity campus.

The left part in Figure 6. shows the 24-hour
trend visualization of the measured environmental
parameters through the web dashboard. The dis-
played graphs include noise level, PM,s and PMj
particle concentrations, and ambient temperature.
This visualization enables real-time monitoring and
easier analysis of changes in the measured values
over time. While the figure on the right shows the
real-time display of the measured environmental pa-
rameters for one of the sensor nodes.

This view enables quick monitoring of the cur-
rent environmental conditions at the selected loca-
tion.

Noise PM25 PM10 Temperature

S SR
———
— ——

14.0 pg/m*

24.2°C

500V

5/31/26, 8:32 PM

Fig. 6. Web dashboard trend visualization of measured environmental parameters
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FRAMEWORK FOR A SINGLE SENSOR UNIT

Hardware architecture

The hardware architecture of the system is
based on the integration of an ESP32 microcontrol-
ler with multiple environmental sensors. The com-
ponents are interconnected through standard digital
interfaces, enabling reliable data acquisition and

communication. The selected hardware ensures a
compact, low-cost, and scalable solution.

Table 1 below summarizes the technical spec-
ifications of the sensors used in the proposed sys-
tem. The selected sensors provide reliable measure-
ments of key environmental parameters, including
particulate matter, temperature, pressure, and noise
levels.

T able 1
Technical specifications of the sensors used in the proposed system
Component Parameter | Measurement Measuring | Resolution/ Accuracy Interface Supply voltage /
method range Sensitivity power consumption
1. PMS5003 . PMi, PM2s, | Laser scattering: 0 — 500 pg/m® © 1 pg/m? +10 pg/m*or | UART 5V /~100 mA
PMio principle +10%

2.BMP280 : Temperature : MEMS — based : —40 to +85°C; 0.01°C; +] °C; =1 hPa 12C 5V /~100 mA
and pressure sensing 300-1100 hPa : 0.18 Pa

3.INMP441 | Soundlevel | MEMS digital | ~30— 120 dB :24-bit digital. +1 dB (typical) 128 33V /~0.6 mA
(estimated) output

The PMS5003 sensor is based on a laser scat-
tering principle and can be used for low-cost partic-
ulate matter monitoring, although its performance
should be evaluated against reference instruments
for reliable environmental applications [6]. The
BMP280 sensor integrates temperature, and pres-
sure measurements in a compact MEMS-based de-
sign. While the INMP441 digital microphone ena-
bles accurate acquisition of environmental noise
levels.

The ESP32 LoRa module serves as the central
processing and communication unit, coordinating

sensor operation, managing data acquisition, and
transmitting the collected data to the network gate-
way.

Mechanical design of the sensor unit enclosure

The mechanical design of the sensor unit en-
closure was developed to provide a compact and
protective housing for the electronic components
and sensors (Figure 7). The enclosure is intended to
be manufactured using 3D printing technology.

Opening for the
NMP44] noise sensor

Fig. 7. Mechanical design of the 3D-printed sensor unit enclosure
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The enclosure includes dedicated openings and
internal compartments for proper sensor placement,
following the design principle that particulate mat-
ter sensors require unobstructed airflow through the
enclosure for reliable measurements [7]. The partic-
ulate matter sensor requires direct airflow, while the
noise sensor is positioned close to an external open-
ing in order to detect ambient sound levels more ac-
curately. The remaining electronic components, in-
cluding the ESP32 LoRa module, power manage-
ment modules, and battery, are placed inside the en-
closure to protect them from external influences.

The proposed enclosure design supports easy
installation on existing campus infrastructure, such
as lighting poles, and contributes to the portability
and scalability of the monitoring system.

SOFTWARE ARCHITECTURE

Power supply concept

The proposed sensor unit is designed to oper-
ate as a portable device, suitable for outdoor place-
ment across the faculty campus. For this reason, the
power supply concept (Figure 8) is based on three
possible power sources: USB power during devel-
opment and testing, a rechargeable lithium battery
for autonomous operation, and a solar panel for ex-
tending the operating time of the system.

; Battery + Solar pzmcl\

/Power management ]
module
TP4056 + MT3608

5, oY &

(ESP32 LoRa module]
« PMS5003 /
 BMP280 / INMP441

Fig. 8. Power supply concept of the proposed [oT sensor unit
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The selected battery is a 26650 lithium-ion cell
with a nominal voltage of 3.7 V and a capacity of
5000 mAh. The battery capacity was selected based
on the estimated current consumption of the main
components.

