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ABSTRACT

Sucker rod pumps (SRPs) remain the backbone of artificial lift, yet their efficiency is undermined by tubing displace-
ment and irregular valve operation. Tubing anchors (TA) are designed to stabilize tubing and restore stroke fidelity,
but their true impact has often been generalized rather than quantified. This study delivers a systematic evaluation
of TA performance using QRod 3.0 simulations across seven plunger diameters and depths from 500 to 2000 m, sup-
ported by a full calculation table of production values (Qf) with and without anchor. The results are unambiguous: TA
has no measurable effect in shallow wells with small plungers, but its influence grows steadily with depth and plunger
size. In mid-range configurations, anchored systems consistently outperform non-anchored ones, while in large
plungers beyond 1200 m, TA becomes critical to sustaining production. At extreme depths with very large plungers,
however, both anchored and non-anchored systems collapse, exposing the physical limits of SRP technology. These
findings prove that TA is not a universal solution but a targeted optimization tool. Its selective application extends
the operational envelope of SRPs, improves volumetric efficiency, and delivers tangible economic gains where tubing
displacement is a dominant factor. The study provides operators with quantitative evidence for decision-making, re-
placing assumptions with data-driven justification for TA deployment.

KEYWORDS

Artificial lift, Sucker rod pump, Tubing anchor, Volumetric efficiency, QRod simulation, Production optimization,
Mechanical pumping systems.

1. INTRODUCTION

Artificial lift methods are essential when reservoir pressure declines below economic production limits. Among me-
chanical methods - gas lift, ESP, hydraulic pumps - sucker rod pumps dominate globally, accounting for more than
80% of installations [1]. Their simplicity and adaptability make them indispensable, but efficiency losses remain a
challenge.

Elastic deformation of rods and tubing causes axial displacement, leading to irregular valve operation and reduced
VE [2]. Tubing anchors are designed to fix tubing at depth, reducing displacement and stabilizing pump operation
[3]. The objective of this study is to quantify the impact of TA on SRP performance, evaluating both technical benefits
and economic justification.

Faculty of Mechanical and Civil Engineering in Kraljevo 7
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2. SUCKER ROD PUMP SYSTEM AND LIMITATIONS

SRPs operate by transferring surface mechanical energy through rod strings to a downhole plunger [4]. During oper-
ation, forces such as buoyancy, static weight, elasticity, inertia, and friction act on the system. These stresses cause
tubing elongation and contraction, known as “tubing breathing,” which reduces pump fillage and efficiency [5]. Fig-
ure 1 shows the complete schematic of sucker rod pump components above and below ground, including the tubing
anchor.
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Figure 1: Schematic of sucker rod pump system and tubing anchor

Tubing anchors mitigate these effects by stabilizing tubing, improving valve timing, and ensuring faithful stroke
transfer [6]. Their role becomes critical in deep wells and with larger plungers, where elastic strain and fluid column
weight are significant.

3. TUBING ANCHOR

Industry literature defines TA as a device installed in the tubing string to eliminate or control axial movement caused
by temperature changes, pumping cycles, and pressure fluctuations [7]. Properly designed anchors improve stability
and production. Positive effects include reduced tubing displacement, improved valve operation, and higher VE [8].
However, studies warn that TA may create gas-liquid columns above the anchor, increasing pressure below and re-
ducing pump fillage [9]. Thus, TA application must be carefully engineered for specific well conditions.

4. RESEARCH DESIGN AND METHODOLOGY

The study was based on Theoretical modeling using QRod 3.0 [10] to simulate fluid production (Qf) with and without
TA across varying depths and plunger diameters. Seven plunger diameters (31.75 — 95.25 mm) were analyzed across
depths from 500 to 2000 m. Constant operating parameters included stroke length, strokes per minute, tubing/casing
pressures, and fluid properties. A total of 224 simulations were performed.

Table 1: Input parameters

Stroke length [mm] 1500
Strokes per minute [n/min] 5
Pump intake pressure [bar] 50
Seating depth variation [m] 500 - 2000

Tubing pressure [bar]

Casing pressure [bar]

Pump efficiency [%] 95

Volumetric efficiency was defined following Takécs [11] as:

VE = Oaff“”’ — Qactual )
cheorerical A X S X SP M

plunger

8 D. Jovanovi¢-Sovtic¢ et al.
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Where: Qacwal — Daily fluid production [m3/d], Apiunger — Plunger area=nD?/4 [m?], S - Stroke lenght [m], SPM - Strokes
per minute [1/m]

5. RESULTS

The following subsections detail the results for each plunger diameter. Each graph displays Q;[m?/day] versus seating
depth, comparing performance with and without tubing anchor.
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Figure 2: Production comparison with and without Figure 3: Production comparison with and without
tubing anchor for plunger diameter 31.75 mm tubing anchor for plunger diameter 38.1 mm

At shallow depths, differences are negligible as presented in figure 2. Only beyond ~1200 m does the anchored con-
figuration show a slight improvement, confirming that tubing displacement is not dominant for small plungers. Dif-
ferences become more visible at greater depths as shown in figure 3. Anchored systems show a slower decline in
production, indicating that tubing anchor begins to mitigate elastic losses in mid-range plungers.
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Figure 4: Production comparison with and without Figure 5: Production comparison with and without
tubing anchor for plunger diameter 44.45 mm tubing anchor for plunger diameter 50.80 mm

Clear divergence appears at mid-depths as shown in figure 4. Anchored systems maintain higher production, demon-
strating that tubing anchor stabilizes valve operation and reduces tubing elongation effects. The effect of tubing
anchor intensifies with depth. Anchored systems sustain production at significantly higher levels, confirming its role
in reducing tubing displacement under heavier fluid loads as shown in figure 5.
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Figure 6: Production comparison with and without Figure 7: Production comparison with and without
tubing anchor for plunger diameter 57.15 mm tubing anchor for plunger diameter 69.85 mm

Anchored systems consistently outperform non-anchored ones across all depths. As presented in figure 6, differences
grow progressively larger, highlighting the anchor’s contribution to preserving volumetric efficiency. Differences be-
come dominant at depths beyond 1500 m as shown in figure 7. Anchored systems maintain production while non-an-
chored systems decline sharply, showing that tubing anchor is critical for large plungers in deep wells.
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Figure 8: Production comparison with and without Figure 9: Production difference with/without tubing an-
tubing anchor for plunger diameter 95.25 mm chor for different plunger sizes at different seating depths

Anchored systems show strong benefits up to ~1600 m as presented in figure 8, but production collapses beyond
this depth in both configurations. This demonstrates the physical limits of SRP systems, where tubing anchor cannot
overcome extreme hydraulic constraints.

When the individual production curves for each plunger size are examined in sequence, a clear progression emerges.
For the smallest plungers (31.75-38.10 mm), tubing anchor influence is minimal, with anchored and non-anchored
systems producing nearly identical results across all depths. As plunger diameter increases into the mid-range (44.45-
57.15 mm), the effect of tubing anchor becomes more pronounced. Anchored systems begin to show measurable
improvements in production, particularly at intermediate depths, where tubing elongation and valve timing irregu-
larities otherwise reduce efficiency.

For larger plungers (69.85 mm), the divergence between anchored and non-anchored configurations becomes sub-
stantial. At depths beyond 1200 m, anchored systems sustain production at levels significantly higher than their
non-anchored counterparts, demonstrating the anchor’s critical role in stabilizing tubing and preserving volumetric

10 D. Jovanovi¢-Sovtic¢ et al.
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efficiency under heavy fluid loads. The largest plunger (95.25 mm) highlights both the benefits and the limitations of
tubing anchors. Up to ~1600 m, anchored systems outperform non-anchored ones, but beyond this threshold, pro-
duction collapses in both cases, revealing the physical limits of sucker rod pump systems.

Taken together, these individual graphs illustrate that the tubing anchor’s impact is strongly dependent on plunger
size and well depth. To better visualize the incremental benéefit, the figure 9 presents the production difference (AQf)
between anchored and non-anchored systems across all configurations. This representation isolates the anchor’s con-
tribution, highlighting the depths and plunger sizes where its application is most technically and economically justi-
fied.

6. DISCUSSION

The comprehensive set of simulations provides a clear framework for understanding how tubing anchors influence
sucker rod pump performance across a wide range of operating conditions. Rather than focusing only on individual
graphs, the discussion here integrates the full dataset to highlight broader technical and economic implications.

The complete calculation, shown in table 2, consolidates production values (Qf) for each plunger size at every ana-
lyzed depth, with and without tubing anchor. This dataset allows direct quantitative comparison and reveals the in-
cremental benefit of TA in a structured way.

Table 1: Fluid production [m?3/day] calculation for different plunger sizes
and different seating depths with/without use of tubing anchor

dsee:tth 31.75  31.75 38.1 38.1 44.45 44.45 50.8 50.8 57.15 57.15 69.85 69.85 95.25 95.25
(m] Qs QrTA Qr QrTA Qs QrTA Qr QrTA Qr QrTA Qs QrTA Qr QrTA
500 8.5 8.5 123 12.3 16.7 16.7 21.8 21.8 27.5 27.6 411 41.2 75.5 75.8
600 8.5 8.5 12.2 12.3 16.5 16.6 21.6 21.7 27 27.1 40.3 40.7 71.5 72.9
700 8.4 8.4 12.1 12.2 16.2 16.3 213 215 26.2 26.6 393 40.1 66.4 69
800 8.3 8.4 12 12.1 15.9 16.1 20.9 213 253 259 38 39.2 60 64.2
900 8.2 8.3 1.9 12.1 15.5 15.8 20.5 21 243 25.1 36.5 38.2 52.6 58.5
1000 8.1 8.2 1.7 12 15 15.4 20 20.7 23.1 24.2 34.8 37.1 44 52
1100 79 8.1 11.6 11.8 14.5 15.1 19.5 204 21.8 23 328 35.9 34.2 44.9
1200 7.8 8 1.3 11.7 14 14.7 18.9 19.9 20.1 21.9 30.5 34.7 233 37.2
1300 7.7 7.9 11.2 11.6 13.3 14.1 18.1 19.6 18.5 20.7 28.4 329 10.3 27.7
1400 7.5 7.7 109 11.5 12.8 13.7 17.5 18.9 16.7 19.1 25.5 31.6 0 17.9
1500 74 7.6 10.7 11.2 11.9 13.1 16.6 18.6 14.7 17.8 229 29.3 0 7.2
1600 7.2 7.5 10.5 11.2 1.3 124 15.7 18.1 124 16.3 19.4 27.8 0 0
1700 6.8 7.2 10 11 10.4 12.1 14.9 17.2 10.5 141 16.6 25.9 0 0
1800 6.6 7.1 9.8 10.6 9.3 11.3 13.8 17 7.5 12.7 12.7 229 0 0
1900 6.6 7.1 9.6 10.5 8.5 10.2 12.7 16.4 5 10.8 8.2 21.2 0 0
2000 6.1 6.9 9.2 10.5 7.7 9.7 11.9 154 2 7.7 49 19.5 0 0

From the table, several important patterns emerge:

¢ Negligible impact in shallow wells: For small plungers (31.75-38.10 mm), production values remain nearly
identical in anchored and non-anchored configurations. This confirms that tubing displacement is not a lim-
iting factor at shallow depths.

o Progressive benefit in mid-range plungers: As plunger size increases (44.45-57.15 mm), anchored systems
consistently show higher Qf values, particularly at depths beyond 1000 m. This demonstrates that tubing
anchor mitigates elastic losses and stabilizes valve operation.

e Critical role in large plungers: For 69.85 mm plungers, anchored systems maintain production at signifi-
cantly higher levels, especially at depths greater than 1200 m. The table highlights that TA extends the op-
erational envelope of SRPs, delaying efficiency collapse.

e Limits at extreme conditions: For the largest plunger (95.25 mm), anchored systems outperform non-an-
chored ones up to ~1600 m, but both configurations show sharp declines beyond this depth. The table con-
firms that TA cannot overcome fundamental hydraulic and mechanical constraints when system loads ex-
ceed design capacity.

