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Resume

The role and effectiveness of the T1 customs procedure in international
transit transportation were examined in this study. It analyzes the legal
framework, operational mechanism, and impact of the T1 procedure on
logistics processes, while comparing its characteristics with the TIR system
within the Common Transit (CT) framework. The findings demonstrate
that the T1 procedure enhances customs control, reduces transit time
and logistics costs, and strengthens risk management. Furthermore,
the implementation of the New Computerised Transit System (NCTS)
improves the transparency, traceability, and operational efficiency of transit
operations, thereby facilitating regional trade integration. However, the
geographical scope of the T1 procedure remains limited to the European
Union (EU) and European Free Trade Association (EFTA) countries,
restricting its wider application in global transit transport.
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1 Introduction

International trade constitutes a fundamental
pillar of the modern global economy, playing a crucial
role in strengthening economic interdependence among
countries. In this context, the efficiency of freight
transportation largely depends on the proper design
and effective implementation of customs procedures.
Transit transportation, defined as the movement of
goods under customs supervision across national
borders, ensures the continuity, predictability, and
stability of international trade flows [1-2]. The ongoing
standardization and digitalization of transit procedures
further enhance logistics performance by reducing
operational costs and shortening delivery times [3-5].
Within this framework, the T1 document represents a
key customs instrument. Operating under the Common
Transit (CT) system, it facilitates the secure and
controlled movement of goods across the European
Union and EFTA territories [4, 6]. The T1 procedure

ensures that goods remain under continuous customs
supervision throughout the entire transit process, while
also providing customs authorities with essential data
for monitoring and control purposes [1-2]. Beyond
its regulatory function, the system significantly
contributes to improving logistical efficiency, reducing
administrative and transportation costs, and increasing
operational flexibility for transport operators [7-8].
When compared to the TIR system, the T1 procedure
is generally regarded as a more regionally efficient
and administratively flexible alternative for transit
operations.

Comparative studies indicate that the Common
Transit system provides advantages in customs
integration, electronic data exchange, and risk
management mechanisms [6, 8]. In this research was
investigated the role of the T1 document in international
transit, focusing on its operational mechanisms and its
impact on logistics performance, cost reduction, and
trade facilitation [9-10].

© 2026 THE AUTHORS
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2 Historical development and legal basis of the
T1 procedure

The TIR system is not considered as a fully
universal mechanism for all the transit operations;
therefore, many carriers and logistics operators have
increasingly searched for alternative transit solutions
[8, 11]. The need for an alternative transit regime within
Europe emerged in 1968 following the adoption of the
Common Customs Tariff in the European Economic
Community (EEC) and the progressive harmonization
of customs legislation among Member States [1, 6].
The establishment of a unified customs framework
and the enlargement of the European integration area
contributed to the signing of the Common Transit
Convention and the Single Administrative Document
Convention in 1987. On this legal basis, the Common
Transit (CT) procedure was officially developed and later
implemented across the European Union and EFTA
(European Free Trade Association) countries, including
Switzerland, Liechtenstein, Norway, and Iceland [1, 6].

In subsequent years, the Common Transit system
expanded significantly and was joined by several
European and neighboring countries, including the
Czech Republic, Slovakia, Hungary, Poland, Bulgaria,
Romania, Turkey, Ukraine, Slovenia, Lithuania, Latvia,
and Estonia [6]. As of 2025, the geographical scope of the
CT system has continued to broaden due to increasing
regional economic integration and trade facilitation
initiatives [4, 6].

The CT procedure is divided into two principal
regimes: external transit and internal transit. External
transit applies to goods entering the European Union
from the third countries and governs their transportation
within or through EU/EFTA territories under customs
supervision. In such cases, the T1 document is issued
for international transit operations [1, 6]. Internal
transit, referred to as the T2 procedure, applies to goods
originating within the EU that are transported between
Member States or through EFTA territories while
maintaining their customs status [1].

Transit operations under the CT procedure are
permitted only when an appropriate financial guarantee
is submitted to the customs office of departure. This
guarantee is provided by the principal responsible for
the transport operation and may take the form of a
cash deposit or a bank guarantee [1]. In the case of
non-compliance with customs regulations, the principal
bears full responsibility for customs duties, taxes, and
other financial liabilities. If goods transported under the
T1 procedure fail to arrive at the designated customs
office, the principal remains liable for all customs
obligations associated with the shipment [1-2].

The main customs document used within the CT
system is the Single Administrative Document (SAD),
which serves as the standard customs declaration form
for import, export, and transit operations across EU/
EFTA territories [1, 6]. The principal or an authorized

customs representative is responsible for declaring the
goods and ensuring their proper delivery to the customs
office of destination. The SAD contains multiple copies
intended for export control, import clearance, transit
monitoring, and statistical purposes [6].

In practical application, the T1 transit declaration
is completed by the principal or customs agent using
specific copies of the SAD form at the customs office
of departure. Separate copies are used for the office of
departure, the office of destination, return confirmation
procedures, and customs statistics [4, 6].

The T1 procedure is widely regarded as an effective
alternative to the TIR Convention guarantee mechanism.
Although both systems pursue similar objectives in
facilitating international transit operations, the primary
distinction lies in their guarantee structures. Under
the TIR system, the guarantee is provided through an
international guaranteeing association coordinated by
the IRU, whereas under the T1 procedure, transport
operators may directly cooperate with customs
representatives or use national guarantee systems
operating within EU/EFTA territories [2, 8].

Compared to the TIR system, the T1 procedure
offers several operational advantages. It does not require
separate international guarantee fees or association
membership contributions, which may reduce
transportation costs and administrative burdens for
carriers [7-8, 12]. In addition, the absence of strict
limitations on the number of unloading or delivery points
per vehicle increases operational flexibility, particularly
for consolidated cargo transportation and multimodal
logistics operations [8].

Overall, the CT/T1 procedure is considered as more
advantageous than the TIR system in several operational
and administrative aspects, particularly within the
European transit environment [8]. Nevertheless, certain
limitations remain. The geographical scope of the T1
procedure is restricted primarily to EU and EFTA
territories, while the transit through third countries may
still require additional guarantees under alternative
systems, such as TIR [1-2]. Furthermore, unlike the
globally recognized TIR mechanism, the CT system
remains predominantly regional in nature and is mainly
limited to the European customs area [6, 11].

3 Literature review

International trade facilitation and customs
transit systems have been extensively analyzed in
the academic literature as key determinants of global
logistics performance and international trade efficiency.
Empirical studies demonstrate that improvements
in customs procedures, logistics infrastructure, and
regulatory harmonization significantly enhance trade
flows while reducing transaction and transportation
costs between countries [9, 13-14].

A substantial body of research highlights the
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important role of international organizations such as the
World Trade Organization (WTO) and the World Customs
Organization (WCO) in establishing global standards
for trade facilitation and customs modernization. In
particular, the WTO Trade Facilitation Agreement
(TFA) and the WCO Revised Kyoto Convention are
widely recognized as foundational legal instruments for
simplifying customs procedures, improving transparency,
and harmonizing border control mechanisms [2, 15].
These international frameworks provide the institutional
basis for development of modern transit systems and
digital customs environments [2].

Within this context, the Logistics Performance
Index (LPI) and related World Bank studies indicate that
countries possessing more efficient customs systems and
advanced logistics infrastructure achieve higher levels of
international competitiveness and trade integration [10,
16-17]. Reports published by the OECD further confirm
that trade facilitation measures contribute directly
to reducing border delays, increasing supply chain
reliability, and improving the efficiency of international
logistics corridors [5, 18].

The Common Transit (CT) system and the T1
procedure represent important regional customs
instruments within the European transit environment.
According to European Commission reports, the
implementation of the New Computerised Transit
System (NCTS) has significantly improved the
transparency, efficiency, and risk management capacity
of transit operations within EU and EFTA territories
[4]. Furthermore, the Union Customs Code established a
harmonized legal framework that strengthened customs
cooperation and standardized transit procedures across
Member States [1].

Comparative studies examining the T1 (CT) and TIR
systems indicate that, while the TIR system provides a
globally recognized guarantee mechanism suitable for
long-distance international transport, the T1 procedure
demonstrates greater operational efficiency within
integrated regional markets such as the European Union
due to its digital infrastructure and harmonized customs
regime [2, 8]. Reports issued by UNECE confirm that
the TIR system remains particularly important for
international transit operations extending beyond the
EU customs territory and involving multiple third
countries [6, 19].

Digitalization has emerged as one of the main
drivers of efficiency in customs transit systems. Research
demonstrates that electronic declarations, automated
customs procedures, real-time data exchange, and
risk-based control mechanisms substantially improve
customs performance while reducing administrative
burdens and transit delays [2, 4, 20]. In this regard,
the implementation of the NCTS is considered a major
institutional innovation within the broader process of
European customs modernization [4].

Regional integration initiatives, such as the Middle
Corridor and Eurasian transport networks, have further

increased the strategic importance of efficient transit
systems. Studies published by the OECD emphasize
that improvements in corridor performance, logistics
infrastructure, and customs coordination are essential
for strengthening trade connectivity between Europe
and Asia [5, 21].

From a theoretical perspective, transport geography
and logistics management studies underline the
importance of inland connectivity, port regionalization,
and supply chain coordination in improving the
international trade efficiency [22-23]. In parallel,
customs modernization has become increasingly
associated with supply chain security, institutional
reforms, and integrated logistics governance [2, 8].

Finally, comparative analyses of international
transit systems suggest that the effectiveness of customs
procedures depends primarily on three interrelated
factors: legal harmonization, digital infrastructure, and
geographical coverage [4, 8, 24]. While the T1/CT
system demonstrates the high operational efficiency
within the EU/EFTA region, the TIR system remains
more appropriate for global-scale transit operations
extending beyond the European customs area [2, 6]. This
dual structure reflects the coexistence of regional and
global transit governance models in the contemporary
international trade and logistics system.

4 Research methodology

In this study was employed a qualitative research
design based on document analysis, comparative
policy analysis, and descriptive statistical analysis
to evaluate the role of the T1 transit procedure in
facilitating international trade and export operations.
Qualitative document analysis is widely recognized as
an appropriate methodological approach for examining
customs regulations, institutional frameworks, and trade
facilitation policies because it enables the systematic
interpretation of official documents, legal instruments,
and policy reports [1, 10]. In logistics and customs
research, this approach is frequently used to evaluate
institutional mechanisms where direct experimental or
survey-based data are unavailable [8].

The study relied exclusively on the secondary
data obtained from internationally recognized
organizations and official government institutions. The
principal sources include publications of the European
Commission, UNECE, OECD, World Bank, the State
Customs Committee of the Republic of Azerbaijan,
and the State Statistical Committee of Azerbaijan.
These sources provide verified information on the
legal framework of the Common Transit (CT) system,
operational characteristics of the T1 procedure, customs
modernization, trade facilitation measures, logistics
performance, and Azerbaijan’s export and transport
statistics [4, 16].

To examine the institutional characteristics of

VOLUME 28

COMMUNICATIONS 4/2026



A86

ALIRZAYEV, KARIMOV

the T1 procedure, in this research was applied the
comparative policy analysis. Comparative analysis
is widely used in transport and logistics studies to
identify similarities and differences between customs
transit systems operating under different legal and
organizational frameworks [8]. In this study, the T1
procedure operating within the Common Transit system
was compared to the TIR system in terms of customs
guarantees, administrative requirements, geographical
coverage, operational flexibility, digitalization,
and logistics efficiency. This comparison allows for
the identification of the operational advantages and
limitations of both transit mechanisms under different
transport conditions.

The empirical component of the study is based on
descriptive statistical analysis. Official statistical data
covering the period 2020-2025 were collected to analyze
the dynamics of Azerbaijan’s exports, the geographical
distribution of exports, the development of non-oil
exports, and the role of road transport in export logistics
[16]. Descriptive statistical techniques, including
trend analysis, percentage analysis, and comparative
assessment, were employed to identify changes in export
structure and transport performance over time.

Furthermore, in the study was conducteds a
comparative cost analysis of the T1 procedure and
the TIR Carnet using official tariff and guarantee
information available through the Common Transit
System and related customs authorities [4, 6]. The
analysis examined how guarantee requirements,
insurance premiums, and administrative costs vary
according to the invoice value of transported goods.
Based on these comparisons, in the study was evaluated
the economic suitability of the T1 procedure for different
cargo value categories and identifies the approximate
threshold at which the TIR system becomes a more cost-
efficient alternative.

It should be noted that the primary data collection
methods, such assurveys, interviews, or field experiments,
were not employed in this research. Therefore, the
findings should be interpreted as an institutional and
comparative assessment based on verified secondary
sources rather than as evidence of direct causal
relationships between the implementation of the T1
procedure and export growth. Instead, the analysis’ aim
was to explain how the institutional characteristics of
the T1 procedure-including customs harmonization,
electronic transit management, and flexible guarantee
mechanisms-may contribute to improving logistics
efficiency and facilitating international trade within the
Common Transit area [1, 4].

The combination of document analysis, comparative
policy analysis, descriptive statistical analysis, and
comparative cost assessment provides a comprehensive
methodological framework for evaluating the
effectiveness of the T1 transit procedure from legal,
institutional, operational, and economic perspectives.
This mixed qualitative-descriptive approach has been

widely adopted in previous studies examining customs
modernization, trade facilitation, and international
logistics performance [1, 8].

