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Abstract

The paper presents a comprehensive evaluation of ultraviolet (UV) disinfection systems by integrating
maintenance, spectral, and operational coefficients into a unified analytical model. The study addresses the
progressive decline in UV radiation efficiency caused by lamp aging, surface contamination, and changes in the
reflective properties of operating environments. The proposed methodology extends the classical Maintenance
Factor (MF) model defined in CIE standards by incorporating additional coefficients that account for spectral
effectiveness (SEF), temperature influence (TCF), ballast performance (BF), irradiation geometry (UF), and dose
compliance (DCF). Experimental data obtained for various UV systems (TUV15WG13, HNS15G13, TUV36WG13,
ZW20D15Y, ZW20D15W) demonstrated that overall system efficiency decreases to 27-36 % of the initial level after
6,000 operating hours. The dominant loss factors were identified as UF (17-38 %), RFMF (20-35 %), and LMF (18-
28 %), while RSMF, TCF, and BF contributed minor yet consistent effects. The developed integrated approach
provides a more accurate prediction of degradation processes, allowing preventive maintenance scheduling,
optimization of energy consumption, and stable disinfection efficiency throughout the service life of UV systems.
Keywords: ultraviolet disinfection; photobiological systems; maintenance factor; spectral efficiency; ballast factor; utilization
coefficient; degradation modeling.

KOMIIVIEKCHE OIIIHIOBAHHA CUCTEM YJIbTPA®IOJIETOBOI'O 3HE3APAYKEHHA 3
YPAXYBAHHAM KOE®ILHIEHTIB TEXHIYHOT'O OBC/IYTOBYBAHHA, CIIEKTPAJIbHUX
TA EKCIVIYATALIMHUX IAPAMETPIB
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AHoTalis
Y crarTi nmpejcTraB/ieHO KOMILJIEKCHE OIiHIOBaHHS cHCTeM yJbTpadioseroBoro (Y®) 3He3apakeHHsS HILISIXOM
iHTerpyBaHHs KoedilieHTIB TeXHiYHOro 0GC/JIYroByBaHHs, CHEKTPaJbHUX Ta eKCIUIyaTaliHHUX KoeQillieHTIB y
€AUHY aHAJIITUYHY MOJeJib. Jocaig)KeHHA PO3raaJa€ NOCTynoBe 3HMKeHHs epeKTUBHOCTI YP-BUNIpOMiHIOBaHHS,
cIpyuyYMHeHe CTapiHHAM JaMIl, 3a6pyAHeHHsAM IOBEPXOHb i 3MiHaMM BiJGMBHHUX BJIAaCTHBOCTEHl pPo060YOro
cepeAoBHINA. 3aIPONOHOBaHA METOAUKA PO3LIMPIOE KJAAaCHYHY MOAeb KoeillieHTa TeXHiYHOr0 06C/IyrOBYBaHHA
(MF), Bu3HauyeHy B craHjgapTax CIE, m1AXoM BK/IIOYEeHHS A0AATKOBHX Koedili€HTIiB, 10 BPaxXOBYIOTb CIEKTPA/IbHY
epextuBHicth (SEF), BB Temneparypu (TCF), po6oty 6anacry (BF), reomerpiio ompomiHenHsa (UF) Ta
BignoBigHicTh f03i 3He3apakeHHA (DCF). EkcnepuMmeHTanbHi AaHi, oTpuMaHi A pisHux Y®-cucrem (TUV15WG13,
HNS15G13, TUV36WG13,ZW20D15Y, ZW20D15W), noka3asuy, 10 3arajibHa e(peKTUBHICTb CCTEMH 3HIKYEThCA A0
27-36 % Bia moyaTkoBoro piBHA nicaa 6000 rog po6oTu. BusHavyeHo, o JoMiHyBaJabHUMH pakTopamu BTpat € UF
(17-38 %), RFMF (20-35 %) Ta LMF (18-28 %), Toai ax RSMF, TCF i BF maloTh He3Ha4yHU, a/ie cTaGi/IbHUH BIJIMB.
Po3po6/ieHnil iHTerpoBaHMi mijxiA 3a6e3nedye TOYHille MPOrHO3yBaHHS NpOLECIiB Aerpajauii, mo Ja€e 3Mory
IJIaHyBaTU NpodilaKTUYHe O0GCJYroByBaHHA, ONTHMi3yBaTH €HEpProcloXKMBaHHA TAa MiATPUMYBaTH CTaGi/bHY
e(eKTHUBHICTb 3He3apa)keHHs NPOTATOM YCbOT0 CTPOKY CJIyk6HU Y P-cucreMm.
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Introduction