FMCE Kraljevo 1
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By presenting the full calculation table in the Discussion, the analysis moves beyond visual trends to emphasize quan-
titative evidence. This approach strengthens the argument that tubing anchors are not universally required but pro-
vide substantial benefits under specific conditions.

Economically, the incremental production gains observed in the table translate into sustained fluid output, reduced
downtime, and extended equipment life. Anchored systems reduce mechanical stress on rods and valves, lowering
maintenance costs and improving profitability. However, the table also shows that in shallow wells or with small
plungers, the anchor’s contribution is negligible, meaning its installation may not be justified.

In summary, the full dataset confirms that tubing anchors are most effective in deep wells with medium to large
plungers, where they stabilize system performance and preserve volumetric efficiency. Their role is limited in shallow
wells and extreme depths, underscoring the need for selective application based on technical and economic evalua-
tion.

7. CONCLUSION

This work establishes the conditions under which tubing anchors (TA) materially alter sucker rod pump (SRP) perfor-
mance. By analyzing the full calculation table of production values (Qf) across seven plunger diameters and depths
from 500 to 2000 m, the study demonstrates that the anchor’s effect is neither uniform nor incidental, but highly
dependent on system geometry and operating depth.

The data show that in shallow wells with small plungers, TA has no measurable impact: production values with and
without anchor are essentially identical. In mid-range plungers, anchored systems consistently deliver higher Qf, con-
firming that TA mitigates elastic losses and stabilizes valve operation. For large plungers at depths beyond 1200 m,
TA becomes indispensable, sustaining production levels that would otherwise decline sharply. At extreme depths
with very large plungers, however, both anchored and non-anchored systems collapse, underscoring the physical
limits of SRP technology.

Technically, the findings prove that TA is not a universal solution but a targeted intervention. Its selective application
extends the operational envelope of SRPs, improves volumetric efficiency, and delays the onset of efficiency collapse.
Economically, the incremental gains translate into sustained fluid output, reduced downtime, and extended equip-
ment life, but only in scenarios where tubing displacement is a dominant factor.

The full calculation table provides the quantitative foundation for these conclusions, offering operators a transparent
decision-making tool. Rather than relying on generalized rules of thumb, TA application can now be justified with
explicit production data. Future research should validate these simulation results with long-term field measurements,
investigate anchor performance under variable reservoir conditions, and integrate TA analysis into broader artificial
lift selection frameworks.
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ABSTRACT

Over the past few decades, there has been a noticeable increase in global energy consumption, which represents a
significant problem caused by unsustainable and harmful methods of energy production. This issue leads to an emis-
sion of harmful greenhouse gases and environmental pollution on a global scale. By considering the reasons that lead
to the mentioned problems, emphasis has been placed on the technologies of the renewable energy sources, as a
key solution for reducing harmful environmental consequences. As a contribution to the transition to a more sustain-
able energy system, solar photovoltaic technology is of great importance. In addition, special attention is paid to the
integration of solar photovoltaic systems into building structures (building integrated photovoltaics - BIPV). The ad-
vantage of this technology is in the balance of efficient energy saving and generation, with aesthetic and visual com-
fort. By analyzing the implementation of BIPV, the study provides an insight into the potential of this technology, its
contribution to the global energy sustainability, as well as the results achieved through the implementation of various
solutions.

KEYWORDS

Building integrated photovoltaics, Building, Application.

1. INTRODUCTION

Solar energy is the most abundant renewable energy source, available in both direct and indirect forms. Solar energy
utilization can be categorized into two primary areas: solar thermal and photovoltaic systems. Solar thermal applica-
tions focus on harnessing solar radiation to produce useful heat. In contrast, photovoltaic (PV) technology is designed
to convert solar energy directly into electricity, using PV cells, with conversion efficiencies ranging from 7% to 40%

(1.

Photovoltaic modules are building-integrated when designed to meet essential construction requirements and re-
place conventional building materials. Figure 1 provides an initial overview of BIPV systems through examples. Key
considerations include the type of structural integration of the modules, the flexibility in adjusting module size, and
how aesthetic features can be achieved using colors, surface textures, or partially transparent designs. If the inte-
grated PV module is removed, it will be substituted with a suitable conventional building material [2, 3].

Reducing carbon dioxide (CO2) emissions from the building sector is an urgent priority. One strategy to address this
challenge is by harnessing on-site solar energy. In 2021, the growth in renewable energy generation reached its high-
est level in recent years, with solar PV modules contributing over 60% of this increase. More than 60% of the growth
in PV usage came from utility-scale installations, while the rest was attributed to smaller systems such as commercial
and residential PV modules. However, to meet global energy goals, the annual solar PV power generation will need
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to double over the next five years. In this context, the application of building-integrated photovoltaic (BIPV) modules
into the building envelope has garnered significant research interest in enhancing building energy efficiency [4-6].
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Figure 1: Overview of BIPV systems through examples [2]

Urban morphology significantly affects the PV potential as it dictates the amount of solar radiation that can reach
various parts of a building’s surface. Li et al. [7] performed an analysis using a model comprising nine rectangular
solids and demonstrated that buildings with higher aspect ratios and greater site coverage exhibited increased PV
potential. They also found that by selecting the appropriate urban form, it is possible to achieve the annual electricity
demand of a residential building. The photovoltaic (PV) potential of building facades with installed BIPV modules is
significantly influenced by the pursuit of economic efficiency. Fath et al. [8] conducted an urban-scale study revealing
that building fagcades contributed to 13% of the PV capacity necessary for achieving profitability in PV installations. In
a study, Brito et al. [9] found that the PV potential of facades represented approximately 50% of the total potential
when economic efficiency was not considered. However, this potential can be reduced to around 5%, 15%, and 30%
if the payback period for the facade system investment is less than 17.9, 23.0, and 32.2 years, respectively.

2. CHARACTERISTICS OF BIPV

In BIPV systems, photovoltaic panels are embedded within building elements like walls or roofs. To mitigate heat
buildup on the PV panels, BIPV approach involves ventilating the wall [10]. This method allows air to flow between
the PV panel and the building wall, driven either by natural ventilation or forced convection, and then be expelled
into the surrounding environment, as illustrated in Figure 2. Before designing a BIPV system, a thorough investigation
into the different types of solar modules and the materials used in PV cells is essential to determine which module
offers the best suitability, reliability, and benefits based on design, cost, and environmental factors. Additionally, an
analysis of solar radiation and climatic conditions is necessary for effective integration [11-13].
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Figure 2: Schematic diagram of BIPV

The concept of BIPV has been developing over several decades. Various research groups and companies worldwide
have contributed to the development of these technologies. Today, there are numerous companies and research
institutions dedicated to innovating in the field of BIPV, providing new design and technological approaches to im-
prove the efficiency and integration of solar systems into building structures.
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In the early 1970s, the first initiatives and experiments related to the integration of solar systems into building struc-
tures began. The Wohnanlage Richter residential complex in Munich, Germany, designed in 1982 and featuring pol-
ycrystalline cells on its curtain walls, is recognized as one of the earliest examples of photovoltaic systems integrated
into building design [14-16]. The initial attempts involved solar equipment that was added onto or installed onto
existing structures. However, the real development of the BIPV concept began with the advancement of thin-film and
flexible photovoltaic technologies, enabling greater adaptability and integration into various building materials. In
Figure 3, a continuum of solar system designs for residential buildings is depicted, showing increasing integration
(from left to right) with the architecture and materials of the building.

x
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Figure 3: Examples of increasing integration of PV Panels [14]

BIPV systems offer exceptional long-term reliability, with typical warranties ranging from 20 to 25 years [17]. There
are many advantages associated with BIPV solutions:

— innovative design,

— sun protection and electricity generation,
— minimize the building's carbon footprint,
— thermal insulation properties,

— soundproofing and enhanced comfort,

— enhance the building's value,

— eco-friendly,

— sustainability.

When considering the advantages of BIPV compared to other materials, the aesthetic appearance of these panels can
be seen as both an advantage and a disadvantage. In many cases, aesthetics are crucial and significant for the adop-
tion of BIPV in the market. Research has shown that BIPV offers improved aesthetics compared to traditional solar
panels. With various BIPV technologies available, such as solar tiles, facades, glass, and solar fabrics, which are more
visually appealing to architects, builders, as well as homeowners and building owners, due to their adaptability to the
roofs of houses and buildings they are installed on. Aesthetic appearance is not the only important factor; it's also
essential for the panels to be functional.

Although the advantages of BIPV are evident, sometimes it can be challenging to identify all the obstacles and barriers
to adopting these technologies. One of the main disadvantages, according to research, is the cost. Solar tiles are more
expensive than solar panels, making panels a more affordable solution for building construction. Especially when
considering that the cost depends on the pitch and size of the roof on which they are installed. Another disadvantage
of solar tiles relates to energy efficiency. Solar tiles sometimes have lower energy efficiency than regular solar panels,
and buildings require a certain roof pitch with high sun exposure [18-19].

BIPV installations require a significant initial investment, although ongoing maintenance costs are very low. Each in-
stallation must be assessed in its unique context, especially considering the generated electrical energy, installation
duration, alternative costs, etc. The cost of a BIPV installation depends on factors such as roof pitch, size, modules,
design, etc. For a standard-sized single-story house, the installation cost averages around $25 per square foot. The
total installation costs for solar tiles are approximately three times higher than those for solar panels, including roof
reconstruction.