4.1 Analysis of the role and effectiveness
of the T1 document in international transit

The efficiency of customs procedures in international
transit transportation is widely recognized as one of
the principal determinants of overall logistics chain
performance and trade competitiveness [9, 13]. Within
this context, the T1 procedure, operating under the
framework of the Common Transit (CT) system, serves
as an important institutional mechanism ensuring the
secure, rapid, and cost-efficient movement of goods
under customs supervision across EU and EFTA
territories [1, 6]. The effectiveness of the T1 document
may be evaluated through several criteria, including
optimization of customs control procedures, reduction
of transit time, management of financial risks, lowering
of administrative costs, and enhancement of operational
flexibility [2, 8]. Empirical and institutional studies
indicate that the T1 procedure demonstrates the high
efficiency among regional transit systems across most of
these dimensions [2, 8].

One of the primary advantages of the T1 procedure
is the standardization and legal harmonization of
customs processes. The unified customs framework
implemented within the European Union and EFTA
countries, strengthens cooperation and mutual
trust among customs authorities while minimizing
redundant inspections during transit operations [1, 6].
This harmonized system facilitates the uninterrupted
movement of goods, reduces delays at border crossing
points, and contributes to the continuity and reliability
of international logistics chains. Furthermore, the
implementation of electronic customs systems and
digital transit declarations significantly increases
procedural transparency and reduces dependence on
manual administrative processes [4, 6].

The positive impact of the T1 procedure is also
evident in terms of transit time reduction and logistics
cost optimization. Electronic data exchange systems,
automated customs processing, and pre-declaration
mechanisms substantially reduce waiting times at
border crossings, thereby decreasing vehicle idle time
and fuel consumption [2, 4]. As a result, transportation
operators benefit from the lower operational expenses
and improved delivery time predictability, which
contributes to higher logistics efficiency and customer
reliability [9, 13].

An additional advantage of the T1 procedure is its
flexible guarantee mechanism, which enables customs
duties and taxes to remain suspended throughout the
transit operation until the goods reach the customs office
of destination [1-2]. The financial responsibility assigned
to the principal enhances the efficiency of customs
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administration while reducing administrative burdens
for transport operators participating in the Common
Transit system [1, 8].

From a risk management perspective, the T1
procedure is closely aligned with modern customs control
principles and risk-based supervision mechanisms. The
assignment of financial responsibility to the principal
reduces fiscal risks for customs administrations and
ensures more effective enforcement in cases of transit
irregularities or customs violations [1-2, 25]. In addition,
differentiated risk assessment procedures enable
customs authorities to accelerate the clearance of low-
risk consignments while concentrating inspections on
high-risk shipments [1-2].

Operational flexibility constitutes another important
advantage of the T1 procedure. The absence of strict
limitations regarding the number of unloading or delivery
points per vehicle increases efficiency in consolidated
cargo transportation, multimodal operations, and partial
shipment logistics [8]. Consequently, the T1 system
functions not only as a customs control instrument but
as an effective logistics optimization mechanism, as well,
supporting modern supply chain management [7-8].

Nevertheless, the T1 procedure also possesses
certain limitations. The most significant constraint
relates to its geographical scope, which remains primarily
limited to EU and EFTA territories [1, 6]. When
the transit operations involve third countries outside
the Common Transit framework, additional guarantee
systems and customs procedures may be required,
potentially increasing administrative complexity and
affecting operational continuity [6, 11].

The analysis demonstrates that the T1 procedure
represents a highly efficient institutional mechanism
for international transit operations within the EU/
EFTA region [1, 6]. Through the acceleration of customs
procedures, reduction of logistics costs, improvement
of risk management mechanisms, and enhancement
of operational flexibility, the T1 system provides an
effective regional solution for modern international
transit transportation and trade facilitation [5, 8].

4.2 Selection of the optimal transit document
based on invoice value of goods

In international road transport operations, selecting
the appropriate customs transit document depends on
several economic and operational factors, including the
invoice value of the goods, customs territory coverage,
guarantee requirements, and the geographical scope of
the transport operation [2, 6, 8].

The TIR Carnet remains one of the most widely
used international customs transit documents under the
framework of the TIR Convention [2, 6]. The cost of the
TIR Carnet generally depends on the number of sheets
included in the carnet. For example, a 6-sheet TIR Carnet
costs approximately 100 $, while a 16-sheet carnet costs

around 185 $. These values may vary according to the
daily exchange rate between the Swiss franc and the
Azerbaijani manat determined by the Central Bank
of the Republic of Azerbaijan. The TIR system also
operates through an international guarantee chain that
secures customs duties and taxes throughout the transit
operation [2, 6].

By contrast, the T1 transit procedure, which is
applied within the Common Transit system, follows a
different guarantee structure. Under this procedure,
customs duties and taxes applicable to goods originating
from non-EU countries remain suspended throughout
transit and become payable only after the goods arrive at
the customs office of destination [1]. The T1 declaration
simultaneously serves as both a transit declaration and
a financial guarantee instrument covering the potential
customs liabilities [1, 6].

Unlike the TIR system, the T1 procedure does not
require participation in the international TIR guarantee
chain. Instead, financial responsibility is assumed by
the principal under the Common Transit framework,
providing greater flexibility in guarantee management
and reducing certain administrative costs associated
with regional transit operations [1-2, 8]. In addition,
electronic declaration processing and harmonized
customs procedures improve the administrative
efficiency, shorten border-crossing times, and enhance
transparency throughout the transit process [2, 4].

The choice between the TIR Carnet and the
T1 procedure therefore depends primarily on the
characteristics of the transport operation. For transit
movements extending beyond the geographical scope of
the Common Transit area, particularly those involving
multiple non-member countries, the TIR system
generally offers broader international applicability
under a globally recognized legal framework [2, 6].
Conversely, for transport operations conducted entirely
within the Common Transit territory, the T1 procedure
provides greater administrative flexibility, simplified
customs formalities, and potentially lower overall
operational costs [1, 8].

The invoice value of the goods also plays an
important role in selecting the most appropriate transit
document. Since the financial guarantee under the T1
procedure is directly related to the customs duties and
taxes potentially payable on the transported goods,
higher-value consignments may require correspondingly
larger guarantees. In contrast, the cost of the TIR
Carnet depends primarily on the type and number of
carnet sheets rather than on the commercial value of
the cargo. Consequently, the economic efficiency of each
procedure varies according to shipment value, customs
liability, transport route, and guarantee requirements.

The selection of the optimal transit document should
be based on a comprehensive assessment of shipment
characteristics, customs obligations, geographical
coverage, and operational requirements, rather than
on a single cost criterion. Such an approach enables
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transport operators to optimize customs compliance,
minimize logistics costs, and improve the efficiency of
international transit operations.

4.3 Comparative analysis of T1 transit
document costs based on cargo invoice
value

Analysis of T1 transit document tariffs shows
that for every additional USD 5,000 of cargo value,
a guarantee of approximately USD 932 is required.
Specifically, when the invoice value of goods ranges from
USD 29,500 to USD 100,000, an additional USD 932
guarantee is applied for each incremental USD 5,000
of cargo value, while insurance premiums increase by
approximately USD 2-5 at each step.

For the cargo valued between USD 100,000 and
USD 200,000, the guarantee amount increases to
approximately USD 1,863 for each additional USD
10,000 of cargo value. Similarly, for goods valued between
USD 200,000 and USD 300,000, the guarantee increases
to approximately USD 2,795 per additional USD 15,000,
while for shipments valued between USD 300,000 and
USD 490,000, the guarantee reaches approximately USD
3,726 per additional USD 20,000. Insurance premiums
also increase progressively, generally rising by USD 5-10
for each additional USD 5,000-10,000 of cargo value and
by approximately USD 10-15 for higher value intervals.

Based on the comparative analysis of the presented
data, it can be observed that the applicability of the T1
transit document and the TIR Carnet is directly linked
to the invoice value of goods.

The T1 transit procedure is based on a variable
economic model in which the guarantee obligations
and service fees increase progressively with the invoice
value of cargo [1, 8]. As shown in the data, for low-value
shipments, both the guarantee requirement and overall
cost of the T1 procedure remain relatively low. However,
as cargo value increases, the required guarantee rises
significantly, resulting in a higher financial burden
and reduced cost efficiency. In particular, for goods
approaching or exceeding USD 100,000, the T1
mechanism becomes less economically efficient due to
the immobilization of working capital and additional
financial costs.

In international road transport, the TIR system is
based on a unified customs guarantee principle with a
maximum coverage of EUR 100,000 [2, 6]. This feature
is considered one of the main advantages of the TIR
Carnet. Regardless of the cargo value, the guarantee
remains fixed, and carriers can transit through multiple
countries without requiring additional national
guarantee mechanisms. As a result, administrative
procedures are simplified, border crossing times are
reduced, and overall logistics efficiency is improved [2].

In practical logistics, the EUR 100,000 threshold
(approximately USD 119,000) is considered as a critical

break-even point. Below this level, the T1 procedure
may be more cost-effective due to lower service fees
and flexible guarantee structures. However, above this
threshold, the TIR system becomes more economically
and operationally efficient, as it eliminates additional
financial burdens and ensures faster transit execution
[8].

For example, under the TIR system, a shipment
valued at EUR 100,000 is covered by an equivalent
guarantee without additional increases. In contrast,
under the T1 system, the same shipment may require
significantly lower effective guarantee coverage
(approximately USD 22,165 in comparative estimates).
At the same time, the TIR system does not impose
additional guarantees for cargo exceeding EUR 100,000,
whereas in the T1 system, guarantees continue to
increase with cargo value.

It can be concluded that while the T1 procedure
may still provide adequate coverage for high-value
shipments, it is associated with higher service-related
costs (approximately USD 425 in total estimates). In
contrast, the TIR Carnet requires an average fee of
approximately USD 103 (or USD 187 for a 16-page
carnet), while providing full-value guarantee coverage.
Therefore, the TIR system becomes more advantageous
when the scale of transport operations and associated
risk justify the fixed cost structure [2, 8].

In general, the attractiveness of the T1 system
increases for the low-value cargo and low-risk transport
routes. Considering that transit risks in European-
bound exports are relatively lower, service fees may
constitute a significant share of total logistics costs,
making the T1 procedure more attractive for certain
carriers [8].

On the other hand, access to the TIR system requires
formal membership in an international guarantee chain,
involving several administrative procedures. In some
cases, incomplete documentation or non-compliance
with requirements may delay access to the system. In
this context, the T1 procedure can be considered a more
accessible alternative [2, 6].

4.4 Export and transport structure
in the Republic of Azerbaijan

In recent years, the foreign trade turnover of the
Republic of Azerbaijan has demonstrated a significant
upward trend. Total foreign trade increased from USD
24.472 billion in 2020 to USD 49.423 billion in 2025,
representing more than a twofold growth. During the
same period, export volumes rose from USD 13.741
billion to USD 25.043 billion, reflecting an increase of
approximately 1.82 times.

Moreover, since Georgia joined the Common Transit
(CT) system as of 1 February 2025, local carriers can
now access this system electronically through authorized
customs brokers and digital platforms, further enhancing
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its accessibility and operational efficiency [4, 6].

Export performance reached its peak in 2022, when
the total exports amounted to USD 38.147 billion. This
increase was largely driven by a substantial rise in
exports to the European Union, which nearly doubled
and reached approximately USD 25 billion in the same

period. When exports are classified by destination
regions-European Union (EU), Commonwealth of
Independent States (CIS), and other countries-it is
observed that the EU accounts for the dominant share of
approximately 67.7%, indicating its strategic importance
in Azerbaijan’s foreign trade structure.

Table 1 Illustrates the estimated cost structure of the T1 procedure and the related guarantee obligations depending on the

invoice value of transported goods, [26]

Value of goods, $

Guarantee amount, $

Insurance premium, $

29,500 5,305 105
35,000 6,329 110
40,000 7,261 112
45,000 8,192 115
50,000 9,124 120
55,000 10,055 125
60,000 10,987 130
65,000 11,918 132
70,000 12,850 135
75,000 13,781 137
80,000 14,713 140
85,000 15,644 145
90,000 16,576 148
95,000 17,507 152
100,000 18,439 155
110,000 20,302 160
120,000 22,165 170
130,000 24,028 175
140,000 25,891 185
150,000 27,754 190
160,000 29,617 195
170,000 31,480 205
180,000 33,343 210
190,000 35,206 215
200,000 37,069 225
215,000 39,863 235
230,000 42,658 245
245,000 45,452 255
260,000 48,247 265
275,000 51,041 275
290,000 53,836 285
310,000 57,562 300
330,000 61,288 320
350,000 65,014 330
370,000 68,740 350
390,000 72,466 360
410,000 76,192 370
430,000 79,918 385
450,000 83,644 400
470,000 87,370 415
490,000 91,096 425
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In parallel, non-oil exports have also shown strong
growth dynamics. Compared to 2020, non-oil exports
have nearly doubled, reaching USD 3.6 billion and
accounting for 14.5% of total exports, which represents
the highest recorded share in the analyzed period.
This trend reflects ongoing diversification efforts in the
national export structure and a gradual reduction in
dependence on the oil and gas sector.

The data for 2020-2025 indicate that Azerbaijan’s
export structure is increasingly oriented toward the
European market, while non-oil sector development is
gradually strengthening its role in the national economy.
These structural changes also have direct implications for
transport and logistics systems, particularly in relation
to transit efficiency and integration into international
supply chains.

Table 1 presents the estimated cost structure of
the T1 transit procedure according to the invoice value
of the transported goods. The results indicate a direct
relationship between the value of the goods and both the
required guarantee amount and the insurance premium.
As the invoice value increases, the guarantee obligations
and insurance costs also rise proportionally, reflecting
the higher financial risk associated with higher-value
shipments.