The ESP32 with LoRa communication, to-
gether with the PMS5003, BMP280, and INMP441
sensors, requires a current in the range of approxi-
mately 180-250 mA during active operation. For a
5000 mAh battery, the approximate operating time
can be estimated as:

Battery capacity

Operating time = Average current consumption
because the battery voltage is lower than the voltage
required by some components, a power
management subsystem is included. The TP4056
module is used for safe charging of the lithium bat-
tery, while the MT3608 DC-DC step-up converter
is used to increase the battery voltage and provide a
stable 5V supply where needed. This is especially
important for components such as the PMS5003
sensor, which operates at 5V.

A 5V, 3W solar panel is included as an addi-
tional charging source to support autonomous out-
door operation, following the concept of self-sus-
taining LoRaWAN-based air quality monitoring
prototypes [8]. The solar panel is used to support the
battery charging process and extend the operating
time of the sensor unit when it is placed outdoors.
This makes the system more suitable for long-term
environmental monitoring, since it reduces the need
for frequent manual charging.

SYSTEM EVALUATION AND VALIDATION
APPROACH

Noise sensor calibration and validation

The calibration and validation of the INMP441
noise sensor were performed in the mechatronics
laboratory by comparing its measurements with a
reference sound level meter. During the experiment,
sound signals with different frequencies were gen-
erated, while the values from both the INMP441
sensor and the reference instrument were recorded
simultaneously. For each frequency, three measure-
ments were taken with the proposed sensor and
three measurements with the reference instrument.
The average value was then calculated in order to
reduce the influence of random variations and pro-
vide a more reliable comparison between the two
devices.
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From the obtained graph in Figure 9, it can be
observed that the INMP441 sensor follows the same
trend as the reference instrument. In the graph, Se-
ries I represents the INMP441 sensor, while Series
2 represents the reference sound level meter. The
sensor shows stable behavior and can be used for
monitoring changes in noise level.

Results from frequency measurements
900

70.0

0 500 1000 1500 2000 2500 3000 3500 4000 4500

— Series] Series2

Fig. 9. Noise sensor validation at different sound frequencies

Noise sensor validation at different sound levels

Measurements were also performed at two dif-
ferent sound signal levels: low noise level and high
noise level (Figure 10). For each level, three meas-
urements were taken using the INMP441 sensor and
three measurements using the reference sound level
meter.

76.0
74.0
72.0
70.0
68.0
66.0
64.0
62.0
60.0
Average (dB) INMP441 Average (dB) reference

sensor instrument
Elow mHigh

Fig. 10. Noise sensor validation at different sound levels

The average value was then calculated in order
to obtain a more reliable comparison between the
two devices.

Ambient noise level testing

The INMP441 sensor was also tested under
ambient noise conditions in order to compare its
measurements with the values obtained from the
reference sound level meter.

The results showed in Figure 11 that the
INMP441 sensor provides slightly lower values
compared to the reference instrument. However, all
measurements remain within a similar range. This
indicates that the sensor can consistently detect am-
bient noise levels, although a certain deviation from
the reference measurement is present. The observed
difference may be caused by the microphone sensi-
tivity, sensor positioning, and signal processing
method.

62
60
58
56

54

. l
50
Trial 1 Trial 2 Trial 3

B Measurement (dB) Team 3

Measurement (dB) reference instrument

Fig. 11. Comparison of measured sound levels

The BMP280 temperature sensor would be
evaluated by comparing its measurements with ref-
erence weather data or with a calibrated temperature
sensor placed at the same location, following com-
mon validation approaches in which low-cost envi-
ronmental sensors are assessed through simultane-
ous comparison with calibrated reference sensors
[9]. The measurements will be performed over a de-
fined time interval under real ambient conditions.
The collected data would then be compared in order
to determine whether the sensor follows the same
temperature trend as the reference source. Possible
deviations may occur due to local conditions such
as sensor placement, airflow, shading, and the dif-
ference between point measurements and wider area
weather data.

The PMS5003 sensor would be validated by
comparing its PM,s and PMo measurements with
official data from the State Automatic Ambient Air
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Quality Monitoring System, operated by the Minis-
try of Environment and Physical Planning of the Re-
public of North Macedonia [10]. The sensor would
be placed near an official reference monitoring sta-
tion, where it would measure PM;s and PM ;o con-
centrations under the same ambient conditions as
the reference station. The collected data would then
be time aligned with the official measurements and
compared in order to evaluate whether the proposed
low-cost sensor follows the same trend as the refer-
ence system.