Many BIPV manufacturers produce custom modules manually with limited automation, leading to higher costs for
solar building envelope components compared to non-solarized alternatives. This is reflected in the investment costs
associated with 'handcrafted BIPV modules,' as shown in Figure 4. Currently, only a few manufacturers offer standard-
ized BIPV products with fixed dimensions. The green dotted line at €131/m? represents the maximum additional cost
at which solar building products remain cost-effective. If BIPV system prices fall below this line, the solar building
envelope proves to be more economical over its lifespan compared to conventional options. A highly automated,
flexible production process capable of producing approximately 55 MW annually, would enable pricing below
€131/m? (including components like cabling, inverters, brackets, mounting systems, grid connections, meters, and
installation). Such advancements in BIPV facade production could provide attractive profits for end users, manufac-
turers, and investors, and offer significant opportunities for smaller local production facilities in Europe due to the
benefits of proximity and coordination with end customers [2].
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Figure 4: Additional price for a BIPV installation versus a conventional facade,
depending on the degree of customization [2]

3. MAIN CATEGORIES OF BIPV

Different classifications of BIPV can be found in literature, depending on their purpose and criteria. One of the main
divisions is based on the location of the installation on the building itself, so these systems can be on the roof, in the
facade, or on external integrated devices. Each of these groups corresponds to application categories according to
the EN 50583 standard. Roof installations correspond to categories A and B, facade installations to categories C and
D, and external integrated devices to category E. Examples of BIPV systems in the building applications are shown in
Figure 5.

z3

Figure 5: Examples of BIPV systems in actual building applications [20]

3.1. BIPV roof installation

Roofs unequivocally have the greatest potential for collecting solar energy, thus making them ideal for the imple-
mentation of BIPV technology. Sloped roofs, for instance around 30°, offer the best energy collection, although flat
roofs, also known as continuous roofs, can be well utilized too. One of the challenges in optimizing energy collection
through solar panels is the suboptimal angle of inclination, which reduces energy production. This issue affects both
types of roofs but is particularly significant for flat roofs where the inclination is inflexible or limited. Examples of BIPV
installation on roofs are shown in Figure 6.

As mentioned earlier, solar roof tiles represent one of the most common ways of integrating BIPV technology. They
are synonymous with traditional roof tiles. Each solar tile covers an area larger than 0.5 m? and can be made of foil or
glaze. The resemblance of solar tiles to traditional tiles negates aesthetic challenges, seamlessly blending in with con-
ventional flat roofs. Unlike large solar tiles, smaller ones have modules smaller than 0.5 m? with a configuration that
does not affect their application. Roofs equipped with BIPV technology can also be (partially) transparent. These ele-
ments can cover the roof entirely or partially. Their purpose is to provide illumination to the space, along with addi-
tional thermal, sound, and water-resistant functions [20 - 23].
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Figure 6: Examples of BIPV installation on roofs [24]

3.2. Facade installation of BIPV

The second significant application area of BIPV is the facade, where solar panels of all technologies can be integrated
as conventional wall cladding with multiple layers and single-layer facades. Integration of solar modules into building
facades can preserve the original function, security, aesthetic requirements, and facilitate electricity production
throughout the year. Additionally, such a facade can reduce thermal losses from the interior of the building .

The first method of installing BIPV on the facade of a building is as a wall curtain. It involves a continuous and external
system of facade openings, which can be fully or partially glazed. The term "wall curtain” refers to its construction, as
the facade is suspended like a curtain from the upper edge of the building and attached at various points to prevent
water and air infiltration. The construction itself is made of aluminum frames filled with glass panels. This meets vari-
ous requirements such as structural support, acoustic properties, thermal insulation, water resistance, etc. This
method of integrating BIPV is most common in commercial buildings. In Figure 7, an example of a commercial build-
ing with such a system installed is shown.

Figure 7: Curtain wall [21]

When installed as a "warm facade," this method separates the external and internal environments. It can be imple-
mented according to various construction systems such as stick systems, unitized curtain walls, structurally glazed
facades, point-fixed suspended facades. In their most basic form, these systems are windows but can also be inte-
grated into more complex facades. Another way to install this system on the facade of a building is as a "cold" or
ventilated facade. This system consists of a supporting substructure, an air gap, and cladding. It's possible to catego-
rize them as "transparent” with openings at the top, "ventilated" with openings at the bottom and top, and "pressure-
equalized" rain screen facade with barriers in the air gap. The panels are often clad in aluminum and installed a short
distance from the building to allow for ventilation and drainage. The ventilation gap should be a minimum of 100mm
and helps improve performance by reducing temperatures, and it can also be used as a space for cable routing. An-
other method is the double-skin facade, which consists of two layers, typically made of glass, with air flowing between
them. The space between can range from 20mm to several meters and serves as insulation against extreme weather
conditions, sound, etc. The PV is the same as in the curtain wall, but in this case, thermal insulation is not needed. One
of the more intriguing methods of integrating BIPV is into the building's windows. Solar cell products designed for
glazing are used for this installation method. They can come in different colors and levels of transparency, allowing
for various aesthetic outcomes. The spacing between solar panels ranges from 3 to 50 mm, depending on the level
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of transparency and criteria for electricity production. Through this gap, daylight passes, contributing to lighting
while electricity is generated. This installation method is more suitable for colder climates because in warmer regions,
there might be overheating due to the greenhouse effect.

3.3. Installation of BIPV on external integrated devices

External integrated devices include building elements that come into contact only with the external environment.
Therefore, BIPV can be installed on terrace railings, atriums, roller shutters, awnings, etc. Integration of PV in this man-
ner represents one of the most effective ways to control internal daylighting and thermal conditions of the building.
This reduces the penetration of solar heat into the building, leading to less need for ventilation and reducing the
cooling load while providing additional electricity production. If a controllable system is installed, the louvers can
track the movement of sunlight to achieve greater efficiency. Another option is to position the louvers in winter so
that they collect energy during the day and close them at night to reduce heat loss [22, 23]. Examples of BIPV systems
on external integrated devices are shown in Figure 8.

Figure 8: BIPV systems on external integrated devices [20]

PV panels can be integrated as multifunctional components in transparent roof structures or atriums, allowing for
controlled light to enter the building's interior. As semi-transparent roof units, they provide protection from heat,
sunlight, glare, and weather conditions. One integration method involves placing small PV cells on atrium glass, cre-
ating transparent gaps between them to permit controlled daylight inside. Well-designed PV-integrated atriums can
also enhance the building's aesthetic from the inside. While these glazing systems are typically best suited for smaller
PV installations, they can be visually appealing and offer excellent visibility. Since skylight, atrium, and greenhouse
glass are often heavily tinted to reduce glare, semi-transparent PV glazing can serve as an effective alternative.

4. APPLICATION OF BIPVIN A MODERN BUILDING SECTOR

Europe used to be the largest market for PV systems worldwide, but it was recently surpassed by China. However,
Europe remains the region with the highest installed PV capacity. Nevertheless, the installation rate in Europe is slowly
declining while it is increasing in other leading countries worldwide. Europe continues to represent a consistent mar-
ket opportunity, primarily due to the construction materials used. One of the obstacles has been the installation on
historically significant buildings, concerning the color of the cells and their integration into valued facades. The prob-
lem has been solved, and on the market, cells with high integration levels and minimal visual impact are readily avail-
able. Leading the list of European countries offering the best opportunities for BIPV is Germany [25]. Projection for
Europe market for the 2025th year is shown in Table 1.

Table 1: Europe market for BIPV with projection for the 2025th [25]

Application 2020 2021 2023 2025 CAGR
(2020-2025)
Roofs 539.7 656.9 1,056.7 1,827.1 27.6%
Facades 321.0 366.1 516.2 780.9 19.5%
Glazing 136.3 156.1 220.6 332.2 19.5%
Shading 92.7 102.5 1344 184.2 14.7%
TOTAL 1,089.7 1,281.6 1,927.9 3,124.4 23.5%

Countries in the Asia-Pacific region have recently made significant contributions to the BIPV market and have become
leading markets worldwide. The reason for this is the prevalence of tiled roofs, which are common in densely popu-
lated areas of these countries, and concrete roofs, which are also very popular in this region and suitable for installing
these systems. These regions host some of the leading industries for BIPV production. Looking at individual countries
in this region, China stands out significantly as the largest PV consumer in recent years. Due to severe air pollution,
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China implemented changes to renewable energy industry laws as early as 2005. By taking such actions, the govern-
ment shut down thousands of coal factories. There are also various programs for installing solar systems on a large
number of government-owned houses in rural areas. Additionally, in Shanghai, every building must have a green
roof, and in China, buildings must significantly reduce their energy footprint [19, 25]. Projection for Asia-Pacific region
for the 2025th year is shown in Table 2.

Table 2: Asia-Pacific market for BIPV with projection for the 2025th [25]

Application 2020 2021 2023 2025 CAGR
(2020-2025)
Roofs 668.6 804.3 1,264.3 2,138.7 26.2%
Facades 536.9 625.6 920.7 1,453.3 22.0%
Glazing 228.2 265.1 387.8 608.2 21.7%
Shading 87.6 97.3 129.9 184.5 16.1%
TOTAL 1,521.3 1,792.3 2,702.7 4,384.7 23.6%

On the American market, which includes both North and South America, roof-mounted BIPV systems have the highest
usage, accounting for 80.4%, while other installation methods are represented at less than 10%. BCC Research, which
analyzed the American market, highlights California, New York, New Jersey, New Mexico, Massachusetts, Pennsylva-
nia, Maryland, Connecticut, Arizona, and Nevada as the states with the most incentives for PV systems [19, 25]. Pro-
jection for American market for the 2025th year is shown in Table 3.

Table 3: American market for BIPV with projection for the 2025th [25]

Application 2020 2021 2023 2025 CAGR
(2020-2025)
Roofs 696.6 844.8 1,349.3 2,317.4 27.2%
Facades 84.3 96.0 1353 204.3 19.4%
Glazing 27.7 30.6 39.7 53.9 14.2%
Shading 57.8 65.2 89.6 131.2 17.8%
TOTAL 866.4 1,036.6 1,613.9 2,706.8 25.6%

According to Aaditya et al. [26], most studies on BIPV have been conducted in controlled indoor environments or
simulations, which may not accurately reflect real-world performance. The following sections explore on-site case
studies of BIPV systems under actual climate conditions.