4.5 Analysis of export growth and transport
structure

The increase in export volumes in Azerbaijan
has been accompanied by a corresponding growth in
transportation activities. Total freight transportation
increased from 42.407 million tons in 2000 to 51.283
million tons in 2023, reaching 47.595 million tons in
2025. More than 88% of these transport operations
are attributed to pipeline (stationary) transportation,

30.1%

2020 2021

u CIS

2022

nEU

indicating its dominant role in the country’s logistics
system.

The road transport of export goods has also shown
a steady upward trend. In 2000, road freight exports
amounted to 1.395 million tons, while by 2025 this figure
had increased to 2.7084 million tons, representing a
growth of approximately 94%.

Over the same period, pipeline transportation
increased by around 10%, reflecting its relatively stable
but less dynamic structure compared to road transport.

The share of the road transport in total exports
(excluding pipeline transport) has increased significantly
from 34.6% to 47.4%, demonstrating a gradual shift
toward more flexible and responsive logistics modes.
In value terms, the road transportation accounts
for approximately 62.6% of total export operations
(excluding pipeline transport), highlighting its strategic
importance in Azerbaijan’s foreign trade logistics.

Overall, the data indicate that the road transport
plays a crucial role in export logistics by enhancing
efficiency, flexibility, and
accessibility.

In Figure 1 shows a bar chart of Azerbaijan’s
exports by three country groups-CIS, EU, and Others-as
percentage shares for the years 2020-2025. The EU’s
share increased from 49.5% in 2020 to 65.6% in 2022.
It then decreased slightly to 64.4% in 2023 and 63.3%
in 2024 before increasing again to 67.7% in 2025. In
contrast, the share of the Others group decreased
steadily from 41.0% in 2020 to 25.3% in 2025.

The CIS had the smallest share during the whole
period, decreasing from 9.5% in 2020 to 4.3% in 2022 and
then increasing gradually to 7.1% in 2025. Overall, the
figure shows that the EU’s share of Azerbaijan’s exports
increased, the share of the Others group decreased,
and the CIS maintained a small share throughout the
period.

international market

25.3%

30.3%

2023

2024 2025

m Others

Figure 1. Export of the Republic of Azerbaijan by Country Groups, share (%)
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Figure 2 Export of the Republic of Azerbaijan, by Country Groups, billion USD, [27]
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Figure 3 Volume and share of export transportation by road transport, in thousand tons and percentage, [28]

In Figure 2, the export volumes of the same
three country groups are presented in absolute value
terms, together with total exports. The total exports
were at their lowest in 2020, rose steadily to a peak
of around $38.1 billion in 2022, and then gradually
declined over 2023-2025 to about $25 billion by 2025.
The EU group showed the most notable growth over
this period, rising from $6.8 billion in 2020 to $25
billion in 2022, before declining to $16.9 billion by
2025. The “Others” group grew between 2020 and 2022
and then declined between 2022 and 2025, while the
CIS group stayed relatively stable throughout, ranging
between $1.3-1.8 billion. This indicates that 2022 was

a peak year across all groups, followed by a decline in
total exports, while the EU’s relative weight continued
to grow.

In Figure 3, combining bar and line charts, three
indicators are presented: the volume of goods transported
by road, the total transportation volume (excluding
stationary/pipeline transport), and the share of road
transport in total transportation. The road-transported
freight rose steadily from 1,394.9 thousand tons in 2020
t0 2,708.4 thousand tons in 2025 - an increase of roughly
94%. Total transportation volume also grew overall,
albeit unevenly, from 4,032.6 thousand tons in 2020 to
5,708.6 thousand tons in 2025. The share of the road
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transport rose almost continuously, from 34.6% in 2020
to 47.4% in 2025. These figures clearly demonstrate the
growing role of road transport, both in absolute volume
and in its share of total transportation, confirming the
paper’s central point about the “strengthening role of
road transport”.

5 Conclusion and recommendations

In 2025, Azerbaijan’s non-oil exports reached their
highest level over the last six years, both in terms
of value (USD 3.6 billion) and share in total exports
(14.5%). The share of the road transport in total exports
(excluding stationary transport) reached 47.4% in 2025.
In value terms, road transportation (excluding stationary
transport) accounted for 62.6% of total exports. These
figures indicate the need for further optimization of
the regulatory and procedural framework governing
transport operations to improve logistics efficiency and
facilitate international trade.

The conducted research indicates that the efficiency
of international transit transportation is closely
associated with the organization of customs procedures,
legal harmonization, the level of digitalization, and
the effectiveness of financial guarantee mechanisms.
In this context, the T1 procedure serves as an
important institutional instrument that may facilitate
regional transit transport and reduce logistics costs
within the framework of the Common Transit (CT)
system. The analysis suggests that the T1 document
performs effectively in key operational areas, including
optimization of customs control, reduction of transit time,
improvement of risk management, and enhancement of
operational flexibility for carriers.

It is also evident that the legal and technological
integration among EU and EFTA countries is a key
factor supporting the effective implementation of the
T1 procedure. The introduction of electronic transit
systems, particularly the New Computerised Transit
System (NCTS), has improved information exchange,
increased transparency in customs control, and reduced
delays at border-crossing points. These developments
may improve the predictability of logistics operations
and facilitate regional trade flows.

A comparative analysis of the T1 procedure and
the TIR system shows that, although both mechanisms
aim to ensure secure international transit and effective
customs control, their scope of application and functional
advantages differ. The TIR system, as a global transit
mechanism, is more suitable for long-distance and
multi-country transport operations. In contrast, the T1
procedure appears to offer advantages under conditions
of regional integration due to lower administrative costs,
faster customs clearance, and more flexible logistics
arrangements. Accordingly, the T1 and TIR systems
should be considered complementary rather than
competing mechanisms.

At the same time, the main limitation of the T1
procedure is its geographical scope, which is restricted to
EU and EFTA countries. When the transit routes involve
third countries, additional guarantee mechanisms
are required, increasing operational complexity and
reducing procedural continuity. Nevertheless, in
the context of the growing importance of regional
economic blocs in global trade, the relevance of regional
transit systems such as T1 is likely to continue
increasing.

Thus, the analysis suggests that the T1 transit
document may be more suitable for the international
transit of the low- and medium-value goods from a cost-
efficiency perspective. For the high-value goods, however,
the TIR Carnet appears to be a more appropriate
solution due to its fixed and internationally recognized
guarantee mechanism. This highlights the importance
for carriers and logistics operators of considering cargo
value as a key economic criterion when selecting a
transit regime.

Due to the complexity of procedures for joining the
TIR system, the need to reduce financial risks in cargo
transportation, and Georgia’s recent accession to the
Common Transit (CT) system as of 1 February 2025,
carriers exporting goods to Europe have increasingly
shown a preference for the T1 procedure as an accessible
alternative.

Based on the research findings, several
recommendations can be proposed. First, further
digitalization of transit procedures and deeper
integration of information systems are essential
for increasing the efficiency of the T1 mechanism.
Expanding electronic document circulation and enabling
real-time data exchange may further reduce border-
crossing times and administrative burdens.

Second, expanding the geographical scope of the
T1 procedure, particularly through the integration of
countries involved in the Middle Corridor and East-
West transport routes into the CT framework, could
facilitate regional trade and support more efficient
transit operations. In this regard, strengthening legal
harmonization and mutual recognition mechanisms
remains essential.

Third, introducing more flexible financial guarantee
mechanisms for the small and medium-sized transport
operators could increase competition in the transit
market and improve the overall quality of logistics
services.

Fourth, the development of risk-based customs
control systems and the application of advanced
analytical technologies may enhance procedural
efficiency while maintaining transport security.

In conclusion, the T1 procedure may be regarded
as a modern customs instrument that demonstrates
considerable potential for improving the efficiency of
regional transit operations within the international
transit system. Its further development through
digital transformation, legal integration, and logistics
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optimization may improve the efficiency, security, and
predictability of international transit operations and
facilitate international trade.

Acknowledgment
The authors would like to express their sincere

gratitude to the institutions and organizations whose
publicly available statistical data, legal documents, and

policy reports were used in this research. No external
funding was received for the preparation of this study.

Conflicts of Interest

The authors declare that they have no known
competing financial interests or personal relationships
that could have appeared to influence the work reported
in this paper.

References

[1] Regulation (EU) No. 952/2013 of the European Parliament and of the Council laying down the Union
Customs Code - European Union [online]. 2013. Available from: https://eur-lex.europa.eu/eli/reg/2013/952/0j/
eng

[2] World Trade Organization. Trade Facilitation Agreement. Geneva, Switzerland, 2017.

[3] DU, Y., MENG, Q., WANG, S. Mathematically calculating the transit time of cargo through a liner shipping
network with various trans-shipment policies. Maritime Policy and Management [online]. 2017, 44(2),
p. 248-270. ISSN 0308-8839, eISSN 1464-5254. Available from: https://doi.org/10.1080/03088839.2016.1274831

[4] New Computerised Transit System (NCTS) - European Commission [online]. (2024). Available from:
https://taxation-customs.ec.europa.eu/online-services/online-services-and-databases-customs/new-
computerised-transit-system-ncts_en

[6] Trade Facilitation and the Global Economy - Organisation for Economic Co-operation and Development
[online]. 2023. Available from: https:/www.oecd.org/en/publications/trade-facilitation-and-the-global-
economy_9789264277571-en.html

[6] World Customs Organization. Transit Guidelines. 2022.

[71 BATISTA, L. Translating trade and transport facilitation into strategic operations performance objectives.
Supply Chain Management [online]. 2012, 17(2), p. 124-137. ISSN 1359-8546, eISSN 1758-6852. Available
from: https://doi.org/10.1108/13598541211212870

[8] ANDERSON, J. E., VAN WINCOOP, E. Trade costs. Journal of Economic Literature [online]. 2004, 42(3),
p. 691-751. ISSN 0022-0515, eISSN 2328-8175. Available from: https:/doi.org/10.1257/0022051042177649

[9] CARBALLO, J., GRAZIANO, A. G., SCHAUR, G., AND VOLPE MARTINCUS, C. The effects of transit
systems on international trade. Review of Economics and Statistics [online]. 2024, 106(4), p. 1083-1098.
ISSN 0034-6535, eISSN 1530-9142. Available from: https://doi.org/10.1162/rest_a_01189

[10] AL-Shboul, M. A. Facilitating trade and improving supply chain security through transit trade mobility:
An empirical investigation from developing country. Cogent Social Sciences [online]. 2023, 9(2), 2263942.
eISSN 2331-1886. Available from: https://doi.org/10.1080/23311886.2023.2263942

[11] GRAINGER, A., RUNDLE, J. M., AHSEN, S. R. Customs and humanitarian logistics. Global Trade and
Customs Journal [online]. 2019, 14(4), p. 154-168. ISSN 1569-755X, eISSN 1875-6468. Available from:
https://doi.org/10.54648/GTCJ2019015

[12lHUMMELS, D. Transportation costs and international trade in the second era of globalization. Journal of
Economic Perspectives [online]. 2007, 21(3), p. 131-154. ISSN 0895-3309, eISSN 1944-7965. Available from:
https://doi.org/10.1257/jep.21.3.131

[13] DENNIS, A., SHEPHERD, B. Trade facilitation and export diversification. The World Economy [online].
2011, 34(1), p. 101-122. ISSN 0378-5920, eISSN 1467-9701. Available from: https://doi.org/10.1111/j.1467-
9701.2010.01303.x

[14] PORTUGAL-PEREZ, A., WILSON, J. S. Export performance and trade facilitation reform: hard and soft
infrastructure. World Development [online]. 2012, 40(7), p. 1295-1307. ISSN 0305-750X, eISSN 1873-5991.
Available from: https:/doi.org/10.1016/j.worlddev.2011.12.002

[15] WILSON, J. S., MANN, C. L., OTSUKI, T. Assessing the benefits of trade facilitation: a global perspective.
The World Economy [online]. 2005, 28(6), p. 841-871. ISSN 0378-5920, eISSN 1467-9701. Available from:
https://doi.org/10.1111/.1467-9701.2005.00709.x

[16] ARVIS, J.-F., OJALA, L., SHEPHERD, B., ULYBINA, D., WIEDERER, C. Connecting to compete 2023: trade
logistics in an uncertain global economy - the logistics performance index and 1ts indicators [online].
Washington DC: World Bank, 2023. Available from: https://doi.org/10.1596/39760

VOLUME 28 COMMUNICATIONS 4/2026



AY%4 ALIRZAYEV, KARIMOV

[17] WILSON, J. S., MANN, C. L., OTSUKI, T. Trade facilitation and economic development: a new approach to
quantifying the impact. World Bank Economic Review [online]. 2003. ISSN 0258-6770, eISSN 1564-698X.
Available from: https:/doi.org/10.1596/17183

[18l HOEKMAN, B, NICITA, A. Trade policy, trade costs, and developing country trade. World Development
[online]. 2011, 39(12), p. 2069-2079. ISSN 0305-750X, eISSN 1873-5991. Available from: Available from:
https://doi.org/10.1016/j.worlddev.2011.05.013

[19] United Nations Economic Commission for Europe. Convention on a Common Transit Procedure. 2023.