CONCLUSION

This work presented the design, development
and preliminary validation of a low-cost loT-based
environmental monitoring system intended for
smart campus applications. The integration of par-
ticulate matter, temperature, pressure, and noise
sensors with an ESP32 LoRa module enabled real-
time acquisition and wireless transmission of envi-
ronmental data. The proposed cloud-based platform
provided clear visualization of the measured param-
eters, allowing easier monitoring and analysis of en-
vironmental conditions overtime.

The developed sensor unit was designed as a
modular and scalable solution, suitable for deploy-
ment at different locations across the faculty cam-
pus. The 3D-printed enclosure provided a compact
housing for the electronic components while allow-
ing proper exposure of the sensors to the surround-
ing environment. Testing of the noise sensor con-
firmed that the system follows the same general
trend as the reference instrument, indicating its suit-
ability for indicative monitoring and trend analysis.

Overall, the results highlight the effectiveness
of combining low-cost sensors, wireless communi-
cation, cloud storage, and real-time visualization to
create a practical environmental monitoring plat-
form. For future work, we plan on focusing on long-
term outdoor testing, further sensor calibration,
power optimization, and deployment of multiple
sensor nodes across the campus.
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DESIGN AND EXPERIMENTAL ANALYSIS OF LOW-COST
AUTOMATED SOLAR TRACKING SYSTEM
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A bstract: This paper presents a low cost dual-axis light tracking prototype developed as a basis for future
photovoltaic (PV) solar tracker systems. The device uses an Arduino microcontroller and four light resistors (LDRs)
arranged in four sensing quadrants. The controller continuously samples and compares the quadrant signals to estimate
the light direction and drives two SG90 servo motors to position the platform in azimuth and elevation. To improve
stability and reduce unnecessary actuation, the control strategy applies averaged sensor sampling, differential error
evaluation, and a tunable tolerance band (dead zone) that suppresses micro-adjustments under small intensity variations.
This prototype is more energy efficient and simple to implement, making it suitable for educational demonstrations and
preliminary research. Future work will integrate a photovoltaic module (solar panel) and external electrical
measurements to quantify the improvements in energy yield over fixed — tilt configurations.

Key words: dual-axis tracker; Arduino; LDR sensors; closed-loop control; tolerance band

JAU3AJH U EKCIIEPUMEHTAJIHA AHAJIM3A HA HUCKOBYIIETEH
ABTOMATHU3UPAH CUCTEM 3A CJEJELE HA COHIETO

AncrtpaxkT: BooBoj Tpy] € mpercTaBeH HUICKOOYIIETEH IIPOTOTHII 32 IBOOCHO CIIE/ICHE Ha CBETIMHA, PAa3BUECH
Kako OCHOBa 3a unHH (poTtoBontandyuu (PV) cucremu 3a cieneme Ha CoHuero. Ypenot kopuct Arduino-MHUKpOKOH-
TpoJep u yetupu poroornopuuny (LDR), mocraBeHu Bo 4eTupU CeH30PCKH KBaIpaHTH. KOHTPOJIEPOT KOHTHHYHUPAHO
TH MEpH ¥ CIOpeyBa CUTHAINTE OJ] KBaAPAHTHTE 3a JIa ja IMPOIEHN HACOKATa Ha CBETJIMHATA M yIIPaByBa CO JBA Cep-
BomoTopa SG90 3a mo3unnoHUpame Ha TardgopmMara o a3uMYT U eneBandja. 3a moAo0pyBame Ha CTa0MIHOCTA H
HaMaJTyBamkbe Ha HeOTPEeOHOTO aKTUBHPAE, KOHTPOIHATA CTPaTerrja MPUMEHYBa IIPOCETHO 3eMambe IIPUMEPOIIH O]
CEH30pUTE, TPOLIeHa Ha qudepeHLjalHaTa IPEIiKa U IPUCIOcOo0yBabe Ha ONICErOT Ha ToJepaHIyja (MpTBa 30Ha), CO
KOj Ce MOTHCHYBaaT MMKPO-IIOMECTyBamara IpH Mald MPOMEHH BO MHTEH3MTETOT Ha cBeTinHarta. OBOj MPOTOTHII €
€HepreTCKH NoeduKaceH U eAHOCTAaBeH 32 MMIIEMEHTALH]ja, ITO TO MPABH IOTO/ICH 3a elyKaTHBHH AEMOHCTpPALUH U
MIpeTMMUHApHH NCTPaXKyBama. MaHata paboTa ke BKIy4n MHTErpamyja Ha poToBonTanyeH Moy (CojlapeH maHen) u
HAa/IBOPEIIHH eJIEKTPUYHH MEPeba, CO 1Ie Ja ce KBaHTU(UIMpa nogo0pyBameTo Ha JoOMeHaTa eHepruja Bo crnopenba
co KOH(HTypanuu co (PUKCEH aroi Ha IOCTaByBarbe.