In a studies conducted by Chow et al. [27-29] in Hong Kong, a 260 m? BIPV wall was installed on a 30-storey sub-
tropical hotel building, mounted on the west facade. An air gap of 250 mm was maintained between the wall and the
PV panels, allowing natural ventilation through this space. Three ventilation configurations were examined: (a) PV/C,
where all sides were open for ventilation; (b) PV/T, where only the top and bottom ends were open; and (c) BIPV,
where PV panels were directly attached to the external wall. The PV/C configuration performed best in hotter months
(April to August and October), while the PV/T configuration showed superior results during colder periods (November
to February). The BIPV system excelled in September. Overall, the electrical efficiency for PV/C, PV/T, and BIPV config-
urations was 10.2%.

Leite, Didone and Wagner presents investigation at small section of an office building in Brazil, which was equipped
with semi-transparent BIPV panels [30]. This study compared the performance of BIPV systems in Brazil with those in
northern hemisphere locations. The findings revealed that the annual energy production from the semi-transparent
PV system in Brazil was significantly higher than the peak energy output recorded in a German city, reaching 750.3
kWh/year, which is 39-43% greater than the highest figures reported in Germany.

Gaillard et al. [31] in France, conducted a study with three prototype building envelopes with naturally-ventilated
double-skin configurations were tested on various buildings. Two of these systems were implemented on individual
houses, while one was installed on an office building. The average thermal efficiency of these systems ranged from
16% during the autumn and winter months to 25% in spring and summer. For the office building facade, a tempera-
ture difference of approximately 10°C was observed, even when solar irradiation was absent.

In a study by Sadineni et al. [32] in the United States, conducted in a residential area with approximately 200 houses,
the impact of photovoltaic (PV) installation orientation on peak load was investigated. The research determined that
a 40° south-west orientation was the most economically favorable for consistent electricity usage and pricing. The
total annual energy consumption in homes with this PV orientation was reduced by 38% compared to similarly sized
homes without PV systems. Additionally, the peak energy demand for homes with PV installations decreased by 62%.
In Switzerland, Jayathissa et al. [33] examined an Adaptive Solar Facade (ASF) for BIPV systems in a cold climate. The
ASF significantly reduced the building's energy load, including lighting, heating, and cooling, by nearly 50% com-
pared to a system without shading. The total energy consumption with the ASF was approximately 700 kWh.
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In a study by Chatzipanagi et al. [34] in Switzerland, BIPV systems were demonstrated as both window and roof in-
stallations, with variations including systems with and without air gaps for ventilation. The study focused on how PV
cell operating temperature affected performance, using models such as NOCT and Equivalent Cell Temperature (ECT).
It was found that a ¢-Si module inclined at 30° outperformed one inclined at 90° across all seasons, primarily due to
shadow effects impacting the latter. This highlights the significant role of installation angles and seasonal variations
in the performance of BIPV systems.

The following examples are not necessarily the most aesthetically pleasing or functional building solutions, but they
illustrate the successful application of PV systems across various geographical, cultural, and climatic contexts.

On the southern side of the Meier Hospital in Florence, a photovoltaic glass tower was constructed to maximize solar
energy collection, particularly during the winter months. This project was designed by the firm CSPA Firenze, led by
architect Paolo Felli. Besides considering energy and environmental aspects, attention was also given to social impact.
Figure 9 depicts the glass tower.

[{ {0

Figure 9: PV glass tower of the Meier Hospital [21]
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The aim was to create a pleasant space without additional energy usage that would be in use for various activities
throughout most of the year. Integrating PV installations into the facades of the glass tower building allows for com-
bining energy production with other functions of the building envelope. Electrical energy is generated on-site, avoid-
ing losses in transmission and distribution and reducing capital and maintenance costs for the electricity distribution
company. The PV system has a capacity of 30 kWp and is implemented with glass/glass PV modules.

The Greeting to the Sun monument is located in Zadar, next to the sea, and it was designed by Nikola Basi¢. The
monument has a diameter of 1102 mm and symbolizes the sun, which absorbs sunlight through solar panels during
the day and then transforms that energy into visual effects during the night, as shown in Figure 10. This artistic instal-
lation contains over 300 multilayered glass plates, with a photovoltaic solar module [21].

Figure 10: Monument ,Greeting to the Sun” in Zadar [21]

Below the glass, there are over a thousand lights that can illuminate with different intensities and colors. Using a
computer, various messages, graffiti, words, etc., can be displayed here. In the future, it is planned that entering the
circle would trigger a light reaction, which would interact further if more people are present within the circle.

The Sheikh Zayed Learning Center is located in Abu Dhabi and had to meet a series of requirements set by the urban
planning council. By fulfilling all these requirements, this center became the first state building to achieve the highest
possible sustainability rating. The building was designed to be energy-independent, achieved through a combination
of the best available lighting and ventilation techniques. Sheikh Zayed Learning Center is shown in Figure 11.

The building is designed to facilitate airflow circulation through and around the courtyard, as well as to maximize the
use of sunlight. Small windows allow for natural light while avoiding excessive solar radiation. The structure is pre-
dominantly embedded in the ground to reduce temperature differentials between the interior and exterior. BIPV col-
lectors are installed across the entire roof surface, generating 150 kW. This way, the building produces 95 percent of
its required energy [21].
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Figure 11: Sheikh Zayed Learning Center in Abu Dhabi [21]

5. CONCLUSION

Excessive energy consumption represents a key challenge in sustainability and environmental protection. To combat
this, measures need to be taken to increase energy efficiency, promote renewable energy sources, and reduce un-
necessary energy waste. The use of solar energy, as a form of renewable energy, has proven to be particularly effec-
tive. Special emphasis has been placed on integrating BIPV into structures to achieve efficiency and aesthetic value.

BIPV technology has significant potential to transform the construction industry and contribute to the sustainability
of urban development. The integration of solar panels into buildings enables the production of clean energy on-site,
reduces emissions of harmful gases, and decreases dependence on traditional energy sources. Additionally, BIPV sys-
tems offer aesthetic and functional benefits, contributing to modern and innovative building design. These systems
have the potential to greatly enhance building performance while also reducing harmful emissions. It is important to
assess the energy loads required by type during both the design and operational phases of a building. Additionally,
choosing appropriate materials and determining the optimal placement of systems within the building are crucial
steps for maximizing the effectiveness of this technology.

However, despite numerous advantages, several challenges limit the wider implementation of BIPV technology, in-
cluding high initial costs, lack of standardization, regulatory barriers, and insufficient awareness of potential benefits.
To overcome these challenges, further research and development in the field of BIPV are necessary to enable wider
implementation of these innovative systems.
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ABSTRACT

Wind speed is one of the basic meteorological parameters in the field of wind energy, as it directly affects the effi-
ciency and output power of wind turbines. Wind speed distribution is most often modeled using statistical func-
tions, in particular the probability density function (PDF) and the cumulative distribution function (CDF). In this pa-
per, a comparison of several statistical distributions (Weibull, Rayleigh, gamma, normal and beta) was performed
through the analysis of the empirical distribution of wind speed recorded over a one-year period. For all distribu-
tions, the root mean square error (RMSE) and the mean absolute error (MAE) between observed and modeled val-
ues were calculated, and the smallest values of these criteria were used to identify the model that most accurately
describes the actual wind behavior at the observed location. The obtained results enable a more precise assessment
of the wind speed distribution and the energy potential of the location, which is of key importance for optimizing
the operation of wind energy systems.

KEYWORDS

Wind speed, Statistical modeling, Probability density function, Cumulative distribution function, RMSE, MAE

1. INTRODUCTION

Winds are a significant component of the climate system and are closely intertwined with our daily lives. They vary
over a wide range of spatial and temporal scales, from global to regional winds, to locally smaller turbulent eddies
[1]. The energy sector is under increasing pressure to address the chal- lenges of climate change and the growing
demand for energy. In this context, the transition to sustainable and environmentally friendly en- ergy sources has
become essential for long-term stability and develop- ment [2]. Wind energy is one of the fastest growing renewa-
ble energy sources (RES) that have been developed as an efficient response to growth and global economic devel-
opment over the decades [3]. Wind energy, a renewable energy source, is becoming increasingly popular and is
among the priority investment areas for many countries [4].

Although the benefits of harnessing wind energy are obvious, implementation can be subject to a number of prac-
tical difficulties and uncertainties, one of which is the intermittent and unstable nature of wind [5]. The chaotic na-
ture of wind speed poses modeling difficulties [6]. Wind energy availability and conversion efficiency depend on the
distribution of wind speed [7]. The distribution of wind speed is of great importance in the assessment of wind re-
sources, and not just the average wind speed. In order to adequately describe the variation of wind energy, it is
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necessary to fit various probability functions to field data, and therefore the distribution of wind energy is repre-
sented by standard statistical functions [8]. The global transition to sustainable energy has become imperative due
to the rapid depletion of fossil fuel resources and the serious environmental consequences associated with green-
house gas emissions [9].

Wind energy represents one of the key directions of development of renewable energy sources, aimed at reducing
emissions of harmful gases and increasing energy efficiency. The efficiency of wind power plants is significantly
determined by the characteristics of the wind, with wind speed representing a key parameter in assessing the ener-
gy potential of a location and selecting the optimal wind turbine. Since wind energy is proportional to the cube of
wind speed, it means that even a small increase in wind speed results in a large increase in wind energy, therefore
the most important factor affecting wind energy is wind speed [10]. SCADA (Supervisory Control and Data Acquisi-
tion - SCADA) is a control system architecture that uses computers, networked data transmission, and graphical user
interfaces for high-level process control [11]. Wind farms are connected to a SCADA system to continuously collect
wind turbine data [12].

The main factors affecting wind speed and direction are the pressure gradient force, the Coriolis force, and friction
with the Earth's surface [13]. Since wind speed is a random variable that varies in time and space, its statistical mod-
eling is of key importance for the accurate assessment of wind energy potential. For this purpose, various statistical
distributions are applied, with the Weibull, Rayleigh, gamma, normal, and beta distributions being the most com-
monly used. Their characteristics are analyzed using the probability density function and the cumulative distribu-
tion function. To assess the quality of fitting theoretical distributions to empirical data, statistical error criteria are
used, including RMSE and MAE. These indicators quantitatively measure the deviation between empirical and theo-
retical distribution values, with smaller RMSE and MAE values indicating a better fit of the model to the actual data.
Accordingly, the distribution with the smallest values of these criteria is considered the most appropriate for de-
scribing the actual behavior of wind speed at the observed location.