The problem of effective air and surface
disinfection using ultraviolet (UV) radiation has
been actively studied over the past decades. UV
rays in the wavelength range of 200-280 nm
demonstrate a high ability to inactivate bacteria
and viruses transmitted by airborne droplets [1-
3]. Particular attention of researchers is focused
on the effect of UV-C radiation on the SARS-CoV-2
virus, where rapid destruction of genetic material
and high disinfection efficiency have been
confirmed [2; 4].

Ultraviolet radiation is one of the key physical
factors ensuring  the inactivation of
microorganisms, including pathogens hazardous
to humans [1; 4]. Due to the high photochemical
activity of nucleic acids, even short-term
exposure to UV-C radiation leads to the
destruction of DNA and RNA structures [5; 6],
which makes this technology extremely effective.
Therefore, modern photobiological electrical
systems are widely used in medical institutions,
public buildings, and the food industry for air [7-
10] and surface [4; 7], and water treatment [11;
12], as well as in biological and agricultural
technologies, including pre-sowing seed
treatment [13].

The main component of photobiological
electrical systems [8;9] is the UV radiation
source, most commonly low-pressure mercury
discharge lamps or ultraviolet light-emitting
diodes (UV-LEDs) [5; 14; 15]. The efficiency of
such systems is determined by radiation intensity
[11], spectral composition, exposure duration,
and operational stability [16-18]. It is known that
over time, lamp output gradually decreases
because of lamp aging, electrode degradation,
bulb blackening, changes in gas composition, and
deterioration of optical materials [18-21]. In
addition, dust and dirt accumulation on lamps,
reflectors, protective surfaces, and treatment
chambers significantly reduces the useful
irradiance reaching the target object [22; 23].
Without regular maintenance, irradiance may
drop below the level required for effective
microorganism inactivation.

Another important aspect is the spectral and
photobiological assessment of radiation sources.
Since germicidal effectiveness depends not only
on the total emitted power but also on the
wavelength distribution, the spectral
effectiveness of UV sources should be considered
together with photobiological safety
requirements [12; 16; 24]. In practical systems,
ballast  characteristics, thermal operating

conditions, enclosure protection, and optical
design may also influence the final disinfection
performance [17;21;25]. Furthermore, the
reflective properties of surrounding surfaces
affect radiation redistribution in rooms and
irradiation chambers, which may contribute both
to improved dose formation and to additional
losses under polluted operating conditions [23;
26].

For the quantitative evaluation of optical
system efficiency, a set of coefficients is
commonly used. Traditionally, the performance
of such systems 1is assessed using the
Maintenance Factor (MF), which accounts for the
Radiant Flux Maintenance Factor (RFMF), Lamp
Survival Factor (LSF), Luminaire Maintenance
Factor (LMF), and Room Surface Maintenance
Factor (RSMF) [22; 23]. This approach is well
established in CIE recommendations for electric
lighting systems [22; 23], but in UV disinfection
practice it does not fully reflect the influence of
spectral effectiveness, temperature conditions,
ballast operation, irradiation geometry, and
compliance with the required germicidal dose.

Considering these parameters and their
respective coefficients by analogy with optical

lighting systems allows a more accurate
prediction of UV system performance under real
operating conditions, optimization of

maintenance schedules, reduction of energy
consumption, and improvement of long-term
disinfection reliability [20; 21; 25; 26]. Therefore,
the development of an integrated approach to
evaluating the efficiency of photobiological
systems remains a relevant and important task.
The aim of this study is to develop and
experimentally validate a  comprehensive
analytical model for ultraviolet disinfection
systems that combines maintenance, spectral,
and operational coefficients in order to predict
degradation processes and support stable
disinfection efficiency throughout the service life
of UV systems.

Materials and Methods

The study investigated the key factors
determining the efficiency of electrotechnical UV
systems, with particular emphasis on systems
designed for air disinfection and surface
treatment.