Kayunn 36opoBu: nBooceH cnenad; Arduino; LDR cen3opu; ynpaByBame BO 3aTBOPECHA jaMKa;
OTICET Ha TOJICpaHIIHja

INTRODUCTION (PV) systems for residential and small scale appli-

cations. However, many PV installations are fixed

The increasing demand for electricity and the (e.g., roof-mounted arrays), which leads to signifi-
need to reduce the environmental impact of energy cant daily output variation due to the continuous

production have intensified interest in photovoltaic change in the Sun’s apparent position, panels
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mounted on opposite roof sides may perform better
at different times of the day, highlighting the limita-
tions of static mounting [1].

Solar tracking systems reduce these losses by
reorienting the PV surface toward the largest light
source. Prior work ranges from simplified single-
axis mechanisms to dual-axis closed-loop solutions.
A dual-axis Arduino-based tracker using photodi-
odes with stepper and linear actuation reported ap-
proximately 18% higher energy yield compared to a
static panel [2], while a low-cost dual — axis design
based on LDR sensing and two servo motors
achieved a reported 13.44% improvement over an
immobile PV system. Despite these benefits, low —
cost sensor driven trackers may exhibit oscillations
and unnecessary micro movements under sensor
noise and rapid illumination changes, which can re-
duce mechanical stability and increase wear [3].

In this paper, a low cost dual-axis light track-
ing prototype is developed as a foundation for future
PV tracker integration. The system uses an Arduino
microcontroller, four quadrant arranged LDR sen-
sors, and two servo motors for azimuth and eleva-
tion control. Averaged sampling, differential error

Mini solar panel

LCD Display

Servo - motor SG90

evaluation, and a tunable tolerance band are imple-
mented to suppress unnecessary movements and im-
prove stability, providing a modular platform for ed-
ucational use and future outdoor PV performance
measurements.

EXPERIMENTAL

System overview and hardware components

The proposed dual-axis light tracking proto-
type comprises a miniature solar panel, two SG90
servo motors, four light-dependent resistors (LDRs),
an Arduino Uno microcontroller, an LCD display,
and a 3D-printed mechanical structure as shown in
Figure 1.

The mechanical assembly provides two or-
thogonal degrees of freedom (horizontal/azimuth
and vertical/elevation), enabling the panel to be ori-
ented toward the dominant light direction. The de-
vice is powered from a 5V supply.

Arduino Uno
Microcontroller

Fig. 1. Developed dual-axis solar tracking prototype with main components

Mechanical construction and fabrication

The supporting frame was 3D printed, using
PLA for the main structure and PETG for the mov-
ing parts to improve wear resistance. A CAD model
defined the precise assembly interfaces between the
servos and the panel mount (Figure 2).

Four vertical walls separate the LDR sensors
on the top mount, forming what are referred to as
quadrant shadow casters. When the light source is

off-axis, these walls cast a shadow over the sensors
facing away from it, while the sensors facing toward
it remain fully exposed. The resulting intensity dif-
ference between opposing sensors produces the dif-
ferential signal used to drive the servo motors [4].

Due to the tracker's compact geometry, the de-
sign lacks physical end-stops, risking mechanical
collision at extreme elevation angles. To prevent
structural damage and actuator stalling, all rota-
tional constraints are strictly enforced through the
microcontroller's software logic.

Mech. Eng. Sci. J., 44 (1), pp. 47-53 (2026)
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Fig. 2. CAD model of the 3D-printed mechanical structure of
the dual-axis solar tracker with overall dimensions (mm)

Sensor configuration and signal acquisition

Light sensing is implemented using four LDR5
photoresistors arranged in a cross configuration
(top, bottom, left, right). Each LDR forms a voltage
divider with a fixed 10 kQ resistor, producing an an-
alog voltage proportional to incident light intensity
(Figure 3).