The aim of this paper is to conduct a detailed comparative analysis of multiple statistical distributions based on one-
year wind speed measurements, with a special emphasis on identifying the model that most accurately describes
the empirical data and best approximates the actual wind speed distribution at the observed location. By compar-
ing different theoretical distribution functions and adapting them to experimental data, a deeper understanding of
wind characteristics and its variability during the year is gained. The obtained results contribute to increasing the
accuracy of wind energy potential estimation, which is crucial for proper planning and dimensioning of wind energy
plants. At the same time, they provide guidelines for more efficient management and optimization of wind energy
systems, with the aim of achieving maximum energy efficiency and economic justification of investments. The sci-
entific contribution of this paper is reflected in the comparative analysis of multiple statistical distributions based on
real SCADA data, with the application of RMSE and MAE criteria for selecting the optimal wind speed distribution
model.

2. METHODOLOGY
2.1. Location and description of the wind farm

The wind speed data used in this paper were collected at the Rudine wind farm in Croatia. The wind farm is located
at Rudine, at an altitude ranging from 280 to 400m above sea level. The initial project planned the construction of
34 wind turbines, of which 12 wind turbines have been completed so far, along with the accompanying infrastruc-
ture in the form of access roads and operational plateaus. The project amendments envisage a reduction in the total
number of wind turbines to 18, while at the same time reducing the area of the aforementioned infrastructure. The

n b e

Figure 1: Location of the existing and planned wind power plant "Rudine"
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The planned location of the wind turbines within the "Rudine" wind power plant is shown in Figure 2 [14].

[
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Figure 2: Planned location of wind turbines within the "Rudine” wind farm
2.2. Data collection

The wind turbines are connected to a SCADA system, which enables continuous collection of operational data.
Wind speed measurements were made using an anemometer placed at a height of 85m above the ground, with a
time resolution of 10 minutes. A total of 630113 measurements were collected over a one-year period. For the pur-
poses of analysis, a representative set of 63013 records was formed using equidistant sampling, with every tenth
data point selected.

The paper analyzes wind speeds collected from the WTG 27 wind turbine. Based on these data, statistical processing
and modeling of the wind speed distribution was performed using several theoretical functions, including Weibull,
Rayleigh, gamma, normal and beta distributions. Each distribution is defined by an appropriate set of parameters,
the estimation of which allows for a precise description of the statistical characteristics of the wind speed.

2.3. Model evaluation

To assess the quality of the fit of theoretical distributions to empirical data, statistical error criteria were used, includ-
ing root mean square error (RMSE) and mean absolute error (MAE), with smaller values of these criteria indicating
better agreement of the model with the actual data. Analysis of probability density functions and cumulative distri-
bution functions allows identification of the distribution that most accurately describes the empirical wind speed
distribution and provides a reliable basis for assessing the wind energy potential of the observed location.

3. MATHEMATICAL FUNDAMENTALS OF DISTRIBUTION FUNCTIONS

Statistical distributions are a key tool for quantitative modeling and analysis of variable natural phenomena, with
wind speed being one of the most important parameters in the field of wind energy. For each distribution, a proba-
bility density function and a cumulative distribution function can be determined.

Wind energy applications require accurate resource estimation, which can be achieved by a probability density
function that describes the behavior of the wind [15]. Probability density functions (PDFs) are mathematical func-
tions that characterize the likely behavior of a data set. This data set can correspond to the behavior of a random
variable that is continuous in time. Since wind speed is a random variable, it is convenient to describe it using PDFs
[16]. The probability density function f(x) of a continuous random variable X is the first derivative of the cumulative
distribution function F(x) and is represented by the following equation [17]:
d
f(x)=—F(x) (M
dx
The cumulative distribution function for a random variable X is the mathematical function Fx: R — [0,1], which asso-
ciates with each real number x the probability that the random variable X will take a value less than or equal to that
value. The cumulative distribution function is represented by the following equation [17]:
Fy(x)=Pr(X<x) (2)
where:
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Fx (x) - cumulative distribution function of a random variable X, and Pr (X < x) - denotes the probability that X takes
on a value less than or equal to x.

The mathematical foundations of the distribution functions for Weibull, Rayleigh, gamma, normal, and beta distri-
butions are presented below.

3.1. Weibull distribution

The most commonly used statistical approach to predict the distribution of wind speed data is the Weibull probabil-
ity density function. The Weibull distribution is a distribution with greater sensitivity and greater flexibility than
other distributions [18]. The two-parameter Weibull and Rayleigh distributions are widely used as statistical meth-
ods in modeling wind speed data [6]. Currently, the two- or three-parameter Weibull distribution is widely used in
wind energy engineering to estimate the expected level of electricity generation [19].

The Weibull distribution is often applied in wind energy because of its ability to model different forms of wind
speed distribution. The probability density function of a two-parameter Weibull distribution is represented by the
following equation [20]:

where:
n - scale parameter and 8 - shape parameter.

The cumulative function of the two-parameter Weibull distribution is represented by the following equation [21]:
B
F(t)=1-exp {—{;j , 20 4

where:

F(t) - probability that the random variable T (wind speed) takes on a value less than or equal to t, t > 0 - values for
which the function is defined, a - scale parameter and 8 - shape parameter.

The scale parameter determines the horizontal stretching of the distribution, with a larger value of the scale param-
eter resulting in a wider range of values. The shape parameter determines the shape of the distribution.

3.2. Rayleigh distribution
The probability density function of the Rayleigh distribution is represented by the following equation [22]:

The cumulative Rayleigh distribution function is represented by the following equation [22]:
2 x2 2

X X 202

where:
x - variable from the set of real positive numbers and a - scale parameter.
3.3. Gamma distribution

The probability density function of the gamma distribution is represented by the following equation [23]:

1 (shape—1) | scale
f(x;)= shape X; e 7)
scale®Per (shape)

where:

x; - random variable, shape - gamma distribution shape parameter (k > 0), scale - gamma distribution scale parame-
ter (@ > 0) and G(shape) - gamma function.

The cumulative gamma distribution function is represented by the following equation [22]:
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X b x b b-1 _, 4 1 ax _ ¥(b, ax)
F(x)=f -4 b—1p—auy,_ 9 v vav _ b-1,-v ,_ 70
(=] Fx)dx Jule du m-j(j)(aj e G T =Ty (8)

where:

x - random variable, f(u) - probability density function of gamma distribution, a - rate parameter, b - shape parame-
ter, [(b) - gamma function and y (b, ax) - incomplete gamma function.

3.4. Normal distribution

The probability density function of a normal distribution is represented by the following equation [22]:

2 1 _l[ X;ﬂf
f(x;ﬂ’a ):We ’
where:

x - random variable, u - location parameter and o - standard deviation.

A normal distribution with a location parameter equal to zero and a standard deviation o = 1 is called a standard
normal distribution. The cumulative function of the standard normal distribution is represented by the following
equation [22]:

22122

F(z)= (10)
Up[an it 2<0
2 2 (2'2

where:

F(2) - cumulative distribution function of the standard normal distribution, P (g, x) - regularized incomplete gamma
function, z - standardized value (z = (x-u) / 0) indicates how far a value x is from the mean u, expressed in units of
standard deviation o.

The incomplete gamma function is a gamma function bounded by an upper bound of x. The term "regularized"
means that the function is scaled (normalized) to the interval [0,1], so that its value can be viewed as a probability or
a relative fraction of the area under the density function.

3.5. Beta distribution
The probability density function of the beta distribution is represented by the following equation [22]:

f(x;lo,0|)=ﬁxp_1(1—X)q_1 an

where:

p - parameter of form 1, (p > 0), g - parameter of form 2, (g > 0), x - variable satisfying the condition0<x <1, B (p, q)
- denotes the beta function defined over the gamma distribution as B (p, g) = (p)[(q)/[(p+q).

The beta distribution with parameters p = g = 1 reduces to a uniform distribution between zero and one. The cumu-
lative beta distribution function is represented by the following equation [22]:

_ v X o1 @1, Bx(p,a) _
x)—B(p,q)(f)tp (1-1) dt—m—lx(p,q) (12)

where:

B., Ix- incomplete beta functions.

4. STATISTICAL DATA ANALYSIS

The wind speed data used in this paper were collected at the Rudine wind farm in Croatia. The wind farm is located
at Rudine, at an altitude ranging from 280 to 400 m. Wind speed measurements were made using an anemometer
placed at a height of 85 m above the ground, with a time resolution of 10 minutes. A total of 630,113 measurements
were collected over a one-year period.

For the purposes of the analysis, a representative set of 63,013 records was formed using equidistant sampling, with
every tenth data point selected. This approach allows for a reduction in the volume of data while maintaining the
representativeness of the analyzed set.

FMCE Kraljevo 31



Engineering Today Vol.5+(2026) - No. 1

The analysis was performed on data from the WTG 27 wind turbine, collected via the SCADA system.

Based on the formed data set, statistical processing and modeling of the wind speed distribution were performed
using several theoretical distribution functions, including Weibull, Rayleigh, gamma, normal and beta distributions.
Each of the above distributions is defined by a corresponding set of parameters whose estimation enables the de-
scription of the statistical characteristics of wind speed.

In order to assess the quality of the fit of theoretical distributions to empirical data, statistical error criteria were
used, namely RMSE and MAE. These indicators allow a quantitative assessment of the deviation between empirical
and theoretical values, with smaller RMSE and MAE values indicating better agreement of the model with the actual
data.

In the Weibull distribution, it is necessary to determine the shape parameter (c) and the scale parameter (b) in order
to calculate the probability density function and the cumulative function. To calculate the shape parameter, it is
necessary to previously determine the value of the standard deviation (o) and the mean wind speed (0) based on a
representative data set formed by equidistant sampling. To calculate the scale parameter (b), it is necessary to de-
termine the mean wind speed over a one-year period and previously calculate the shape parameter (c).

When calculating the probability density function and the cumulative function of the Rayleigh distribution, the
values of the wind speed and the scale parameter (a) are used. The scale parameter (a) is calculated using the mean
wind speed (0) and the constant 7.

When calculating the probability density function and the cumulative gamma distribution function, it is necessary
to first determine the values of the shape parameter (k) and the scale parameter (8). The shape parameter (k) is
obtained by dividing the arithmetic mean of all values by the sample standard deviation, and then squaring the
resulting value. The scale parameter (6) is obtained by dividing the sample variance by the arithmetic mean of the
sample, where the variance is the square of the standard deviation.

After determining the mean wind speed and the sample standard deviation, the probability density function and
the cumulative normal distribution function can be calculated.

The probability density function and the cumulative beta distribution function can be calculated after determining
the values of the shape parameter 1 (parameter p), the shape parameter 2 (parameter g), the lower bound for the
beta distribution (minimum of the interval x.;,) and the upper bound for the beta distribution (maximum of the
interval Xmax).