To evaluate the performance of UV
technologies, international regulatory documents
and technical recommendations were applied,
including LED modules for general lighting -
Performance requirements (IEC/PAS 62717:2011)
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[15], Photobiological safety of lamps and lamp
systems (EN IEC 62471-7:2023) [16], Guide on the
Maintenance of Indoor Electric Lighting Systems
(CIE 97:2005) [22], The Maintenance of Outdoor
Lighting Systems (CIE 154:2003) [23], and
Degrees of protection provided by enclosures (IP
Code) (EN IEC 60529) [25].

The proposed methodology for calculating the
Maintenance Factor (MF) makes it possible to
determine the overall operational efficiency of
the system depending on its service life and the
changing technical condition of the equipment. In
addition to the classical CIE-based maintenance
coefficients, the analytical framework considers
spectral  effectiveness, ballast  operation,
utilization geometry, temperature influence, and
compliance with the required disinfection dose.

Statistical analysis was carried out to ensure
the reliability and reproducibility of the obtained
experimental data. For each UV system, the
average values, standard deviations (SD), and
coefficients of variation (CV) were calculated
based on at least three repeated measurements.
The correlation between the main coefficients
(RFMF, LSF, LMF, RSMF, and UF) was analyzed
using Pearson’s correlation method, while the
differences between systems with different
pollution categories were evaluated using one-
way ANOVA. The significance level was set at p <
0.05. Data processing and curve fitting were
performed using Microsoft Excel 2021 and
OriginPro 2023 software.

Research Results

The efficiency of ultraviolet (UV) disinfection
systems is determined by a combination of
factors that gradually reduce radiation intensity
during the operational period. These factors are
accounted for through a system of correction
coefficients that reflect the actual technical
condition of the equipment. The main coefficients
are described below.

Radiant Flux Maintenance Factor (RFMF)
characterizes the portion of the initial radiant
flux retained by the lamp after a certain operating
time. The decrease in RFMF is caused by
physicochemical aging of materials (blackening of
the bulb, electrode degradation, and changes in
the gas composition inside the lamp). For low-
pressure mercury lamps, a noticeable reduction
in flux occurs after 1-2 thousand hours of
operation, which becomes more pronounced with
higher lamp power. A decrease in RFMF directly
leads to a reduction in irradiation intensity and,
consequently, disinfection efficiency.

Lamp Survival Factor (LSF) indicates the
probability that a lamp remains functional after a
specific operating period. Its value depends on
the switching frequency, cooling conditions, and
the quality of ballast equipment. For example, for
Philips TUV15WG13 lamps, the LSF decreases
from 0.99 (after 1,000 hours) to 0.94 (after
6,000 hours). Even if the lamp continues to emit
light, a low LSF value indicates a reduction in the
number of active sources within the system,
which directly affects the irradiation level.

Luminaire = Maintenance  Factor (LMF)
accounts for the impact of contamination on
luminaire elements (bulbs, reflectors, protective
grids, irradiation chambers) on the output flux.
The most significant losses are observed in
humid or dusty environments, where the LMF
value may decrease from 0.53 (after 1 year) to
0.29 (after 6 years). Regular cleaning of optical
surfaces can increase system efficiency by 20-
30 %.

Room Surface Maintenance Factor (RSMF)
describes the change in reflectance properties of
walls, ceilings, and room structures. In clean
rooms, RSMF decreases from 0.97 to 0.67 over six
years; in typical industrial environments—from
0.95 to 0.64; and under high pollution levels - to
0.61 over the same period. Underestimating this
factor can lead to efficiency losses, since up to
20 % of UV radiation in large rooms results from
reflected light.

Total Maintenance Factor (MF) - the overall
efficiency of a UV system -is determined as the
product of all the above - mentioned coefficients:

MF = RFMF X LSF X LMF X RSMF

For example, if RFMF=0.8, LSF=0.9, LMF=0.7,
and RSMF=0.8, then MF=0.40, which means that
the system operates at only 40 % of its initial
efficiency.

Experimental data (Table 1) show that after
4,000 hours of operation, the system efficiency
decreases by almost half, and after 6,000 hours -
to a critical level of 27 %.