The four divider outputs are connected to the
Arduino Uno analog inputs A0 — A3. The built-in
10-bit analog-to-digital converter (ADC) converts
these voltages into digital values in the range 0 —
1023. The selected LDR characteristics are suitable
for dynamic tracking applications, with peak spec-
tral sensitivity around 540 nm and response times of
approximately 20 ms (rise) and 30 ms (fall). The
typical resistance transitions from a high dark re-
sistance (< 500 kQ) to a lower illuminated resistance
(approximately 5 — 10 kQ), enabling reliable dis-
crimination of light differences between quadrants
within the operating temperature range of =30 °C to
+70 °C.

To reduce the influence of sensor tolerances
and shorts term fluctuations, the sampled readings
are processed in software using averaging and cali-
bration steps before being used by the control logic.
The processed sensor values represent the relative
illumination in each quadrant and serve as the sys-
tem’s input for determining the required orientation
corrections.

—

Fig. 3. Electrical wiring diagram of the dual-axis solar tracking system implemented in TinkerCad
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Control algorithm

The control strategy (Figure 4) is based on
pairwise comparison of quadrant sensors. Horizon-
tal correction is determined from the difference be-
tween the left and right LDR readings, while verti-

If the absolute difference between a sensor pair
exceeds a predefined dead-zone (tolerance thresh-
old), the controller commands a small angular step
toward the brighter side. If the difference remains
within the dead-zone, no motion is executed, which
suppresses unnecessary micro-adjustments and im-

cal correction is determined from the difference
between the top and bottom readings.

proves stability.

START

Initialization of the system

Convert from Show the values

l I ADC bits to Lux
r Reading LDR values

on the Display

NO NO
YES YES

NO | I NO
YES YES

Move toward Move toward Move toward Move toward
LDR2 LDR; LDR3 LDR4
ServoZ - left ServoZ - right ServoX - up ServoX - down

( l ] J
v

Limit angles

'

Display + Loop

Fig. 4. Flowchart of the dual-axis solar tracking control algorithm

Safety limits are applied to constrain the mini-
mum and maximum servo angles especially for the
vertical axis to prevent mechanical interference and
damage. In addition, protective transition logic is
implemented when moving between extreme posi-

tions to avoid rapid back-and-forth behavior and
oscillations. This ensures stable operation under
varying illumination conditions and avoids continu-
ous actuator activity caused by small sensor noise.
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Actuation and motion strategy

The actuation is done by two servo motors con-
trolled by an Arduino Uno microcontroller (Figure
5). ServoX controls the elevation using the differ-
ence between the top and bottom LDRs. While Ser-
voZ controls the azimuth using the difference be-
tween the left and right LDRs. In case the ServoZ
motor exceeds its mechanical limits, a so-called flip
maneuver is activated. Where 180° is subtracted
from the values of both motors.

When the flip maneuver is performed, there is
a small angular limitation so that it does not return
back, in order to avoid oscillation of the flip maneu-
ver.

ServoX

ServoZ

Fig. 5. Actuation mechanism of the proposed solar
tracking prototype

RESULTS
Light intensity measurements

To determine the relative sensitivity of the
photoresistors used in the system, a controlled ex-
perimental measurement was performed. An elec-
tric lamp of known characteristics was used as a
light source and positioned so that the light beam
fell directly and approximately perpendicularly on
the surface of the photoresistors, thus minimizing
the influence of the angle of illumination.

The experiment was carried out by gradually
changing the distance between the light source and
the LDRs. We first measured the distance from the
light source, and then the distance from it to see if
hysteresis would occur. The measurements were
carried out at the following distances: 15, 30, 45, 60,

Mawi. unwc. — nayu. ciiuc., 44 (1), pp. 47-53 (2026)

75,90, 105, 120, 135, 150, 165, 180, 195, 210, 225,
240 cm. To improve accuracy and reduce random
deviations, measurements were repeated three times
under the same conditions. The results are presented
in Figure 6.

The result from the graph shows that the in-
creasing and decreasing measurements show no
measurable hysteresis and follows an exponential
curve.

1000
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Fig. 6. LDR response during increasing and decreasing
distance measurements

The second graph, Figure 7 (from the second
experiment) shows a full-day outdoor test of the so-
lar tracking system. The test was conducted to eval-
uate the real-time performance, stability, and relia-
bility of the system under actual outdoor operating
conditions.