In order to assess the deviation between the empirical and theoretical distribution values, statistical error measures
are used. In this paper, the measures Root Mean Square Error (RMSE) and Mean Absolute Error (MAE) were applied.
These measures allow a quantitative assessment of the accuracy of the distribution model in relation to the ob-
served data. RMSE is represented by the following equation [24]:

(13)

where:

A
¥; - value of empirical cumulative distribution function, yi- value of cumulative Weibull distribution function and

n - sample size.

MAE is represented by the following equation [24]:

N

n
MAE =1.Z Yi-Yi (14)
ni=

Smaller values of RMSE and MAE indicate better agreement between the theoretical model and empirical data.
Therefore, the distribution with the smallest values of these criteria is considered the most appropriate for describ-
ing the statistical characteristics of wind speed at the observed location.

5. GRAPHIC AND STATISTICAL ANALYSIS OF WIND SPEED DISTRIBUTION

In order to assess the agreement of different statistical distributions with real (empirical) wind speed data, a graph-
ical analysis was first performed. The application of graphical analysis in wind speed modeling in wind energy using
different distribution functions is an important step that allows for a direct assessment of the agreement of theoret-
ical distributions with real data and the detection of deviations in certain parts of the wind speed range.
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The wind speed histogram, together with the theoretical probability density function curves of different distribu-
tions, visually shows the extent to which the theoretical distributions approximate the empirical data. After the
visual assessment, a quantitative comparison was performed using RMSE and MAE, which allows for a precise de-
termination of the degree of agreement of each theoretical distribution with the real data. In this way, the combina-
tion of graphical and numerical analysis provides a comprehensive insight into the quality of wind speed modeling
and identifies the distributions that best describe the empirical distribution.

The wind speed histogram, together with the theoretical probability density function curves of the Weibull, Ray-
leigh, gamma, normal and beta distributions, is shown in Figure 1.
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In Figure 1, the wind speed histogram shows the frequency of occurrence of certain wind speed values in the ob-
served period. The theoretical probability density functions of various statistical distributions, shown in Figure 1
together with the wind speed histogram, represent mathematical models that describe the probability of occur-
rence of certain wind speeds. The heights of the probability density functions of various statistical distributions
show the probability that wind speeds are in a certain interval, with a higher height of the function indicating a
more frequent occurrence of the corresponding wind speeds.

The position of the peak of the probability density function of different statistical distributions corresponds to the
most frequent values of wind speed. The width of the probability density function of different statistical distribu-
tions shows the range of variations of wind speed, while the end points (tails) of the function reflect the frequency
of extreme values of wind speed, i.e. very low or very high speeds.

Comparative analysis of the graphical representations in Figure 1 allows us to assess the degree of compliance of
individual distributions with real data, in particular with regard to the shape of the curve, its width and the position
of the maximum of the probability density function. This comparison allows us to determine the distribution that
most accurately approximates the empirical characteristics of wind speeds at the observed location.

The central part of the wind speed histogram, shown in Figure 1, is most accurately approximated by the probability
density functions of the beta and normal (Gaussian) distributions, as confirmed by the values RMSE = 0.3963 for the
beta distribution and RMSE = 0.3964 for the normal distribution. Based on the MAE value, the Rayleigh distribution
(MAE = 0.2317) best approximates the wind speed histogram.

Although the Weibull distribution is often used in wind speed analysis, in this case it did not show the best agree-
ment with the empirical data, which can be attributed to its limited flexibility in describing more complex distribu-
tion shapes. On the other hand, the beta and normal distributions better approximate the middle part of the distri-
bution, while the Rayleigh distribution gives better results in terms of average deviation, which is confirmed by the
RMSE and MAE values. Distributions such as the Weibull and gamma distributions achieve higher MAE values, which
indicates their lower suitability for describing empirical data.

For the purpose of modeling wind speeds in wind energy, it is necessary to show a comparison of the empirical
cumulative wind speed distribution function with the theoretical cumulative functions of the Weibull, Rayleigh,
gamma, normal and beta distributions.
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Figure 2 shows the empirical cumulative wind speed distribution function along with the theoretical cumulative
Weibull, Rayleigh, gamma, normal and beta distribution functions.
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Figure 2: Empirical cumulative wind speed distribution function and theoretical
cumulative functions of Weibull, Rayleigh, gamma, normal and beta distributions

The empirical cumulative distribution function of wind speed (empirical CDF) shows the distribution of actually
recorded wind speeds. Theoretical cumulative distribution functions show the expected distribution of wind speed
values according to the selected statistical distribution (Weibull, Rayleigh, gamma, normal and beta).

The selected theoretical cumulative distribution function shows very good agreement with the empirical cumula-
tive distribution function of wind speed when the deviation between the empirical cumulative distribution function
of wind speed and the corresponding theoretical cumulative distribution function is minimal. If the empirical cumu-
lative distribution function of wind speed deviates significantly from the theoretical cumulative functions of all con-
sidered distributions, it can be concluded that the selected theoretical cumulative distribution functions do not
correspond to the actual data and inadequately approximate the wind speed distribution. In this case, it is necessary
to select and apply another theoretical cumulative distribution function in order to achieve a more precise approx-
imation of the actual data.

RMSE and MAE values for different types of distributions are shown in Table 1.
Table 1: Values of RMSE and MAE for different types of distributions

Distribution RMSE MAE
Weibull 0.399373271 0.469061626
Rayleigh 0.432387968 0.231695971
Gamma 0.403777638 0.480526376

Normal (Gaussian) 0.396430335 0.395770709
Beta 0.396315358 0.475081171

Analysis of RMSE values shows that the beta distribution and the normal distribution best approximate the empiri-
cal cumulative wind speed distribution function shown in Figure 2, almost equally accurately, with the differences in
agreement between the theoretical and empirical values being minimal. The MAE values show that the Rayleigh
distribution best approximates the empirical cumulative wind speed distribution function shown in Figure 2.

6. CONCLUSION

In this paper, a comparative analysis of five statistical distributions (Weibull, Rayleigh, gamma, normal and beta) was
performed in order to model the wind speed distribution based on empirical SCADA data. The analysis included a
graphical comparison of probability density functions and cumulative distribution functions, as well as a quantita-
tive evaluation using the statistical criteria RMSE and MAE.

The research results show that the beta and normal distributions achieve the lowest RMSE values, which indicates
the best agreement with the empirical cumulative distribution function. On the other hand, the Rayleigh distribu-
tion shows the smallest MAE value, indicating the smallest average absolute deviation from the actual data. These
results confirm that the choice of the optimal distribution depends on the evaluation criteria, and that different
distributions may be more suitable for different aspects of modeling.
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Based on the conducted analysis, it can be concluded that the application of statistical distribution functions repre-
sents an effective approach in modeling wind speed and assessing wind energy potential. The application of ap-
propriate distributions contributes to the reduction of technical and economic uncertainties, optimization of system
operation and achieving higher energy efficiency.

The limitation of this work is reflected in the analysis of data from one location and one time period, which may
affect the general applicability of the obtained results. Future research may include the analysis of longer time series
of data, as well as the comparison of a larger number of locations in order to obtain more comprehensive conclu-
sions.
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ABSTRACT

This paper presents the design and calculation of a test stand intended for testing personal fall protection equipment
in accordance with the requirements of the international standard EN 364. The objective of the study was to develop
a reliable, safe, and structurally adequate test stand capable of performing both static and dynamic tests on compo-
nents of fall arrest systems, including different types of personal fall protection systems, fall-arresters, anchor lines,
safety harnesses, lanyards, energy absorbers, and connecting elements. The paper analyzes the requirements of EN
364 and defines the functional and structural characteristics of the test stand. Particular emphasis was placed on the
static strength of the supporting structure, which was designed to withstand the maximum prescribed test forces
without permanent deformation or structural failure, ensuring an adequate safety factor under the most unfavorable
loading conditions. Furthermore, the dynamic performance of the test stand was analyzed through the evaluation of
its natural frequencies, in accordance with standard requirements. The obtained calculation results confirm that the
designed test stand fully complies with the requirements of EN 364 and enables accurate, reliable, and safe testing of
personal fall protection equipment, thereby contributing to improved occupational safety and compliance with rel-
evant standards.

KEYWORDS
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1. INTRODUCTION

Fall protection and the prevention of injuries resulting from falls from height are key elements of occupational safety,
particularly in industries such as construction, maintenance, and industrial operations where working at height is
frequent. Personal protective equipment designed for fall protection, such as full-body harnesses, lanyards, energy
absorbers, anchor devices, fall-arresters, is intended to reduce the risk of serious injury during fall events and to ensure
compliance with safety regulations and standards [1-3].

Standardized methods of experimental testing are essential for verifying the performance of fall protection equip-
ment and ensure its reliability under both static and dynamic loads. The European standard EN 364 (Personal protec-
tive equipment against falls from a height - Test methods) defines procedures for static loading, dynamic impact tests,
and other conditioning tests used to evaluate the structural and dynamic characteristics of personal protective equip-
ment components and assemblies used in fall arrest systems [4]. The standard also provides a technical foundation
for testing laboratories, manufacturers, and certification bodies to assess personal protective equipment perfor-
mance, safety, and conformity. It specifies standardized test procedures including static strength assessments, dy-
namic impact tests using torso dummies, corrosion and environmental conditioning tests, and endurance tests. The
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standard also provides recommendations for specimen preparation and test scheduling to ensure repeatability and
comparability of results.

Scientific research and publications in this field are relatively limited and primarily focus on numerical and experi-
mental investigations of forces, energy absorption, and deformation in personal fall arrest systems under static and
dynamic loading conditions. Pomares et al. [5] conducted dynamic tests on fall arrest lanyards and showed that high
loading rates significantly reduce resistance compared with static tests, highlighting the need for dynamic test re-
quirements in standards such as EN 354 and EN 364. Carrion et al. [6] conducted dynamic tests on models of Energy
Absorber Lanyards from six manufacturers to study their real elongation behavior during fall arrest. Using image pro-
cessing, they measured the total elongation (elastic and plastic) of each lanyard and determined the minimum clear-
ance distance required to safely arrest a fall without hitting the ground. Pomares et al. [7] conducted both static and
dynamic tests on various personal fall arrest devices to evaluate their performance under different fall factors and fall
heights. The tests were carried out in accordance with EN 354, EN 355, EN 362, EN 363, and 364 standards, with the
aim of analyzing the variables affecting system behavior and energy absorption during fall arrest. Pan et al. [8] devel-
oped a multibody dynamic model of a scissor lift and a human operator, and conducted manikin drop tests to evalu-
ate lift stability and the performance of various fall-arrest harnesses and lanyards under simulated fall arrest condi-
tions. The study quantified dynamic loading on the operator model, particularly to the head and neck, while con-
straining tests to flat surfaces to isolate the effect of manikin-lanyard interaction. Bizi¢ and Petrovi¢ [9] provided a
systematic overview of the methodology for testing guided-type fall-arresters with a rigid rail anchor line, following
the EN 353-1 standard. Their study analyzed the physical, geometric, and mechanical characteristics of the equipment
and detailed procedures for performing both static and dynamic tests, based on experiments conducted.