[20] DJANKOV, S., FREUND, C., PHAM, C. S. Trading on time. Review of Economics and Statistics [online]. 2010,
92(1), p. 166-173. ISSN 0034-6535, eISSN 1530-9142. Available from: https:/doi.org/10.1162/rest.2009.11498

[21] CHENG, M. C. B., WANG, D., WANG, J. J. A port-based evaluation framework of trade facilitation policies:
case of Shenzhen and Hong Kong. Case Studies on Transport Policy [online]. 2018, 6(2), p. 297-307.
ISSN 2213-624X, eISSN 2213-6258. Available from: https://doi.org/10.1016/j.cstp.2018.04.007

[22] MARTINEZ-ZARZOSO, 1., GARCIA-MENENDEZ, L., SUAREZ-BURGUET, C. Impact of transport costs on
international trade: the case of Spanish ceramic exports. Maritime Economics and Logistics [online]. 2003, 5,
p. 179-198. ISSN 1479-2931, eISSN 1479-294X. Available from: https://doi.org/10.1057/palgrave.mel.9100069

[23]1 BENSASSI, S., MARQUEZ-RAMOS, L., MARTINEZ-ZARZOSO, 1., SUAREZ-BURGUET, C. Relationship
between logistics infrastructure and trade: Evidence from Spanish regional exports. Transportation Research
Part A: Policy and Practice [online]. 2015, 72, p. 47-61. ISSN 0965-8564, e[SSN 1879-2375. Available from:
https://doi.org/10.1016/j.tra.2014.11.007

[24] SHEPHERD, B., WILSON, J. S. Trade facilitation in ASEAN member countries: Measuring progress
and assessing priorities. Journal of Asian Economics [online]. 2009, 20(4), p. 367-383. ISSN 1049-0078,
eISSN 1873-7927. Available from: https://doi.org/10.1016/j.asiec0.2009.03.001

[25] BEVERELLI, C., TICKU, R. Reducing tariff evasion: the role of trade facilitation. Journal of Comparative
Economics [online]l. 2022, 50(2), p. 534-554. ISSN 0147-5967, eISSN 1095-7227. Available from:
https://doi.org/10.1016/j.jce.2021.12.004

[26] Worldwide Solution GEO https:/www.rs.ge/NCTSInfo-en?cat=5&tab=1

[27] https://customs.gov.az/en/faydali/gomruk-statistikasi/statistics-bulletin

[28] https:/www.stat.gov.az/source/trade/?lang=en

COMMUNICATIONS 4/2026 VOLUME 28



ORIGINAL RESEARCH ARTICLE

Operation and Economics in Transport A()i.)

This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International License (CC BY 4.0), which permits
use, distribution, and reproduction in any medium, provided the original publication is properly cited. No use, distribution or reproduction is permitted
BY

which does not comply with these terms.

OPERATIONAL FACTORS AND THEIR IMPACT ON SELECTION
OF APPROACH SYSTEMS AT REGIONAL PUBLIC INTERNATIONAL

AIRPORTS

Rostislav Stryk*, Lenka Kontrikova, David Miculka

VSB-TUO, Faculty of Mechanical Engineering, Institute of Transport, Ostrava-Poruba, Czech Republic

*E-mail of corresponding author: rostislav.stryk@vsb.cz

Rostislav Stryk = 0000-0002-9949-9213, Lenka Kontrikova = 0000-0002-0726-9307,
David Miéulka = 0000-0002-3938-7957
Resume Article info

Regional public international airports undergo periodic modernization,
including the modernization of air navigation and approach systems. In
this paper is proposed a transferable decision-making framework based on

Received 19 May 2026
Accepted 27 July 2026
Online 14 September 2026

the Analytic Hierarchy Process (AHP) for selecting approach systems at

airports with potential mixed civil-military traffic. Its main contribution is
an AHP-based procedure adapted to the operational and technical conditions
of approach-system modernization. The procedure is demonstrated through
a case study of Ostrava/Mosnov International Airport, assessing selected
alternatives and their operational impacts on long-term airport development
in the context of possible future mixed civil-military operations and national

security interests.

Available online: https://doi.org/10.26552/com.C.2026.052

Keywords:

approach systems

AHP method

VORTAC

GBAS

regional airport

mixed civil-military operations
LKMT airport

ISSN 1335-4205 (print version)
ISSN 2585-7878 (online version)

1 Introduction

The current push to develop the infrastructure of
regional international airports (hereinafter “regional
airports”) stems, on one hand, from the efforts of
their operators (owners) to connect regional airports
to the European and global aviation network through
a portfolio of scheduled passenger and cargo routes,
and, on the other hand, from the growing importance of
regional airports for air carriers, for whom these airports
are increasingly becoming a suitable alternative to large
and overloaded airport hubs.

The issue of defining the very concept of a regional
airport is not uniform in professional literature. In [1],
the authors state that there is still no generally accepted
definition of a regional airport in Europe. The definitions
used vary according to traffic volume, the airport’s
function within the transport network, the nature of the
routes served, or geographical location.

Regional airports are currently used primarily
on a seasonal basis. To mitigate this seasonal effect,
it is essential for regional airports to develop and

ensure year-round operations of scheduled air routes,
whether passenger or cargo. Another area of focus is the
possibility of military branches of the state utilizing and
sharing civil airport infrastructure.

One of the most important requirements for ensuring
the regularity of air transport is a high level of reliability
in flight safety and the ability to operate flights at the
scheduled time and to the planned destination. For
this reason, as a part of the development of scheduled
air transport at regional airports, increasing emphasis
is being placed on equipping them with modern air
navigation infrastructure that ensures this regularity to
the greatest extent possible. An important component of
an airport’s air navigation infrastructure is formed by
approach systems, which enable airport operations even
under adverse weather conditions. From an economic
perspective, the modernization of approach systems
must be viewed as an investment. The acquisition,
installation, and operation of new approach systems
at an airport fulfil all the typical characteristics of an
investment-it is a long-term asset whose use generates
revenue over an extended period. However, its acquisition
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is often associated with significant initial cash outlays.

An example of such an investment is the purchase
and installation of an ILS approach system. Based on
the authors’ internal sources and knowledge, published
articles [2] and [3], and contracts published in the
register of contracts of state institutions [4] and [5], it
appears that the acquisition cost of a Category I ILS
system currently amounts to approximately $800,000,
while the installation of a Category II/IIT ILS system,
including the corresponding precision approach lighting
system, reaches up to $1,600,000. Annual maintenance
costs for Category I are approximately $75,000, while
annual maintenance costs for Category II/III reach
approximately $165,000. The difference is therefore
twofold, and clear arguments must be presented for
the purchase and installation of the more expensive
Category II/IIT ILS system.

Investment projects, related to the selection of
an appropriate type of approach system, may also be
influenced by the type of operations currently taking
place at the airport or being considered for the future.
One such example is the so-called mixed civil-military
operations (the joint operation of civil and military
aircraft). The positive synergies of mixed civil-military
operations may be accompanied by complications caused
by the differing requirements of civil and military
aircraft regarding approach systems, particularly due
to differences in aircraft avionics. Airports with mixed
civil-military operations can be divided into two groups.
The first group consists of military airports with civil
air traffic, where the primary function of the airport
is military; an example is Pardubice Airport (LKPD),
which is explicitly designated in the AIP of the Czech
Republic as a military airport with civil air traffic [6].
The second group consists of civil public international
airports with a current military presence or where part
of the airport infrastructure is shared with a military
unit; an example is Krakéw-Balice Airport (EPKK) [7],
where the operator specifies a separate civil section of
the airport and the existence of a military section with
the 8th Air Transport Base [8].

Selecting the appropriate type of approach system
as a part of a regional airport’s modernization thus
becomes a significant challenge that can fundamentally
affect the airport’s attractiveness and its long-term
viability. Since manufacturers provide precise cost
estimates for installing specific types of approach
systems only after assessing the individual needs and
configuration of each airport, and since this information
is not generally available even at a basic level, it is not
possible to evaluate the economic aspects of this issue in
general terms. However, it is possible to at least perform
an operational analysis and evaluation of the individual
options for modernizing approach systems using the
AHP method.

The AHP method finds the wide application in air
transport, particularly where it is necessary to evaluate
options based on multiple criteria that are difficult to

compare to one another. For example, in [9], the authors
used the AHP method to assess the “target windows”
concept as part of the modernization of European ATM,
in [10], the AHP method was applied in combination
with the PROMETHEE and VIKOR methods when
selecting a suitable location for a military airport, and
in [11], the method was used to determine the optimal
service level of an airport terminal for low-cost carriers.

In summary, the aforementioned studies confirm the
broad applicability of the AHP method in air transport
and demonstrate its suitability for complex aviation
decision-making problems involving multiple criteria
and stakeholders. However, previous applications of
AHP in aviation were primarily focused on airport
location selection, airport service quality, airline or ATM
operational concepts, or other airport-related decision-
making problems. To the authors’ knowledge, in no
published study has been proposed a structured AHP-
based methodological framework for selecting an airport
approach system in the specific context of regional
public international airports with expected mixed civil-
military traffic. This context is important since the mixed
traffic may involve different requirements related to
aircraft equipage, operational minima, interoperability,
resistance to interference, continuity of service and
the strategic usability of airport infrastructure. The
originality of this paper therefore does not lie in the
AHP method itself, but in the formulation of a domain-
specific decision-making framework that combines the
approach-system alternatives with operational usability,
aircraft equipage, installation complexity, resistance
to interference and future flexibility. The proposed
framework is demonstrated on the case of Ostrava/
Mosnov Airport, but its structure is transferable to other
regional airports facing similar modernization decisions.

2 Approach systems at regional airports

Using information from the aeronautical information
publications of selected Eurocontrol member states [12],
a survey was conducted of the current state of equipment
at regional civil airports, including civil airports with
mixed civil-military operations, designated for IFR
operations in the Czech Republic, Slovakia, Poland,
and Hungary. Each of the 24 analyzed regional airports
certified as public international airports has a runway
capable of two-way use. Of the total 48 runways, 15 are
equipped with ILS CAT I, 7 have ILS CAT II, and only
2 runways at regional airports in Central European
countries have ILS CAT III. The VOR approaches are
available on 32 runways, and 16 runways have published
NDB approaches. The most widespread type of approach
is RNP, which uses GNSS satellite navigation and is
published for 45 runways. If the modernization of radio
navigation equipment for approach and landing at
regional airports is being considered, then, considering
the assumption of mixed civil-military operational use,
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ILS, GBAS, TACAN, and VORTAC approach systems
can be considered.

2.1 The ILS system

The ILS (Instrument Landing System) is a precision
approach system that provides an aircraft with vertical
and horizontal guidance information during approach
and landing at an airport in adverse weather conditions.
By its very nature, the ILS system can only be used
for a specific runway direction. It allows for a precise
approach and landing only in a direct line that follows
the runway’s centerline and, together with the approach
descent path, intersects the runway plane at a single
specific point, known as the touchdown point. At some
airports, procedures are published and applied that
utilize the back-course beam of the localizer for the
opposite runway direction, known as the “back-course,”
which is a signal directed towards the opposite side of
the localizer. However, this method of use has limiting
characteristics. In the direction of use, it is not optimized
for precise aircraft guidance, is less stable, and may have
greater deviations. A significant disadvantage is that it
provides only directional guidance during the approach
and landing, without ensuring vertical guidance. The
ILS system is divided into several categories based on
accuracy, minimum required runway visibility, and
minimum decision height.

2.1.1 ILS - category I (CAT I)

ILS CAT I is a standard approach system that
enables precise approaches and landings for aircraft
down to a decision height (DH) of 200 feet (approx. 60
m) and a minimum runway visual range of 550 metres.
Where runway visibility data is not available, the
minimum visibility value at which the ILS CAT I system
can be used for approach and landing is replaced by an
observed prevailing visibility value of 800 metres.

In terms of the usability of ILS CAT I equipment by
civil and military aircraft, it is one of the most widely
used approach methods. For the civil aircraft intended
for IFR operations, avionics enabling approach and
landing using ILS CAT I are nearly standard and rank
among the basic instrumentation of most civil aircraft.
Military transport aircraft in Western countries are also
standardly equipped with avionics enabling approach
and landing using ILS CAT I. For combat aircraft,
precision approach and landing are primarily based on
precision approach radar, which does not require any
special onboard equipment; however, some military
combat aircraft are equipped with this system.

Benefits of ILS CAT I:

e relatively low installation and maintenance costs

compared to higher ILS categories (CAT II/III),
¢ sufficient coverage for most common operational and

meteorological conditions,

* compatibility with the instrumentation of most
aircraft and the qualifications of flight crews, who
do not need to be additionally certified or specially
trained for this procedure,

¢ lower demands on additional airport infrastructure
compared to higher ILS categories (CAT II/III).
Risks of ILS CAT I:

* limited use in extremely poor weather conditions
with reduced visibility (fog, heavy snowfall, heavy
rain, etc.),

* possible signal interference (e.g., from terrain or
ground obstacles),

* the need to establish protective sensitivity zones
near individual system antennas.

2.1.2 ILS - category II/III (CAT II/III)

The installation of a Category II/III ILS system
enables Category II and III approaches and landings,
as well as controlled takeoffs. The decision height for
ILS CAT II is lower than 200 ft (60 m), but not lower
than 100 ft (30 m); for ILS CAT III, the approach may
be conducted with a decision height lower than 100 ft
(30 m) or without a specified decision height.

ILS CAT II/III systems significantly increase the
likelihood of completing an approach and landing at
an airport, thereby enhancing the attractiveness and
usability of airports even under adverse meteorological
conditions. Especially in the case of scheduled commercial
air transport, where significant costs may arise from a
potential forced diversion to an alternate airport and
the associated additional costs not only for the flight
itself but also for the subsequent ground transportation
of passengers or cargo, the successful completion of the
landing process at the original destination is essential.