The analysis of the RFMF, LSF, LMF, and RSMF
indicators demonstrates that the use of these
coefficients provides an objective and sufficiently
accurate picture of the operational efficiency of
UV systems. The total Maintenance Factor (MF),
which represents the product of these
coefficients, reflects the actual condition of the
system and allows prediction of the point at
which further operation becomes ineffective.
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Table

Maintenance factor for different UV systems (MF)

Operating time, thousand hours

Application of UV system Lamp model  Pollution level
1.0 2.0 4.0 5.0 6.0
Air purification in recirculating systems TUVISWG13 Medium 248 20 145 122 089
HNS15G13 Medium 243 1.87 133 1.01 0.76
Air disinfection TUV36WG13 High 6.83 5.09 361 293 220
Decontamination of activated carbon filters ZW20D15Y High 269 199 139 111 0.74
Pre-sowing treatment of agricultural seeds = ZW20D15W High 2.74 204 139 1.09 0.77

Table presents the calculated values of the
Maintenance Factor (MF) for five different
ultraviolet (UV) disinfection systems under
varying operating conditions. It should be noted
that the MF values shown in the table are not
classical dimensionless coefficients ranging from
0 to 1, as used in CIE lighting standards. In this
study, MF represents a normalized integral
efficiency index that combines the effects of lamp
aging (RFMF), lamp survival (LSF), optical surface
contamination (LMF), and room reflectance
degradation (RSMF). All values are normalized
per 1,000 hours of operation, which allows
comparing systems with different lamp types,
geometries, and pollution categories.

Higher MF values at the beginning of
operation (e.g., 2.48-6.83 at 1,000 hours) indicate
high initial system performance under specific
environmental conditions. As operating time
increases, MF decreases significantly (down to
0.74-0.89 after 6,000 hours), illustrating the
expected degradation of UV systems. The rate of
decline differs between systems due to variations
in lamp power, reflector contamination rate,
irradiation chamber design, and operating
environment.

Thus, Table 1 quantitatively demonstrates the
cumulative loss of operational efficiency over
time and provides the basis for extending the
traditional MF model with additional coefficients
(SEF, TCF, BF, UF, DCF) to improve predictive
accuracy and maintenance planning.

At the same time, the research results indicate
that the existing system of coefficients requires
refinement, since the efficiency of UV systems is
also influenced by additional factors that have
not yet been considered.

To improve the accuracy of predicting the
performance of photobiological systems, it is
advisable to include additional coefficients that
reflect  the physical  and operational
characteristics of the radiation:

Spectral Effectiveness Factor (SEF) accounts
for the dependence of UV radiation efficiency on
wavelength. The maximum germicidal
effectiveness is observed near 254 nm; therefore,

deviations from this value (for example, in LED or
medium-pressure lamps) reduce the disinfection
efficiency. The SEF coefficient represents the
ratio between the actual and optimal spectral
distributions of the emitted radiation.

Temperature  Correction Factor (TCF)
describes the influence of ambient temperature
on radiation power. For low-pressure mercury
lamps, the radiation intensity may decrease by
10-15% when the temperature deviates by
+10°C from the nominal value (25 °C).
Considering TCF makes it possible to evaluate
radiation power with regard to temperature
fluctuations.

Ballast Factor (BF) reflects the stability of
current and voltage in the lamp circuit. Unstable
operation of the ballast can cause current
fluctuations, which accelerate lamp degradation
and reduce their service life.

Utilization Factor (UF) defines the fraction of
emitted radiation that effectively reaches the
irradiated object. Its value depends on the
geometry of the irradiation chamber, lamp
arrangement, reflector design, and materials
used. Optimization of these parameters can
increase the UF by up to 30 %.

Dose Compliance Factor (DCF) indicates the
ratio between the actual received UV dose and
the standard dose required for effective
microorganism inactivation. A DCF=1 represents
full compliance, whereas DCF<1 indicates
insufficient exposure, requiring adjustment of the
system'’s operating parameters.