Thus, scientific studies, technical publications, and other literature provide comprehensive guidance on fall protec-
tion principles, hazard identification, personal protective equipment selection, and safety management practices [10].
While they emphasize standardized testing and the importance of test stands for evaluating fall protection equip-
ment, practically no publications provide detailed designs or concrete solutions for test stands. Consequently, stand-
ards and academic research mainly define general requirements, leaving the practical design and implementation of
robust test stands largely to manufacturers and testing laboratories.

In line with the above, this paper presents the design and structural calculation of a dedicated test stand for personal
fall protection equipment, fully compliant with European standard EN 364. The test stand enables reproducible static
and dynamic testing of various fall protection components, including harnesses, lanyards, energy absorbers, anchor
lines, fall-arresters, and connectors. The study integrates both static strength verification and dynamic performance
assessment, including evaluation of natural frequencies to prevent resonance during testing. The given test stand
represents a practical, safe, and standards-compliant solution for laboratories, manufacturers, and certification bod-
ies, thereby contributing to improved occupational safety and regulatory compliance.

2. MAIN REQUIREMENTS OF STANDARD EN 364

The test stand must be designed to ensure reliable, repeatable, and safe testing of personal fall protection equipment
under both static and dynamic conditions. It shall comply with standard EN 10002-2 [11], while force measuring de-
vices used during testing must be calibrated by an authorized accredited laboratory to ensure the required measure-
ment accuracy [4]. The loading rate depends on the material type - for metallic materials, the rate prescribed in stand-
ard EN 10002-1 [12] shall be applied, whereas for textile components with a length of 1+2 meters, the crosshead
speed during tests should be 50+150 mm/min. Controlling the loading rate is very important, as it affects the meas-
ured mechanical response of the material and ensures comparability between different tests.

Special attention should be given to the standard’s requirements regarding the static and dynamic strength of the
test stand’s supporting structure. Namely, the structure must be designed so that the application of a 20 kN force at
the anchorage point at the top of the test stand does not produce a vertical deflection greater than 1.0 mm. In addi-
tion, the natural frequency in the vertical direction at the anchorage point must not be less than 100 Hz [4]. These
requirements minimize test stand deformation and dynamic interference, ensuring that test results accurately reflect
the behavior of the tested personal protective equipment, rather than the test stand.The anchorage point shall be
either a ring with a bore of 20+1 mm or a cross-sectional diameter of 151 mm, or a rod of the same cross-sectional
diameter. The height of the rigid anchorage point must ensure that no part of the tested system or component, nor
the torso dummy or rigid steel mass, comes into contact with the floor during testing.

3. DESIGN AND CALCULATION OF TEST STAND

For the purpose of testing personal fall protection equipment, a special test stand was designed in accordance with
the requirements of the EN 364 standard. The supporting structure of the test stand was designed as a closed spatial
frame — truss structure made of welded steel box sections. The designed height of the supporting structure, i.e. test
stand, is 6.8 m, while the designed base dimensions are 3.0x2.2 m. The structural material specified for the test stand
construction is structural steel S235JR. The total mass of supporting structure is about 1.3 t.
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At the top of the supporting structure, a special crossbeam is designed, with an anchorage point located on its un-
derside. The crossbeam is movable along its supports, and the element carrying the anchorage point is also movable
along the crossbeam itself. In this way, the anchorage point can be positioned at any location within the base area of
the test stand, which is of great importance for testing different types of personal fall protection equipment. It should
be noted that the test stand is designed to be anchored to the floor at four points, as well as anchored to a fixed wall
at the rear side. The appearance of the designed supporting structure of the test stand is shown in Fig. 1.

Figure 1: Designed supporting struc-  Figure 2: FEM model (65873 nodes,  Figure 3: Loads and boundary condi-
ture of test stand 10682 finite elements) tions in model

In order to verify compliance with the requirements of the EN 364 standard, a structural analysis of the supporting
structure of the test stand was performed using the finite element method (FEM). By spatial discretization of the sup-
porting structure, a discretized model was created consisting of 65873 nodes and 10682 finite elements (Fig. 2).
Boundary conditions in the FEM model were defined in accordance with the actual anchoring method of the test
stand: the floor contact surface was modeled as fixed, the two rear wall anchor points prevented displacements nor-
mal and transverse to the wall while allowing vertical displacement, and all welded joints were treated as rigid con-
nections.

Time: 15

A/

= _Jy /
NN

A

\
B

Figure 4: Total deformations of test Figure 5: Equivalent stress of test Figure 6: Safety factor of test stand
stand supporting structure stand supporting structure supporting structure
The stress-strain analysis was performed for the critical loading case, where a force of 20 kN acts at the midpoint of
the span of the load-bearing crossbeam, while the crossbeam is positioned at the center of the device (Fig. 3). The
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obtained FEM results for total deformations, stress distribution, and safety factor of the supporting structure of the
test stand are presented in Figs. 4-6. For the specified critical loading case, the total deformation at the anchorage
point is 0.9 mm in vertical direction, while the equivalent stresses in the supporting structure of the test stand are
significantly lower than the allowable stresses; consequently, the safety factor is significantly greater than 1.

Subsequently, a modal analysis was performed to determine the natural frequencies of the first 30 vibration modes
of the supporting structure of the test stand. The results of the analysis showed that there are no natural frequencies
below 100 Hz for which the anchorage point exhibits dominant oscillations in the vertical direction. The part of the

results of the modal analysis are presented in the following figs 7-21.
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4. REALIZED TEST STAND

The designed test stand was manufactured in accordance with the developed technical documentation. During fab-
rication, particular attention was paid to achieving a high structural quality of the test stand, including geometric
accuracy, connection details, anchoring to the ground and wall, quality of welded joints, corrosion protection, etc.
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Figure 22: Manufactured test stand in operational condition
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The test stand is configured to enable safe and controlled execution of standardized tests of personal fall protection
equipment. It is equipped with a lifting device for handling test masses and tested equipment, as well as all other
necessary auxiliary equipment required for proper test preparation and execution. The geometry and layout of the
structure ensure sufficient clearance for test masses and torso dummies, while the adjustable anchorage point allows
adaptation to different test configurations. The manufactured test stand in its operational condition is shown in Fig.
22.

5. CONCLUSION

The design, structural analysis, and realization of the test stand for personal fall protection equipment have been
successfully completed. The stand provides a safe, stable, and flexible platform for conducting both static and dy-
namic tests in full compliance with EN 364. Particular attention during fabrication ensured high structural quality,
including geometric accuracy, connection details, anchoring, weld integrity, and corrosion protection. The inclusion
of a lifting device and all necessary auxiliary equipment enables safe handling of test masses and tested components.

The realized test stand allows reproducible and controlled testing of various fall protection systems, including har-
nesses, lanyards, energy absorbers, anchor lines, fall-arresters, and anchor devices. By providing reliable and con-
sistent testing conditions, it facilitates the verification of personal protective equipment performance and contributes
to enhanced occupational safety.
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ABSTRACT

The application of solar photovoltaic systems has experienced significant growth in recent years, resulting in an in-
creasing number of workers involved in the design, installation, operation, and maintenance of solar power plants.
Although solar technology is generally considered relatively safe during operation, certain stages of its life cycle in-
volve specific occupational health and safety (OHS) risks. This paper aims to present and systematize the key risks and
protective measures in the field of solar energy through a review of scientific literature, technical reports, and relevant
standards. The research methodology is based on the qualitative analysis and classification of hazards identified dur-
ing different phases of solar power plant operation. The results indicate that the most common risks are associated
with working at heights, exposure to direct current electrical hazards, and the influence of climatic and organizational
factors. Particular emphasis is placed on the implementation of safe work procedures, the use of appropriate personal
protective equipment, continuous worker training, and the introduction of safety management systems in accord-
ance with international standards. It is concluded that effective OHS risk management requires an integrated ap-
proach combining technical, organizational, and educational measures aimed at reducing workplace injuries and im-
proving safety in the solar industry.

KEYWORDS
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1. INTRODUCTION

Photovoltaic systems today represent one of the fastest-growing sources of renewable energy worldwide and play a
significant role in the global energy transition. Continuous technological progress, declining costs of solar module
production, and the increasing need to reduce greenhouse gas emissions have contributed to the intensive develop-
ment and widespread application of solar technologies in industry, public infrastructure, and households. Owing to
their ability to generate electricity without the direct combustion of fossil fuels, photovoltaic systems are widely re-
garded as one of the key solutions for achieving sustainable energy development and mitigating the environmental
impact of the energy sector [4-6].

However, despite the numerous advantages of solar energy, recent studies indicate that the application of photovol-
taic systems is not entirely risk-free. Risks associated with these systems cover a broad range of technical, health,
environmental, and social aspects that arise throughout the entire life cycle of the equipment—from manufacturing
and transportation, through installation and operation, to maintenance, recycling, and final disposal of panels [4-6].
Particular attention is given to electrical hazards, the potential for fire incidents, working at heights during installation
and maintenance, as well as possible exposure to hazardous chemical substances present in certain components of
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solar modules. In addition, the growing number of decommissioned and damaged panels raises concerns regarding
adequate waste management and the development of efficient recycling systems, representing a significant chal-
lenge for the long-term sustainability of the solar industry [11, 12].

In addition to technical and environmental aspects, increasing importance is also attributed to social factors related
to working conditions, production organization, and global supply chains. Contemporary safety approaches empha-
size that the sustainability of photovoltaic systems cannot be assessed solely through energy efficiency or emission
reduction, but must also consider their impact on worker health, the quality of working conditions, and the broader
social environment [7, 101.

Previous research has mostly focused on individual aspects of safety and sustainability, with the majority of studies
analyzing technical failures, electrical hazards, or environmental impacts separately. A significantly smaller number
of studies have attempted to integrate multiple risk dimensions into a unified analytical framework to understand
their interrelationships [8, 13]. Therefore, this paper aims to systematize existing knowledge through a comprehen-
sive literature review and present the development of risk understanding in photovoltaic systems—from earlier stud-
ies focused on isolated technical issues to contemporary integrated approaches that link technical, health, environ-
mental, and social aspects of risk management.