A disadvantage of ILS CAT II/III systems is that
they require independent backup power sources for the
key components to ensure operational continuity even in
the event of a main power failure. Airports equipped with
an ILS CAT II/III system must also have high-intensity
runway lighting systems (e.g., centerline and touchdown
zone lights) that supplement radio navigation with
visual guidance during approach and landing.

Aircraft are not universally equipped for ILS CAT
II/TII approach and landing operations. For a civil
aircraft, it is common among modern airliners designed
for long-haul passenger transport. For older aircraft, it
is up to the airline to decide whether investing in the
necessary equipment is necessary for the commercial
and operational use of the aircraft. For example, in the
case of cargo aircraft intended for scheduled air cargo
transport, this equipment is desirable for the successful
conduct of business operations. In addition to aircraft
certification, special flight crew training is required to
perform ILS CAT II/III approaches and landings. The
situation is similar for military aircraft.

VOLUME 28

COMMUNICATIONS 4/2026



A9%

STRYK et al.

Benefits of ILS CAT II/III:

e the ability to operate even under very adverse
weather conditions, which reduces the likelihood of
flights having to divert to alternate airports,

* minimization of delays and disruptions to air traffic,
increasing the airport’s appeal to airlines seeking
alternate airports in case of deteriorating weather
conditions and the inability to complete the flight to
the original destination airport,

Risks of ILS CAT II/III:

* high acquisition and operating costs,

* the need for special aircraft equipment and crew
certification for approaches and landings in low
visibility can significantly limit the number of
suitable flights,

* more demanding maintenance and greater demands
on adjacent infrastructure (e.g., runway lighting
system),

* the need to modify the existing procedures and
introduce special procedures for low-visibility
operations, including regular training for all
personnel (airport and air traffic control staff),

e the need to establish CAT II/III holding areas,
including the installation of stop bars and ensuring
their remote control,

¢ expansion of the sensitive area of the GP and
LOC equipment and the need to prevent signal
interference from aircraft, mobile devices, or airport
obstacles.

2.2 GBAS (Ground-Based Augmentation System)

The GBAS is a ground-based system designed to
improve the accuracy of GNSS navigation; compared
to the ILS system, it enables precision approaches
with significantly lower requirements for airport
infrastructure. Honeywell developed a GBAS system
called SmartPath SLS-4000 (for CAT I minima), which
received operational certification from the FAA in 2009.
This was followed in 2011 by European certification
from the German Federal Aviation Authority (BAF).
GBAS approach systems are designated according to
the operational minimum for which they are certified. A
distinction is made between GAST C (GBAS Approach
Service Type C) systems, which correspond to CAT I
approach minima, and GAST D systems with minima
corresponding to CAT II/III [13]. The implementation
of GNSS approaches must always undergo a risk
assessment process related to the introduction of the
selected approach type, as detailed in [14].

Compared to the ILS system, the GBAS system offers
more advantages at both the technical and operational
levels, and even at smaller airports with lower traffic
volumes, it may be technically and operationally more
feasible to implement this system. An example of the
implementation procedure is included in the pre-project
research report [15], and a summary of operational

experience with the use of the CAT I GBAS system in
actual airport operations is the subject of article [16].
The installation and operation of the GBAS system does
not require the designation of critical sensitive zones to
the extent required by the ILS system (e.g., relocation
of holding points). The GBAS system allows for the
projection of the final approach path along a curved
trajectory, which is particularly advantageous when it
is necessary to avoid noise-sensitive areas or to direct
traffic away from densely populated areas. The system is
suitable for precision instrument approaches in complex
geographical areas where a direct ILS approach cannot
be implemented, e.g., due to high surrounding terrain.
Unlike an ILS approach, which is calibrated for only one
glide path angle (typically 3°), the use of a single airport
GBAS system allows for the operational application
of various approach glide paths, including different
touchdown points on the runway. This can also be
advantageously utilized to reduce minimum separation
distances between aircraft due to wake turbulence,
thereby achieving an overall increase in runway capacity
utilization.

Currently, the GBAS system is implemented, for
example, at European airports in Bremen, Frankfurt
am Main (Germany), Zurich (Switzerland), and Malaga
(Spain), and in the U.S. at airports such as Newark and
Houston [17]. The implementation of the GBAS system
was the subject of [18]; author conducted a feasibility
analysis of installing the GBAS system at Vaclav
Havel Airport Prague, Czech Republic. In [19] was
analyzed the development of Viseu Airport in Portugal
over time and predicted traffic over a 10-year horizon.
Study [20] was focused on assessing the feasibility of
implementing a GBAS system at LinZhi Airport in
Tibet, China. The study evaluated the availability of
GBAS Type C (GAST C) and Type D (GAST D) approach
services.

A significant disadvantage of installing a GBAS
system for precision approach and landing is currently
its very low penetration in the user sector, namely, in
aircraft avionics. At present, very few types of civil
transport aircraft are equipped with the necessary
avionics. Another significant obstacle to the wider use of
the GBAS system in air traffic is its certification only for
operations under CAT I conditions (GAST C). This is a
lower approach category than that currently offered by
airports equipped with the ILS CAT II/III system.

In the case of military aircraft, the GBAS system can
be used if the military aircraft in question are equipped
with the appropriate onboard avionics. However, in the
context of using the GN'SS in a military environment, the
JPALS (Joint Precision Approach and Landing System)
is typically preferred for these purposes due to safety
and resistance to interference. The JPALS system was
developed specifically for the needs of military aviation
and compared to the GBAS system, offers additional
advantages such as mobility and the ability to operate
in environments with limited navigation infrastructure.
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The system consists of components similar to those
of the civilian GBAS. The system achieves guidance
accuracy of up to 200 mm [21] and is primarily used
for precision approaches on aircraft carriers [22]. The
system’s mobility is ensured by “eJPALS,” which is

capable of providing precise guidance to up to 50

designated targets within a 20-nautical-mile radius [23].

The system can be activated at any location as needed

within 60 to 90 minutes after deployment. The use of

the GBAS system by military aircraft can be expected
primarily at airports with mixed civil-military traffic,
or during peacekeeping or coalition missions, when
military aircraft equipped with the necessary avionics
can safely use civilian airport infrastructure.

Benefits of GBAS:

* the ability to use a single installation for approaches
to multiple runways, thereby significantly reducing
costs, compared to using an ILS system, where each
runway requires its own ILS installation,

e greater flexibility - it allows for various approach
trajectories, which can reduce noise pollution or
enable approaches in mountainous terrain,

* increased runway capacity - various descent
trajectories and, where applicable, different touch-
down points allow for reduced spacing between
aircraft, considering wake turbulence,

¢ Jlower operating and maintenance costs compared to
the ILS system,

¢ resistance to signal interference from fixed obstacles
(terrain or airport-related),

¢ minimal extent of protective sensitivity zones.
Risks of GBAS:

® requires aircraft equipped with GBAS-compatible
receivers, which is currently a very limited group
of aircraft,

e aircraft operators’ reluctance to upgrade avionics
may limit its wider adoption,

® initial investment may be high depending on the
need for additional airport equipment,

® current certification limitations to only GBAS Type
C (GAST C) approaches and landings,

* dependence on the GNSS signal and all risks
associated with potential GNSS signal interference.

2.3 TACAN (Tactical Air Navigation System)

TACAN is a military radio navigation system that
provides data on the direction and slant range to
a TACAN ground radio navigation station [24]. Its
operating principle is similar to that of VOR/DME.
The TACAN operates in the UHF band (962-1213
MHz) and combines both functions-azimuth navigation
(determining the direction to the transmitter) and
distance measurement, which provides data on the
distance from the transmitter.

The TACAN is not commonly installed at civil
airports. If implemented, it is typically in a hybrid
version, known as a VORTAC station. The advantages of
the TACAN system include, above all, greater accuracy
than that of a VOR/DME combination (TACAN has
smaller directional deviations than a classic VOR and
a higher update frequency and accuracy than a classic
DME), better performance in challenging conditions (it
operates even in difficult terrain and in environments
with high interference), and the ability to encrypt it or
operate it in a secure mode, which makes it ideal for
military use. A major disadvantage is the incompatibility
of civilian aircraft with its use.

2.4 VORTAC (TACAN + VOR)

VORTAC is a combined navigation system that
integrates the military TACAN system with standard
VOR (VHF Omnidirectional Range) navigation
equipment. It therefore provides both directional
guidance (VOR for civil aviation and TACAN for military
purposes) and distance measurement (DME, available to
both sectors). The VORTAC system is primarily used at
airports with mixed civil-military traffic. It can be used,
for example, as a backup system for approach systems

Table 1 Comparison of selected approach systems in terms of their basic technical and operational characteristics

GBAS (Ground-Based Augmentation

Features ILS VORTAC
System)
Function It provides precise guidance By correcting the GNSS signal, it It provides bearing (course (*))
during approach and landing enables the precise guidance during and distance (DME) information.
in both the horizontal and approach and landing in both the
vertical planes. horizontal and vertical planes.
Usage Precision approach and Precision 3D approach and landing En-route navigation and non-
landing (3D) under CAT I, (currently CAT I certification only) precision instrument approach
CAT II, or CAT III conditions (2D) without vertical guidance (*)
Accuracy Extremely precise horizontal =~ High-precision positioning with GNSS High accuracy for directional
and vertical guidance error correction (to within centimetres) guidance (*) and distance
Frequency VHF (LOC: 108-112 MHz) + GPS L1 (1575.42 MHz) + VHF Data VOR: VHF (108-117.95MHz)
range UHF (GS: 329-335 MHz) Broadcast (VDB), 108-117.975 MHz TACAN () and DME:

UHF (962-1213 MHz)

(*) Note: The TACAN component is usable only for military or government aircraft
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Table 2 Comparison of selected approach systems in terms of their operational resilience, implementation requirements,
benefits, limitations, and compatibility

Features ILS (JBAS (Ground Based VORTAC
ugmentation System)
Interference Susceptible to interference Dependent on availability and Interference-resistant TACAN (*)
resistance and signal reflections from quality of the GNSS signal - component, encryption capability
obstacles susceptible to interference and
spoofing
Signal Limited range (approx. 25-30 Wide coverage - can serve Limited range; line of sight required
availability km) for a single runway only multiple runways at a single
airport
Difficulty High (each runway requires Lower than ILS - a single, A central, suitable location allows for
of installation its own ILS); CAT II and strategically located station that ~ approaches to two-way runways (two
CAT III installations require can serve the entire airport runways, one VORTAC)
additional equipment
Advantages Reliable and proven, CAT Versatile, more affordable than  Suitable for both civilian and military
II/III suitable for use in ILS, compatible with modern use; TACAN section resistant to
extremely low visibility avionics interference; option for shielded mode;
conditions option for military use
Disadvantages Costly maintenance, each Dependence on availability It does not provide vertical guidance
runway direction requires and quality of the GNSS signal during approach, which is only 2D
its own system and a wide, requires equipment on board
sensitive area to protect the aircraft (currently a small
signal percentage of aircraft)
Compatibility Universal, standard-issue So far, only modern aircraft Most military and civil aircraft are
avionics for all aircraft in equipped with GNSS and equipped with the necessary avionics
commercial service SBAS/GBAS receivers; a small as standard (*)
percentage

(*) Note: The TACAN component is usable only for military or government aircraft

based on GNSS signal reception. In the event of GNSS
signal interference, VORTAC can provide alternative
navigation [25]. For a civil aircraft operated under IFR,
navigation equipment must correspond to the planned
route, airspace requirements, and procedures used. In
its Acceptable Means of Compliance for commercial

air transport, EASA lists, among other things, a

VOR receiver as part of such equipment [26]. For a

military and government aircraft, TACAN equipment

is widely used, with EUROCONTROL noting that
most government aircraft are equipped with DME and

TACAN systems for conventional navigation [27]. The

use of VORTAC equipment is negatively affected by

the fact that it allows only for imprecise, so-called 2D,
approaches due to the lack of vertical guidance.
Benefits of VORTAC:

e wide compatibility - allows for use by both civil and
military aircraft,

® provision of navigation data for mixed civil-military
traffic - VOR provides civil directional guidance,
while TACAN ensures higher accuracy and the
option of encryption for military use,

e DME availability for both sectors - both civil
and military aircraft can use the same distance
information,

* navigation redundancy - VORTAC provides a backup
navigation system in the event of a failure of other
GNSS systems.

Risks of VORTAC:

* higher maintenance costs - the combination of two
systems requires more complex servicing and is
more technically and organizationally demanding
than a purely civil VOR/DME (interconnection of
civil and military technology),

* lower accuracy than GBAS or ILS - although it
provides reliable data, it is not as accurate as
modern landing systems and does not allow for
approaches and landings in low visibility,

* does not provide vertical guidance like GBAS and
ILS,

¢ risk of premature decommissioning before the end
of its planned service life due to the transition to
modern satellite navigation - if the technical and
security issues associated with GNSS (vulnerability
to jamming and outages) are resolved, as has already
been done with the military JPALS system, and
the use of GNSS-based technologies subsequently
expands, some VOR equipment at VORTACs may
be used less frequently and their operation could
become uneconomical.