Taking into account the additional coefficients
(Figure), the general expression for determining
the integral efficiency of photobiological systems
can be written as follows:

MF,ptq1 = REMF X LSF X LMF X RSMF x SEF
X TCF X BF X UF X DCF

This approach enables a more accurate
prediction of degradation processes in UV
systems, allows timely planning of preventive
maintenance, optimizes energy consumption, and
ensures stable disinfection efficiency under
various operating conditions.
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Factors Influencing the Efficiency of Photobiological UV
Systems
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Figure. Factors influencing the efficiency of photobiological UV systems

The diagram illustrates the interrelation
between the main coefficients that determine the

integral efficiency of ultraviolet disinfection
systems: RFMF (Radiant Flux Maintenance
Factor), LSF (Lamp Survival Factor), LMF

(Luminaire Maintenance Factor), RSMF (Room
Surface Maintenance Factor), SEF (Spectral
Effectiveness  Factor), TCF (Temperature
Correction Factor), BF (Ballast Factor), UF
(Utilization Factor), and DCF (Dose Compliance
Factor).

Based on the obtained results, an analysis of
the integral efficiency of the UV system was
carried out. Using the data from Table 1,
additional coefficients - SEF, TCF, BF, UF, and
RSMF - were calculated, and their relative
contribution to the overall Maintenance Factor
(MF) was determined. All calculations were
normalized to 1,000 hours of operation.

According to the analysis, after 6,000 hours of
operation, the efficiency of UV systems is most
affected by the geometrical parameters and
cleanliness of optical surfaces (UF = 17-38 %,
LMF = 18-28 %) and lamp aging (RFMF = 20-
35%). The contribution of room surface
reflectance (RSMF) accounts for 5-10 %, while
spectral effectiveness  (SEF), temperature
conditions (TCF), and ballast parameters (BF)
together constitute about 10 % of total efficiency
losses.

The summarized results are as follows:
for air recirculation systems
(TUV15WG13, HNS15G13), the main losses are

due to lamp aging and reduced utilization factor
(UF);

- for open disinfection systems
(TUV36WG13), the dominant losses are
geometric (UF = 36%) and reflector

contamination (LMF);

for systems with sorption materials
(ZW20D15Y), there is a balanced influence of UF
% 28 %, LMF = 27 %, and RFMF = 23 %;

For seed pre-treatment chambers
(ZW20D15W), the geometry (UF 22 %)
improves efficiency, though the primary losses
arise from lamp aging (RFMF) and contamination
(LMF).

The obtained results confirm that the main
strategies for improving the efficiency of
photobiological systems include:
optimizing the geometry of irradiation
chambers and reflector design (UF);
performing regular cleaning of optical
components (LMF);
ensuring timely lamp replacement and
monitoring switching cycles (RFMF, LSF);
maintaining a stable ambient temperature

~
=~

(TCF);
- using reliable ballast devices (BF).
Considering these factors in the calculation of

the integral efficiency coefficient allows for more

accurate assessment of degradation processes,
timely planning of preventive maintenance, and
reduction of energy losses in disinfection

systems.



264

Journal of Chemistry and Technologies, 2026, 34(1), 259-265

Statistical Analysis

Statistical processing of experimental data
was performed to evaluate the variability and
reliability of UV system efficiency under different
operational conditions. The mean values,
standard deviations (SD), and -coefficients of
variation (CV) were calculated for each group of
measurements corresponding to operating times
of 1,000-6,000 hours.

The results indicate that the relative deviation
of the maintenance factor (MF) values within the
sample does not exceed +7.5 %, confirming the
high repeatability of the measurements. The
correlation analysis between the radiant flux
maintenance factor (RFMF) and the utilization
factor (UF) showed a strong positive relationship
(r=0.86, p < 0.05), indicating that deterioration
of lamp emission directly reduces the usable
irradiance reaching the treated surface.

A one-way ANOVA test demonstrated
statistically significant differences (p <0.01) in
MF between systems with medium and high
pollution categories. The regression model
describing MF as a function of operating time was
best fitted by an exponential decay curve, with an
average determination coefficient of R* = 0.94,
confirming the adequacy of the model.

The obtained statistical results substantiate
the proposed integrated approach and confirm
that degradation trends can be reliably predicted
using the expanded system of coefficients (RFMF,
LSF, LMF, RSMF, SEF, TCF, BF, UF, DCF).

Conclusions
1. A systematic analysis of the efficiency of
photobiological  electrical systems  using

ultraviolet radiation for air, surface, and process
media disinfection has been conducted. It was
established that over time, the irradiance
intensity significantly decreases due to the
physicochemical aging of lamps, contamination of
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