07:00 - 10
L} L] L] L] L] L] L] Z
180 150 120 90 60 30 Q@ _10-30

- -30

Fig. 7. Measured angular trajectory of the dual-axis solar
tracking system during outdoor testing
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From the graph, it can be observed that the
tracker accurately followed the Sun’s trajectory
across the sky from 07:00 to 18:00. The gradual
change of the tracking angle during the day con-
firms that the system continuously adjusted its posi-
tion according to the movement of the Sun.

Finally, the third graph, Figure 8 demonstrates
the advantage of such a system, showing how solar
tracking can improve the overall efficiency of the
panel compared to a fixed-position setup. The ex-
periment was performed using two methods: a sta-
tionary setup and an active solar tracking setup.

1020
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Fig. 8. Comparison of light intensity between tracking

and stationary setup during the day
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The measured light-intensity profile shows
better performance when the device actively tracked
the Sun compared to the stationary control setup.
The readings are presented as ADC values, which
represent the sensor output voltage.

Measurement of speed and response time

To determine the response speed, an experi-
ment was conducted in which an angular displace-
ment of 90 degrees resulted in an average response
time of approximately 1 second, corresponding to
about 11 ms per degree. Since the measurements
were performed manually, involving two operators,
the experiment was repeated five times in order to
account for possible human error. The most repeat-
able measurement was selected as the representative
value, as it was closest to the value defined in the
program.

Overshoot

Figure 9 shows the occurrence of overshoot
during a sudden change in illumination, where the
signal exceeds the set dead zone (from —16 to
16ADC bits).

The overshoot is short-lived and the system
quickly stabilizes, indicating a stable but fast re-
sponse of the control system.

Interpolate

oy o H

Fig. 9. Overshoot in differential control signal during rapid light variation
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Display latency

In this system, latency does not refer to the
control algorithm or the servo motor response, but
to the update rate of the values shown on the LCD.
Due to LCD module limitations and the requirement
for the information to remain readable to the user,
the displayed values are not updated continuously;
instead, they are refreshed periodically, approxi-
mately every 480 ms.

This interval was selected as a compromise be-
tween update speed and human visual perception,
since excessively fast updates make changes diffi-
cult to observe on the screen.

CONCLUSION

Within this project, a dual-axis automatic light
-tracking system was designed and implemented
using photoresistors and an Arduino microcon-
troller platform. The system processes sensor sig-
nals and controls servo motors to continuously
adjust the panel orientation according to the light
source.

Experimental measurements confirmed the
functionality and sensitivity of the sensors, as well
as the expected relationship between light intensity
and distance from the source. The results indicate
stable system response to illumination changes and
successful position correction.

Maw. unore. — nayu. ciiuc., 44 (1), pp. 47-53 (2026)

Although the system requires additional me-
chanical optimization and maintenance, it repre-
sents a practical solution for small-scale and educa-
tional applications. Future work will focus on im-
proving the voltage divider design, upgrading the
controller platform, enabling wireless monitoring,
and comparing the real energy yield of the tracking
system with a fixed reference setup.
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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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Footnotes are also not permitted.

The reference should be given in a separate section in the order in which they appear in the text. The
surname of one or two authors may be given in the text, whereas in the case of more than two authors they
should be quoted as, for example:

Examples of reference items of different categories shown in the References section include:
« example of a book in [1]

» example of a book in a series in [2]

- example of a journal article in [3]

« example of a conference paper in [4]

« example of a patent in [5]

» example of a website in [6]

« example of a web page in [7]

« example of a databook as a manual in [8]
- example of a datasheet in [9]

» example of a master/Ph.D. thesis in [10]
» example of a technical report in [11]

« example of a standard in [12]

All reference items must be in 9 pt font. Please use Regular and Italic styles to distinguish different fields
as shown in the References section. Number the reference items consecutively in square brackets (e.g. [1]).

When referring to a reference item, please simply use the reference number, as in [2]. Do not use “Ref.
[3]” or “Reference [3]” except at the beginning of a sentence, e.g. “Reference [3] shows ...”. Multiple refer-
ences are each numbered with separate brackets (e.g. [2], [3], [4-6]).

The category of the paper is proposed by the author(s), but the Editorial Board reserves for itself the
right, on the basis of the referees' opinion, to make the final choice.

Proofs are sent to the author(s) to correct printers' errors. Except for this, alterations to the text are not
permitted. The proofs should be returned to the Editorial Board in 2 days.

The author(s) will receive, free of charge, 1 reprints of every paper published in the Journal.
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