2.5 Summary - comparison of different types
of approach systems

Tables 1 and 2 present a comparison of the selected
approach systems-ILS, GBAS, and VORTAC-in terms of
their different characteristics. The standalone TACAN
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Table 3 Price comparison of systems in 2015 (based on [28] and supplemented by the authors from public sources)

Approach Technology Comparison

Feature 1LS GBAS SBAS VORTAC
Coverage One runway end  All runways at the installed  Continental (based on Both ends of a bidirectional
airport number of installed runway (depending on ground
reference stations) station location)
Equipment and $1,500K per ~$3,300K per airport TBC - $1,000M+ per ~$500K-$1M per station
installation Cost runway end country (includes both VOR and
(capital) TACAN subsystems)
O&M Annual  >$140K per ILS  $85K - $135K per station, $50M-$100M per ~$50K-$100K (maintenance,
cost Flight test/ parts, and labour; annual country calibration, power, testing)
calibrate once flight inspection not req.
per year
Users per 1 (plus other in Unlimited Unlimited Unlimited
approach sequence)
Number of 1 26 (48 w/Cat III) approaches Unlimited non- Limited non-precision
approaches from one ground station precision approaches  approaches, usually 1 (based on
(approaches broadcast from (airborne database radials DME arcs and position
ground station) contains approaches) of MAPt)
Aircraft equipage  ILS receiver GLS avionics SBAS capable GPS VOR/DME or TACAN receiver
receiver, (military); VOR receiver (civil)
approach data base
Capabilities One approach Flexible approaches: Flexible non-precision  Non-precision approach; lateral

per ILS; Cat I,
11, and III

multiple glide slopes,
thresholds, offsets;

approaches including
LPV

guidance only (no vertical
guidance)

No ILS critical area; Cat I,

growth to Cat II/ITT

system is not included in the tables. Given its very
limited use in civil aviation, it makes sense to consider
installing it only in combination with a VOR system,
ie., as a VORTAC system. From the civil aviation
perspective, the ILS CAT II/III system remains the
key system for approach and landing in low-visibility
conditions. However, the system is expensive and
requires a separate installation for each runway. The
GBAS system is a modern alternative that uses GNSS
signals with corrections. Additionally, the system is
not yet widely adopted, due to the higher cost of
receivers, the potential for GNSS signal interference,
and insufficient certification (only CAT I). VORTAC is a
system particularly suitable for airports with a military
presence, where the VOR component and distance
measurements using the TACAN component are utilized
by civil aircraft as a supplementary navigation system
or for VOR/DME approach purposes.

A price comparison of the systems is presented in
Table 3; it was conducted by Honeywell in June 2015 and
supplemented with information obtained by the authors
from public sources [28].

When deciding on selection of a suitable approach
system, one cannot evaluate only the purchase costs
of the equipment and its installation. The economic
suitability of individual options must be assessed
within a broader life-cycle framework, which includes
not only initial investment costs but also operating
costs, routine and non-routine maintenance, flight
verification, replacement of technical components,

ensuring operational readiness, and costs associated
with potential system unavailability or an inadequate
category of operating minima [29-30]. Furthermore, it is
necessary to consider the broader economic impacts on
carriers, passengers, cargo shippers, air traffic service
providers, or other entities involved in the air transport
system [31-32].

The lower acquisition costs for an approach system
may, without a broader assessment, represent a more
economically advantageous solution; however, if such a
system does not provide sufficient operational usability
under degraded meteorological conditions, it may lead to
frequent diversions to alternate airports, delays, flight
cancellations, or a reduction in the ability to attract
new carriers and business opportunities. In its standard
inputs for economic analyses, EUROCONTROL provides
separate values for the costs of delays, flight cancellations,
and diversions, and specifies recommended cost values
per diverted flight [31].

3 AHP-based methodological framework
for approach-system selection

The proposed framework consists of a structured
sequence of decision-making steps that adapt the
general AHP procedure to the operational and technical
specifics of approach-system modernization at regional
public international airports. It is intended for cases
in which several technically feasible approach-system
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Figure 1 Illustrative trend of cumulative costs for the approach system over time

alternatives must be assessed with respect to expected
traffic structure, including potential mixed civil-military
operations, aircraft equipage, operational usability,
installation constraints, resistance to interference and
future flexibility.

The selection of an appropriate approach system
for airport modernization is influenced by a range of
operational, technical and strategic factors that must
be assessed simultaneously. Given the complexity of
the issue, the AHP method, which enables multi-
criteria decision-making, was selected for the
purpose of evaluating the suitable approach-system
alternatives [33]. This method allows for structuring
a complex decision-making problem into a hierarchy
of simpler elements, including the objective, criteria,
and alternatives, and subsequently determining their
relative importance through pairwise comparisons [34].

Figure 1 provides an illustrative chart showing that
an option requiring a higher initial investment may be
more cost-effective in the long run due to lower losses
resulting from diversions, cancelled flights, and missed
business opportunities.

3.1 Proposed decision-making procedure
for selecting an approach system

The proposed decision-making procedure is
divided into consecutive steps that guide the airport
operator or decision-maker from the initial operational
assessment to the final ranking of approach-system
alternatives:

1. An evaluation of existing approach systems,
including the preparation of an overview of current

approach systems, taking into account their expected
service life, ranking the equipment based on actual
operational use and minimum OCH/OCA altitudes,
which determine the probability of completing the
approach and landing, and the preparation of a
list of the advantages and disadvantages of the
individual installed approach systems.

2. Establishment of a uniform time horizon for which

the decision is implemented. This depends, for
example, on the design life of the runway, or on
the time that has elapsed in the past between
the introduction of the two previous consecutive
and technologically significantly different approach
systems. For example, the average interval between
technologically significant implementations in the
field of approach systems-from NDB, VOR, ILS, and
MLS to GBAS-is 19 years [35].

3. Determining the scope and type of anticipated

operations within a defined time horizon. This
depends on the planned operational and commercial
focus and use of the airport. If mixed civil-military
operations were expected, it is necessary to specify
the intensity and composition of military operations
and coordinate further steps with the military.

4. The expected fleet structure should be assessed

according to the anticipated composition of aircraft
types most likely to use the airport under the
expected business model within the assessed time
horizon. Particular attention should be paid to the
anticipated avionics and navigation equipment of
the aircraft and their compatibility with existing and
proposed approach systems. The approach systems
and equipment considered for modernization
should then be defined, including an assessment
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of currently available systems that could improve
the airport’s usability in the context of the expected
type and mix of traffic over the planned time horizon
(v, tov).
Establishment of evaluation criteria. Their definition
should take into account the information obtained
in the previous steps (1-4). Before defining the final
evaluation criteria, it was also necessary to consider
whether economic aspects should be included
directly in the AHP model. Although the acquisition
and operating costs are undoubtedly important for
the final investment decision, they were not included
as a separate AHP criterion in this study. Reliable
and comparable life-cycle cost data for all evaluated
alternatives were not available, since the costs
of installation, certification, maintenance, flight
inspection, protection zones, power supply backup
and integration into existing airport systems strongly
depend on the specific configuration of each airport,
procurement conditions and national regulatory
requirements. Including only approximate or
incomplete cost estimates could therefore distort
the operational and technical comparison of the
alternatives. The proposed AHP model is therefore
intentionally limited to operational and technical
suitability, while economic feasibility is considered
a necessary subsequent step before final investment
approval. On this basis, within the framework
of the presented methodology, five criteria were
defined (K, up to K;), which can be applied to other
airports or modified as needed. These criteria are
as follows:

a. Aircraft equipped with this technology (K)) - an
assessment of the extent to which aircraft are
equipped with specific equipment (e.g., how
many of the aircraft expected to operate at the
airport have the necessary onboard equipment
compatible with the systems proposed in the
alternatives) and how significant it is for the
selected alternative to take into account the
avionics of the expected aircraft types that will
use the airport most frequently;

b. The complexity of the placement and installation
of technology at the airport (K,) - an assessment
of the scope of the establishment of protection
and sensitive zones for the proposed system
or facility, and the associated procedural and
operational restrictions; how significant these
restrictions are for the selected option; and how
significant their impact is on airport operations;

c. Equipment immunity to interference (K,) - an
assessment of how significant the criterion of
the ability of the sought-after guidance system
or device to withstand external influences and
perform its function reliably is, and to what
extent this criterion is relevant and important
for the expected operation, so that the device
can perform this function;

d. The applicability of the technology (K,) -
an assessment of the importance placed on
usable operational minima expressed in terms
of approach precision, minimum visibility,
and minimum decision height, taking into
account the operational use and the expected
operational and business model of the airport,
and the significance of ensuring the ability
to approach and land even under very low
visibility conditions;

e. Flexibility in the use of technology within
the airport (K,) - determining the level of
importance of the flexibility of the target system,
for example, for approaching and landing on
multiple runways, the flexibility of the approach
trajectory in both the horizontal and vertical
planes, the possibility of multiple touchdown
points, or its applicability for area or terminal
navigation.

Application of the AHP Method. Selected experts

(ideally representatives of the airport operator,

commercial entities expected to significantly

contribute to airport operations, representatives
of the air traffic services provider, etc.) should
assess, using pairwise comparisons, the relative
importance of individual criteria and alternatives.

The assessment will reflect previously defined

operational, commercial, geographical,

environmental, and other relevant requirements
and expectations. Based on these assessments, the
following steps will be carried out:

a. Saaty pairwise comparison matrix for the
established criteria will be created;

b. Saaty pairwise comparison matrices for
individual alternatives with respect to each
evaluation criterion will be created;

c. Geometric means will be calculated and the
weights of individual criteria and the local
weights of alternatives with respect to
each criterion will be determined through
normalization;

d. The consistency of the pairwise comparison
matrices will be verified by calculating the
Consistency Index (CI) and the Consistency
Ratio (CR);

e. Global priorities and the overall ranking of the
alternatives will be calculated.

Decision on the selection of an appropriate approach
system. The alternative that received the highest
global score when the AHP method was applied
S,, represents an approach system that has
been evaluated as the most suitable approach
system for the purposes of the airport’s
modernization, considering the planned and
expected operational development of the regional
airport in question.

The flowchart in Figure 2 illustrates the proposed

methodology algorithmically.
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Figure 2 Flowchart of the methodology based on AHP method for selecting an approach system
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Table 4 An overview of minimum altitudes for individual approaches at LKMT Airport [12]

OCA/OCH, Cat. C (ft) RWY 04 RWY 22
ILS CAT III N/A ---/50 (DH)
ILS CAT I N/A 880/72
ILS CAT'I N/A 983/175
RNP (LPV) 1008/200 1008/200
VOR/DME 1210/370 1170/370

4 Case study of modernization - Ostrava/
Mosnov regional airport

Ostrava/Mosnov International Airport (LKMT) is
a major regional transportation hub with international
traffic. Thanks to its strategic location and advanced
infrastructure, it facilitates the efficient operation of
both passenger and cargo air transport. Ostrava/Mosnov
Airport has a runway 3,511 metres long and 63 metres
wide, which allows for takeoffs and landings of all types
of aircraft, including wide-body commercial aircraft.
The runway is used in both directions and is oriented
044°/224° (designation: RWY 04/22).

In the 1980s, the airport’s movement areas were
partially reconstructed and are now at the end of their
service life. Administrative procedures related to their
reconstruction are currently being finalized. In this
context, the issue of a potential modernization of the
safety equipment, including approach systems, has also
been raised. In connection with the planned development
of the airport, negotiations took place, followed by the
signing of a Memorandum of Cooperation regarding the
preparation of the site for the implementation of the
“Mosnov Logistics Center of the Czech Army” project,
between representatives of the Moravian-Silesian
Region and the Ministry of Defense of the Czech
Republic [36]. The operation of the military logistics
center automatically presupposes mixed civil-military
traffic, specifically the operation of military transport
aircraft.

4.1 Application of the AHP method to approach-
system selection at Ostrava/Mosnov airport

The first step of the proposed methodology involves
compiling an overview of the approach systems available
at the airport, for each runway direction. The approach
equipment and systems currently installed and used
at Ostrava Mosnov Airport for aircraft approach and
landing are:

e ILS (Instrument Landing System) - at LKMT
Airport, an ILS is installed only for RWY 22 and is
certified for CAT III operations,

¢ VOR/DME (VHF Omnidirectional Range / Distance
Measuring Equipment) - one VOR/DME unit
designated as OTA is installed at LKMT Airport.
The OTA VOR unit is located approximately at the

centerline of the runway in its immediate vicinity

and is usable for non-precision (2D) instrument

approaches for both runways 04 and 22,
¢ RNAV/GNSS (Area Navigation / Global Navigation

Satellite System) - the system is usable for both

runways 04 and 22, for which RNP approaches

utilizing GNSS navigation systems are
published.

One of the most important parameters for individual
approach aids, and their corresponding approach
procedures, is the published minimum obstacle
clearance altitude. The decision height, or minimum
descent altitude, is derived from this. The lower this
altitude is, the higher the probability that the pilot will
establish a visual reference and complete the approach
with a landing. When considering the modernization of
an approach system, it is therefore important to include
this criterion in the decision-making process and to
assess how important the selected system’s ability to
enable the aircraft to approach and land in low visibility
is for the final choice. An overview of the minimum
altitudes for individual approach procedures at LKMT
Airport is clearly presented in Table 4. The individual
approaches are listed in ascending order from the most
precise (ILS, RNP, VOR/DME). The data provided apply
to Category C aircraft, which are commonly used for
commercial flights at LKMT Airport.