2. DEVELOPMENT OF RESEARCH THROUGH THE LITERATURE
2.1. Initial Research on Environmental Risks (2000-2014)

One of the earliest studies highlighting potential negative impacts of photovoltaic systems was the work of Fthenakis
and Moskowitz [4] in 2000, which emphasized that the production of solar cells may involve hazardous materials such
as cadmium, lead, and various industrial gases. The authors demonstrated that environmental impacts should not be
considered only during system operation, but across the entire life cycle of the equipment.

Later, Bakhiyi et al. [5] in 2014 expanded this perspective by analyzing the impact of the photovoltaic industry on
worker health. Their study highlighted the significance of chemical exposure during manufacturing processes, as well
as the need for stricter industrial safety procedures.

2.2. Focus on Installation Safety (2017-2021)

White and Doherty [1] pointed out that photovoltaic systems present a specific challenge for electrical safety, as the
modules remain energized even when the system is formally switched off. They identified the most significant risks
as:

— electric shock,

— electrical arc (Fig. 1),

— fire caused by DC installations.

Figure 1: Arc Fault in a Solar Power System

Duroha and Macht [2] in 2023 further analyzed the risks during the installation and maintenance of solar systems.
Their results showed that working at heights, manual handling of panels, and heat stress are common causes of oc-
cupational injuries in practice. Costa Lima et al. [3] demonstrated that system safety largely depends on the design
itself, particularly on the layout of DC wiring and rapid shutdown systems.
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2.3. Expansion to Social and Organizational Aspects (2022-2024)

Bonilla-Alicea and Fu [10] in 2022 expanded the research focus from purely technical issues to the social aspects of
photovoltaic system implementation. Their analysis indicated that the sustainability of photovoltaic systems also in-
cludes issues such as:

— working conditions,
— resource availability,
— regional inequalities

Adekanmbi et al. [6] in 2024 demonstrated that risks associated with photovoltaic systems exist across all phases of
the life cycle, from manufacturing to recycling. They particularly emphasized the issue of the growing volume of solar
panel waste. At the same time, contemporary HSE approaches [9] highlight the need to integrate health protection,
environmental protection, ergonomic principles (Fig. 2), and organizational safety into a unified risk management
system.

Figure 2: Example of Work Activities During Photovoltaic System Installation

2.4. Contemporary Trends (2025-2026)

Recent research further shifts the focus from individual hazards toward integrated risk management. Shafira and Ab-
adi [8] in 2025 developed an HSEE approach in which technical and human factors are considered jointly. Studies on
waste management [11, 12] emphasize that solar panel recycling is becoming one of the key sustainability issues in
the solar industry. Contemporary works [13, 15] highlight the importance of:

— digital monitoring of components,
—  supply chain transparency,
—  predictive maintenance.

Zafar et al. [7] show that social risks are increasingly becoming as important as technical factors. The regulatory frame-
work [14] further confirms the need for systematic management of waste and hazardous materials.
3. METHODOLOGY

A systematic literature review method was applied in this study, combined with a semi-quantitative risk assessment
approach. The literature was collected from relevant scientific databases and analyzed to identify key risks associated
with photovoltaic systems.

3.1. Risk Assessment Method

For the assessment of identified risks, a semi-quantitative likelihood—-severity matrix method was applied (Likelihood
Severity Matrix). The overall risk level was determined as the product of these two parameters:

R=PxS (1)
where R is the risk level, P is the probability of occurrence, and S is the severity of the consequence.
3.2. Assessment Criteria

The parameter values were determined based on:
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— frequency of occurrence in the literature
— severity of consequences
— the system life cycle phase

3.3. Determination of probability and consequence parameters

The values of the probability of risk occurrence (P) and severity of consequence (S) were determined based on a com-
parative analysis of findings from available literature. When assigning numerical values, the following were taken into
account:

— the frequency of occurrence of a particular risk in the analyzed studies,
— the severity of consequences described in the literature,

— the phase of the life cycle in which the risk occurs,

— the number of authors who identify the same risk as significant.

The probability was estimated based on the relative frequency of risk occurrence in published studies, while the se-
verity of the consequence was determined according to its potential impact on:

— human health,

— system safety,

— the environment,

— organizational sustainability.

In this way, a semi-quantitative assessment was obtained, enabling the comparison of different risk categories within
a unified model.

4. CONCEPTUAL FRAMEWORK FOR RISK ASSESSMENT

To systematize the identified hazards, a conceptual framework for the integrated risk assessment of photovoltaic sys-
tems was developed, as shown in Figure 3. The proposed model is based on the system life cycle as the fundamental
analytical unit and links technical, health-environmental, and social dimensions of risk into a unified assessment ap-
proach. In this way, it is possible to consider the interrelationship of different factors that determine the overall level
of safety and sustainability of photovoltaic installations.

PV LIFE CYCLE SYSTEM
(Cradle = Operation = End)

L

HEALTH &
TECHNICAL RISKS ENVIRONMENTAL RISKS SOCIALREERS
- ELECTRICSHOCK “TOXIC METALS I;ﬁiggséa:im
- ARCH FLASH “EMISSIONS Uppich
« MECHANICALRISKS VWASTE IMPACT LEe
“CHEMICAL EXPOSURE

} !
INTEGRATED RISK ASSESSMENT MODEL
(Safety-by-design + Life Cycle View )

Figure 3: Conceptual framework for integrated risk assessment of photovoltaic systems

The presented model illustrates the interrelationship between technical, health-environmental, and social risks
throughout the entire life cycle of a photovoltaic system. The model shows that individual risks do not act in isolation,
but rather their interaction determines the overall level of system safety and sustainability.

The proposed conceptual framework shows that risk assessment in photovoltaic systems cannot be based solely on
technical parameters. An electrical failure can simultaneously cause worker injury, environmental damage, and eco-
nomic consequences, while inadequate working conditions can increase the likelihood of technical incidents. For this
reason, it is necessary to apply an integrated risk management approach that covers all phases of the system life cycle.
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5. RISKASSESSMENT OF PHOTOVOLTAGE SYSTEMS

Based on the conceptual framework presented in Figure 3, a semi-quantitative assessment of the most significant
risks in photovoltaic systems was performed. The assessment was carried out using a risk matrix based on the proba-
bility of an adverse event occurring and the severity of its consequences. This approach enables systematic risk rank-
ing and the identification of areas where priority implementation of control measures is necessary.

Table 1: Semi-quantitative risk assessment of photovoltaic systems

Identified risk Risk category Probability (P) | Consequence (S) R(i;t;ilsl;e I:i:; I:ieoar:z)::sf
Electric shock Technical 3 3 9 Critical Immediate
Electric arc Technical 2 3 6 High High
Fall from height Operational 3 3 9 Critical Immediate
Heat stress Health-related 2 2 4 Medium Planned
Chemical exposure HeaI:;ir;;/liron— 2 3 6 High High
Waste panels Environmental 2 3 6 High High
wor:(?r?gigi?itifions Social 2 2 4 Medium Planned

The values of probability and consequence were determined using a three-level scale, where the value 1 indicates a
low level, the value 2 a medium level, and the value 3 a high level of the assessed parameter. The total risk value was
obtained as the product of probability and consequence, where a higher value indicates a higher priority for the im-
plementation of preventive measures.

The results presented in Table 1 show that the highest level of risk in photovoltaic systems is represented by electric
shock and working at height, which are classified as critical risks due to their high likelihood of occurrence and severe
consequences for worker safety [1, 2]. The group of high risks includes electric arc, chemical exposure, and waste
panel management, as these can cause long-term negative impacts on human health and the environment [4, 11,
12]. Social factors and heat stress are assessed as medium risks; however, their long-term neglect may indirectly in-
crease the overall level of system safety vulnerability [7, 10].

6. DISCUSSION

The analysis of the available literature shows that risks in photovoltaic systems cannot be adequately assessed if they
are considered in isolation, as there is a pronounced interdependence between technical, health, environmental, and
organizational factors. Technical failures, such as electric arcs, installation damage, or component overheating, can
have direct consequences for worker safety through an increased risk of electric shock, fire, or injuries during system
maintenance. At the same time, such incidents can also lead to indirect consequences, including system downtime,
economic losses, infrastructure damage, and negative environmental impacts due to the release of hazardous sub-
stances or the generation of hazardous waste.

Particularly important is the fact that modern safety management approaches highlight the need for integrating dif-
ferent disciplines in the risk assessment process. Traditional models, which were predominantly focused on the tech-
nical reliability of systems, are no longer sufficient for understanding the complexity of modern photovoltaic instal-
lations. For this reason, integrated approaches that combine engineering design, occupational health protection, en-
vironmental management, and organizational safety procedures are increasingly being applied. Such models enable
the timely identification of potential hazards and the development of more effective preventive measures through-
out all phases of the system life cycle.

In addition to technical and environmental aspects, social factors are also becoming increasingly important in influ-
encing the overall sustainability of the solar industry. Working conditions during the production, installation, and
maintenance of photovoltaic systems directly affect employee safety levels and system reliability during operation.
Inadequate worker training, lack of protective equipment, poor work organization, or insufficiently developed regu-
latory mechanisms can increase the likelihood of incidents and reduce the effectiveness of protective measures. Fur-
thermore, global supply chains and the growing production of solar equipment raise additional issues related to eth-
ical manufacturing, sustainable resource management, and the long-term social responsibility of companies operat-
ing in the renewable energy sector.

The obtained results confirm that the sustainability of photovoltaic systems should not be viewed solely through
energy efficiency and the reduction of greenhouse gas emissions, but also through the system’s ability to simultane-
ously ensure technical reliability, worker safety, environmental protection, and socially responsible management
throughout the entire life cycle.
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7. CONCLUSION

Photovoltaic systems represent an important element of the modern energy transition and play a key role in reducing
dependence on fossil fuels and achieving sustainable development goals. However, the results of the analyzed liter-
ature show that their widespread application simultaneously involves a complex set of interrelated technical, health,
environmental, and social risks that arise throughout the entire life cycle of the system. Therefore, the safety and
sustainability of photovoltaic systems cannot be viewed solely through energy efficiency or the reduction of green-
house gas emissions, but require an integrated risk management approach. This paper developed a conceptual
model for integrated risk assessment that links different categories of hazards across the stages of production, instal-
lation, operation, maintenance, and decommissioning of photovoltaic systems.

A particular contribution of this paper lies in integrating multiple risk assessment approaches into a unified analytical
framework that enables a more comprehensive understanding of the interrelationships among technical, organiza-
tional, and environmental aspects of photovoltaic systems. Such an approach can serve as a basis for developing
more effective safety management strategies, improving regulatory procedures, and implementing more sustainable
technologies in the renewable energy sector.
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