The second step involves determining the time
horizon for which the assessment and selection are
being conducted. Another factor that can influence
the determination of the time horizon, and which
was also considered in this case-is the expected
expansion and further technological development of the
existing equipment. Given the dynamic technological
development in the field of GNSS, the time horizon
within which the selected approach system should, to
the greatest extent possible, appropriately complement
the existing installed approach systems and best meet
the expected operational use of LKMT Airport was set
at 15 years.

The third step involves determining the scope
and type of operations and the expected aircraft mix.
Ostrava/Mosnov Airport is a seasonally oriented airport
with a high proportion of passenger charter air traffic
during the summer months. The share of year-round
scheduled passenger air transport is very small due to
the high competition from the nearby Polish airports
of Katowice and Krakow, and only slow development of
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Figure 3 Hierarchical structure of the problem under consideration

additional scheduled routes can be expected within the

assessed time horizon.

However, long-haul cargo air transport has been
developing very dynamically in recent years and is
gradually transforming into a year-round scheduled
flight schedule. The cargo air transport is expected to
play a dominant role in the airport’s operational use in
the coming period as well. Currently, it is carried out
by older cargo aircraft equipped with standard radio
navigation equipment used for approach and landing.
The pressure on the operating costs of the airlines
providing this transport does not allow for massive
investment in modern approach technologies.

The planned military logistics center, which will be
linked to military aircraft operations, is to be primarily
focused on servicing and supplying international
missions of the Czech Army and allied forces, or
on providing rapid assistance in the distribution of
humanitarian aid in the event of natural disasters and
other humanitarian situations anywhere in the world.
This purpose assumes the use of military transport
aircraft, which are typically equipped with standard
approach systems used in civil aviation. The operation
of the logistics center does not involve the presence or
deployment of military combat aircraft.

In addition to general aviation, the remaining
existing air traffic consists of aircraft bound for the
maintenance facilities located in the northern part of
the airport. An area has been reserved at this location
for the future expansion of aircraft painting capacity.
However, all these activities are expected to involve
predominantly older aircraft with conventional avionics
and a relatively low level of adoption of the most
advanced GNSS-based technologies.

Based on the preceding analysis and the available
sources, the following modernization alternatives were
identified for selecting an appropriate approach system
capable of meeting the objective of modernizing the
existing facilities at LKMT Airport:

e ILS CAT I RWY 04 - equipping Runway 04 with an
ILS precision approach system enabling approaches
and landings under CAT I conditions;

e JLSCATIVIIIRWY 04 - equipping runway 04 with an
ILS precision approach system enabling approaches

and landings under CAT II/III conditions, including

operations under low visibility conditions (LVO -

Low Visibility Operation);

*  GBAS - equipping the airport with a GBAS system,
which will enable precision approaches and landings
for both runways (RWY22 and RWY04), designated
as GLS;

* VORTAC - equipping the airport with VORTAC
equipment, which, when properly located, will
enable non-precision instrument approaches for both
runways (RWY22 and RWY04), with civilian aircraft
using the VOR/DME portion of the equipment and
military aircraft using the TACAN portion, both of
which are included in the VORTAC system.

The next step is to establish the criteria for
evaluating the most suitable option. The modernization
options under consideration must be evaluated based
on the significance of the identified criteria, which
were proposed and described in the previous section.
In combination with the established preference indices
for the proposed approach systems at Ostrava/Mosnov
Airport, the most suitable solution will then be identified.

The next step is application of the AHP method. The
hierarchical structure of the decision-making problem is
shown in Figure 3.

To evaluate the individual criteria and alternatives,
an expert panel from the air transport sector was
consulted. The experts were selected intentionally,
based on their practical knowledge of airport operations,
approach and landing procedures, aircraft equipage,
operational limitations of regional airports, and the
potential implications of mixed civil-military traffic. The
expert group consisted of specialists familiar with the
operational environment of LKMT Airport, including
airport operations, aircraft operations, air traffic
services, military aircraft operations, and aviation
education and research. The composition of the expert
panel is summarized in Table 5.

The expert evaluation was carried out in two steps.
First, the experts assessed the relative importance of the
proposed evaluation criteria using pairwise comparisons
based on Saaty’s scale. Second, they evaluated the
local preferences of the approach-system alternatives
with respect to each individual criterion. The assessed
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Table 5 Composition of the expert panel used for the AHP evaluation

Expert Professional Practical Role in the AHP evaluation
background experience
E1 Airport operations / 27 years Airport infrastructure, operational impacts and implementation constraints
airport management
E2 Aircraft operations 35 years Aircraft equipage and operational applicability of alternatives
/ pilot
E3 Air traffic services 26 years ATC procedures, operational usability and impacts on airport operations
/ ATC
E4 Aviation education 21 years Methodological structure, criteria formulation and consistency check
and research
E5 Military aircraft 28 years Military aircraft equipage, mixed civil-military usability and operational

operations / pilot

requirements

alternatives were ILS CAT I for RWY 04, ILS CAT II/III
for RWY 04, GBAS and VORTAC. The expert evaluation
was carried out as a consensus-based group assessment.
The experts jointly discussed the relative importance of
the criteria and the local preferences of the alternatives
and agreed on the final values entered into the pairwise
comparison matrices. This procedure was used to reflect
a shared expert judgment rather than a statistical
aggregation of independent individual assessments.
The consistency of each matrix was verified using the
Consistency Ratio (CR). Where the initial consistency
ratio exceeded the recommended threshold, the relevant
comparisons were reviewed by the expert group and
revised only based on the professional judgment,
without changing the calculation procedure or forcing a
predetermined ranking of alternatives.

Based on the consolidated expert judgments, a
Saaty pairwise comparison matrix was first compiled for
the evaluation criteria. The criteria considered in the
analysis were as follows: aircraft equipage with the given
technology, complexity of locating and installing the
technology at the airport, resistance of the equipment to
interference, usability of the technology, and flexibility
of the technology within the airport environment.

Before applying the AHP method to determine
the final ranking of the proposed approach-system
alternatives, the consistency of the original pairwise
comparison matrix of the evaluation criteria was verified.
The initial matrix did not meet Saaty’s consistency
requirement, as the calculated Consistency Ratio (CR)
exceeded the generally accepted threshold value of 0.10
[33-34]. For this reason, the original expert assessment
of the relative importance of the criteria was reviewed
and revised by the expert group. The revision process
was focused only on those pairwise comparisons that
contributed most significantly to the inconsistency of
the criteria matrix. The experts were therefore asked to
reconsider these selected judgments while preserving
the original decision-making logic and the operational
meaning of the criteria. No changes were made to the
AHP calculation procedure itself, and the revision was
limited exclusively to the expert judgments expressed in
the pairwise comparison matrix.

The revised pairwise comparison matrix preserved
the original logic of the expert evaluation but adjusted
selected pairwise comparisons so that the matrix
would meet the required level of consistency. This
procedure ensured that the final criteria weights were
not obtained by arbitrary mathematical adjustment, but
by a controlled revision of the expert assessment. The
resulting criterion weights are presented in Table 6.

The consistency check of the revised criteria matrix
confirmed its acceptability. The calculated values were
A, = 5.4099; CI = 0.1025; RI = 1.12; CR = 0.0915.
Since the resulting CR value is lower than 0.10, the
revised matrix can be considered sufficiently consistent
according to Saaty’s recommended threshold. In
addition to the revised criteria matrix, the local pairwise
comparison matrices of the alternatives with respect to
the individual criteria were also checked for consistency
before calculating the final global preference scores.

The results show that, for the LKMT Airport, the
most important criterion is the usability of the technology
(K), with a weight of 0.4242. In the context of this
study, this criterion primarily reflects the operational
usability of the approach system with respect to the
achievable approach and landing minima. The second
most important criterion is the aircraft equipage with
the given technology K|, with a weight of 0.2769. This
result indicates that the practical applicability of the
selected approach system strongly depends on whether
it can be used by a sufficiently broad range of aircraft
expected to operate at LKMT Airport, including both
civil aircraft and military transport aircraft in the case
of possible future mixed civil-military operations.

In the next step, the expert group applied the AHP
method to evaluate the proposed alternatives separately
with respect to each criterion. The assessed alternatives
were ILS CAT I for RWY 04, ILS CAT II/III for RWY
04, GBAS, and VORTAC. For each evaluation criterion,
a separate local Saaty pairwise comparison matrix was
created, and the local weights of the alternatives were
calculated.

For illustrative purposes, the local Saaty matrix for
the first criterion, the aircraft equipage with the given
technology K, is presented in Table 7. This criterion
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reflects the extent to which aircraft expected to operate
at LKMT Airport are equipped to use the respective
approach system. The results show that, with respect
to this criterion, ILS CAT I and VORTAC achieved the
highest local weights, both reaching 0.3478. ILS CAT
II/IIT reached a local weight of 0.2068, while GBAS
achieved the lowest local weight of 0.0975. This result
reflects the current differences in aircraft equipage
and operational readiness for the use of individual
technologies.

The consistency of each local Saaty matrix was
verified using the Consistency Ratio (CR). All the
local matrices met Saaty’s recommended consistency
threshold, as the calculated CR values were lower than
0.10. The local weights of the alternatives obtained for
the individual criteria are summarized in Table 8.

The global weights of the alternatives were
subsequently calculated by multiplying the local
weight of each alternative under each criterion by
the corresponding criterion weight and summing
these partial values across all criteria. This procedure
expresses the overall preference for each alternative
while considering both the importance of the criteria
and the local performance of the alternatives under each
criterion. The results of the global evaluation are listed
in Table 9.

The final step was to evaluate the results obtained
using the AHP method. The global evaluation showed
that the most suitable alternative for the modernization
and extension of radio navigation equipment at LKMT
Airport is the installation of an ILS CAT II/III system
for RWY 04, with a global weight of 0.2998. This result
is mainly influenced by the high importance of criterion
K, - usability of the approach system with respect to
approach and landing minima, which achieved the
highest criterion weight. Under this criterion, ILS CAT
II/IIT obtained the highest local preference, confirming
its operational advantage in low-visibility conditions
and its ability to significantly increase the probability
of completing an approach and landing under adverse
meteorological conditions.

The second-ranked alternative was GBAS, with
a global weight of 0.2390. Expanding the airport’s
equipment and utilizing GNSS through the
implementation of GBAS technology would increase
the redundancy and efficiency of navigation available
for both runway directions, particularly for precision
instrument approaches under CAT I conditions. The
GBAS also offers important advantages in terms of lower
requirements for critical and sensitive areas compared
with ILS, as well as the potential to support multiple
runway approach directions from a single ground-based
station. These characteristics may contribute to greater
operational flexibility and, in some cases, to increased
airport capacity. However, the overall result of GBAS is
limited by the lower aircraft equipage and by the fact that
its current operational usability is primarily associated
with CAT I minima. In the context of the present

evaluation, this reduced its competitiveness compared
with ILS CAT II/III, especially because criterion K, had
the highest weight in the overall assessment.

The third-ranked alternative was ILS CAT I
for RWY 04, with a global weight of 0.2366. This
option would improve the availability of RWY 04 for
instrument approaches and would provide a widely
used, technically proven, and broadly compatible
approach system. However, compared with ILS CAT II/
ITI, it would not provide the same level of operational
benefit in low-visibility conditions. Therefore, although
ILS CAT I represents a feasible and operationally useful
alternative, its contribution to reducing the approach
and landing minima would be more limited.

The fourth-ranked alternative was VORTAC, with
a global weight of 0.2246. The addition of VORTAC, or
TACAN-based equipment, is currently being discussed
in connection with the Czech Army’s planned activities
at LKMT Airport. This alternative may be beneficial
primarily for the military component of the expected
mixed civil-military operation. For the civilian segment
of air traffic, however, such modernization would bring
only limited improvement compared with the current
situation, particularly in terms of approach and landing
minima. Although the VORTAC achieved relatively
strong results in the criteria related to aircraft equipage
and resistance to interference, its low local weight under
criterion K, significantly reduced its final global score.
This indicates that from the perspective of improving
the airport’s usability under adverse meteorological
conditions, VORTAC provides a lower operational benefit
than the precision approach alternatives considered in
the analysis.

The selection of VORTAC could be justified mainly
if its implementation were explicitly required by the
military component, for example if the establishment
of a logistics facility or another form of military
presence at LKMT Airport were made conditional upon
such equipment. An indirect benefit could consist in
synergies and cost-sharing resulting from the shared
use of airport infrastructure under mixed civil-military
operations. However, if the expected military component
consists primarily of military transport aircraft that
are generally capable of using standard civil approach
systems, and if encrypted or coded approach guidance
is not essential for their operation, VORTAC cannot
be considered the preferred option for the purposes of
airport modernization.

Particularly in view of the high importance assigned
to approach-system usability with respect to approach
and landing minima, the installation of an ILS CAT
II/TIT system for RWY 04 can be considered the most
suitable option for the modernization and extension
of LKMT Airport’s radio navigation equipment. This
solution would increase the airport’s operational
usability and strengthen its competitiveness in regional
and international air transport. Together with the
existing ILS CAT II/III system for RWY 22, the proposed
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Table 6 Determination of criterion weights using the Saaty method

Criterion K K, K, K, K, Geometric mean G, Weight of criterion w,

1

K, 1 4 3 3 4 1.7411 0.2769
1 1

K, — 1 1 — 3 0.6843 0.1088
4 5
1 1

K, 3 1 1 3 3 0.8027 0.1277

K, 3 5 3 1 3 2.6673 0.4242

K 1 ! L ! 1 0.3920 0.0624

5 4 3 3 3 ' '

Table 7 Saaty Pairwise Comparison Matrix of Alternatives with Respect to Criterion K,

ILS CATI ILS CAT II/IIT Geometric Local Priority of
Approach System (RWY04) (RWY04) GBAS VORTAC Mean G, Alternative p,
ILS CAT I (RWY04) 1 1 3 1 1.5651 0.3478
ILS CAT II/IIT 1 1
— 1 3 — 0.9306 0.2068
(RWY04) 2 2
1 1 1
GBAS 3 3 1 3 0.4387 0.0975
VORTAC 1 2 3 1 1.5651 0.3478
Table 8 Summary of Local Weights of Alternatives with Respect to Evaluation Criteria p;
o ILSCATI ILS CAT II/III
Criterion (RWY04) (RWY04) GBAS VORTAC
Aircraft equipped with this type of technology 0.3478 0.2068 0.0975 0.3478
The complexity of locating and installing technology at an 0.1887 0.1089 0.3512 0.3512
airport
The device’s resistance to interference 0.2510 0.2050 0.1219 0.4222
Usability of the technology with respect to the landing minima 0.1901 0.4656 0.2814 0.0629
Flexibility in the use of technology within the airport 0.1125 0.1125 0.6225 0.1525
Table 9 Global evaluation of alternatives S, based on the AHP method
o . ILS CAT I ILS CAT II/IIT
Criterion Weight w, (RWY04) (RWY04) GBAS VORTAC
Aireraft equipped with this type of 0.2769 0.0963 0.0573 0.0270 0.0963
technology
_ The complexity of locating and 0.1088 0.0205 0.0118 0.0382 0.0382
installing technology at an airport
The device's resistance to 0.1277 0.0320 0.0262 0.0156 0.0539
interference
Usability of the technology 0.4242 0.0806 0.1975 0.1194 0.0267
Flexibility in the use of technology 0.0624 0.0070 0.0070 0.0388 0.0095
within the airport
Global Preference Indices for Alternatives 0.2366 0.2998 0.2390 0.2246
Results 3 1 2 4

ILS CAT II/TII system for RWY 04 would provide mutual
operational redundancy, particularly in situations where
runway selection is affected by wind direction and
tailwind limitations.

A disadvantage of this option is the need to establish
the protection areas for the LOC and GP components

serving RWY 04. However, given the existing experience
with similar equipment installed for RWY 22, the
implementation of such protection areas should be
manageable from both procedural and operational
perspectives. It should not create significant difficulties
in terms of staff training or airport operating procedures.
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The main operational disadvantage of this alternative is
the need for regular maintenance, inspections, and flight
checks, which will increase the financial costs associated
with airport operation. Despite these disadvantages, the
AHP results indicate that ILS CAT II/III for RWY 04
provides the most balanced and operationally beneficial
solution for the modernization of approach-system
infrastructure at LKMT Airport.

4.2 Sensitivity analysis of the AHP results

Since criterion K, representing the usability of the
approach system with respect to approach and landing
minima, obtained the highest criterion weight, a one-way
sensitivity analysis was carried out to examine whether
the final recommendation was excessively dependent on
this dominant criterion. The purpose of the analysis was
to verify whether the moderate changes in the weight of
K, would change the preferred alternative.

The sensitivity analysis was performed by
decreasing and increasing the weight of K, by +10% and
+20%, while the weights of the remaining criteria were
proportionally normalized so that the total sum of all
criteria weights remained equal to 1. The local priorities
of the alternatives with respect to individual criteria
were kept unchanged.

The results showed that ILS CAT IIIII for RWY
04 remained the preferred alternative in all tested
scenarios. Although the order of the lower-ranked
alternatives changed in some scenarios, the first
position remained stable. This indicates that the final
recommendation is influenced by the high importance
assigned to operational usability, but it is not determined
solely by this criterion.

The sensitivity analysis therefore confirmed that
the preference for ILS CAT II/III is robust under
moderate changes in the weight of K,. The result follows
from the combined effect of the criterion weights and the
local priorities of the alternatives, rather than from the
dominance of a single criterion alone.

5 Conclusion

In this article was addressed the operational and
technical assessment of suitable approach-system
alternatives for an international regional airport with
anticipated mixed civil-military traffic in the event of
future modernization. The theoretical part of the article
provided a description of selected approach systems,
summarized their basic advantages and disadvantages,
and presented a methodological framework for the
selection process, using the AHP method.

Within the proposed methodology,
necessary to evaluate the current range of available
approach systems, define the relevant time horizon,
specify the scope and type of expected traffic, and

it was

determine the anticipated structure of the aircraft
fleet, including possible military aircraft. In the article
are presented the sample evaluation criteria intended
for operational and technical assessment of approach-
system alternatives. Those criteria could be modified or
expanded according to the specific operational, technical,
economic, or strategic conditions of the airport under
consideration.

The practical part of the article was devoted to
application of the proposed methodology at Ostrava/
Mosnov Airport, where the runway reconstruction is
expected in the coming years and where the mixed civil-
military operations are currently being considered. The
AHP result showed that, for the purposes of modernizing
and expanding the airport’s radio navigation equipment,
the installation of a Category II/IIT ILS system for RWY
04 is the most suitable option. In addition to the basic
AHP evaluation, a sensitivity analysis was carried out
to verify the stability of the final ranking with respect to
changes in the weight of the most influential criterion.
The results confirmed that ILS CAT II/III for RWY 04
remains the preferred alternative even under moderate
changes in criterion weights. This option increases
the airport’s operational usability, particularly with
respect to approach and landing minima under adverse
meteorological conditions. The results also showed that
GBAS represents a promising alternative, mainly due
to its flexibility and lower requirements for protection
areas. However, its current operational limitations and
lower aircraft equipage reduce its overall suitability
in comparison to ILS CAT II/III. ILS CAT I remains a
feasible but less operationally beneficial option, while
the VORTAC appears to be the least suitable alternative
for modernization focused on improving the airport’s
usability in low-visibility conditions.

The proposed methodology can be applied to other
regional airports facing similar modernization decisions.
However, the specific ranking of alternatives cannot
be generalized automatically, as it depends on local
operational conditions, expected traffic structure, aircraft
equipage, meteorological characteristics, infrastructure
constraints, and strategic requirements. Therefore, each
application of the methodology should be based on
airport-specific input data and expert assessment.
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Resume

In this exploratory study were examined the gender differences in visual
attention and stated preferences during the evaluation of battery electric
vehicles (BEVs) using eye-tracking. Thirty-two participants (18 men,
14 women) viewed static images of the ten top-selling BEVs in Slovakia
while eye movements were recorded across four predefined Areas of Interest
(AOIs). Vehicle design attracted the greatest absolute dwell time in both
groups. No gender difference reached conventional statistical significance
(all p > 0.05), yet medium effect sizes were obtained for brand (d = 0.69),
acceleration (d = 0.67), vehicle equipment (d = 0.60) and trunk capacity
(d = 0.53), all rated higher by women, whereas men more often cited driving
range as the main reason for model choice. The findings are hypothesis-
generating and motivate confirmatory research with larger, purposively
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1 Introduction

The European Union’s ambition to achieve climate
neutrality by 2050 has accelerated the transition
towards electromobility, positioning battery electric
vehicles (BEVs) as a cornerstone of sustainable
transport policy. In 2023, BEVs accounted for 14.6%
of new car registrations in the EU, up from 12.1% in
2022 [1]. Despite this momentum, consumer hesitancy
remains a structural challenge, particularly in Central
and Eastern European markets characterised by lower
average incomes, limited charging infrastructure, and
high price sensitivity.

Slovakia presents a particularly instructive case.
With only 2,227 newly registered BEVs in 2024, a
2.38% market share, Slovakia remains one of the lowest
BEV-penetration markets in the EU [2]. Structural
constraints, including underdeveloped public charging
networks and fragmented policy incentives, impede

mass-market adoption [3].

Affective responses play a central role in electric
vehicle evaluation [4], and gender is among the most
consistently identified moderators of automotive
consumer behaviour [5]. Heterogeneity in consumer
preferences, including pro-environmental orientation,
is well established in vehicle-choice modelling [6], and
European research documents systematic differences
between male and female consumers in the attributes
they prioritise when selecting a vehicle and in their
responsiveness to brand and emotional cues [7]. However,
the application of biometric methods, particularly eye-
tracking, to examine gender-specific patterns within the
BEV context has received limited attention.

This study is an extension of a prior research
by the present authors [8], which identified overall
visual attention patterns in BEV evaluation without
disaggregating findings by gender. In the present study,
the gender was treated as the primary analytical

© 2026 THE AUTHORS
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variable, combining the eye-tracking data with a
structured interview to reveal how men and women
differ both in how they visually process commercial BEV
imagery and in what attributes they prioritise when
making model choices. Given the convenience sample
and its size, the study was explicitly exploratory: its
purpose is to estimate the direction and magnitude of
gender-related differences and to generate hypotheses
for subsequent confirmatory testing, rather than to
test pre-specified hypotheses. No hypotheses were
formulated in advance and no analysis plan was
pre-registered.

2 Literature review

Research relevant to this study spans market-level
analyses of electromobility adoption, behavioural work
on the determinants of BEV choice, and the smaller
literature applying biometric methods to consumer
evaluation. Gender recurs across all three as a moderator,
but rarely as the primary variable, and almost never in
combination with eye-tracking in a Central European
market.

2.1 Electromobility and the European market
context

Electromobility has emerged as a structural priority
within the EU’s Green Deal framework, driven by
binding CO, reduction targets and the proposed 2035
ban on new internal combustion engine vehicle sales
[1]. The environmental case for electrification is the
strongest in high-mileage applications: replacing a
conventional ride-hailing vehicle with a BEV delivers
approximately three times the emission-reduction
benefit of replacing a privately used car [9]. Empirical
analysis confirms that EU-level CO, targets for
passenger cars are both technically achievable and
economically feasible [10]. At the same time, the
transition entails systemic sustainability challenges
that extend beyond vehicle sales, notably end-of-life
battery waste and recycling capacity [11]. Nevertheless,
adoption trajectories diverge substantially across
member states, reflecting heterogeneity in GDP
per capita, fiscal policy, infrastructure density, and
consumer readiness. Comparative analysis of BEV and
PHEV market development across European countries
indicates that electrification trajectories are linked
not only to fiscal and infrastructural conditions but
to the diffusion of vehicle automation technologies,
as well [12].

Slovakia’s BEV adoption remains structurally
constrained. As of end-2024, only 15,476 BEVs were
registered on Slovak roads, a 53% year-on-year increase,
yet still representing a marginal fleet share [2]. The
Slovak market remains highly price-sensitive: official

new-BEV sales are among the lowest in the EU,
and individually imported vehicles account for the
majority of BEV additions [2]. Prior Slovak research on
electromobility has primarily addressed infrastructure
and policy frameworks [13], leaving consumer-level
behavioural research underexplored.

2.2 Consumer behaviour in BEV adoption

Consumer decision-making in BEV contexts is
shaped by a combination of instrumental, hedonic, and
symbolic factors [14]. National fiscal policies strongly
steer consumers’ powertrain choices [15], while the
price and range per charge consistently emerge as
the most frequently cited functional barriers across
European consumer studies [10, 16]. Charging speed
and infrastructure availability are identified as the
secondary but increasingly prominent concerns [17].
Beyond functional attributes, affective and symbolic
dimensions play a significant role. Moons and De
Pelsmacker [4] demonstrated that emotional responses
towards electric vehicles are among the strongest
predictors of BEV usage intention. Brand perception
functions as a powerful heuristic cue, conveying implied
quality and reducing perceived purchase risk [18]. Recent
research confirms that design aesthetics, brand equity,
and consumer trust jointly mediate BEV purchase
intention [19].

2.3 Gender as a determinant of BEV preferences

Individual difference variables are established
predictors of behaviour and outcomes across transport
contexts: occupational stress and personality traits,
for example, differentiate incident involvement among
professional drivers [20]. Gender consistently moderates
BEV adoption behaviour. Sovacool et al. [21] analysed
data from five Nordic countries and found that gender
significantly shapes electric mobility preferences:
the male consumers exhibited stronger interest in
performance-related attributes, such as acceleration and
top speed, while the female consumers expressed greater
concern about practical utility and environmental
benefits. Haustein and Jensen [7] corroborated these
findings in a Danish-Swedish sample, identifying BEV
owners as predominantly male, highly educated, and
higher-income.

More recent market research underscores the
commercial significance of the gender gap. A 2024
industry study found that only 30% of women were
familiar with BEVs compared to 55% of men, and that
men comprised 71% of BEV owners [22]. Research
on female new energy vehicle consumers reveals that
brand loyalty, trust, and perceived performance drive
female purchase intention [5], while men engage more
extensively with technical specifications during the
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Table 1 Participant characteristics by gender

Characteristic Category All n All % Women, n (%) Men, n (%)
Gender Female 14 43.8 - -
Male 18 56.3 - -
Age group 18-28 9 28.1 4 5
29-44 12 375 3 9
45-60 9 28.1 7 2
61-79 6.3 0 2
BEV experience Yes 18 56.3 7 (50) 11 (61)
No 14 43.8 7(50) 7(39)
Trips >200 km Weekly 10 31.3 2(14) 8 (44)
Monthly 9 28.1 5 (36) 4(22)
Quarterly+ 13 40.6 7 (50) 6 (33)

Note: Percentages may not sum to 100 due to rounding.

pre-purchase research [22]. Marketing communication
itself influences EV purchase intention only indirectly,
through perceived value and brand preference [23].
Range anxiety remains a central psychological barrier
that also shapes willingness to pay for charging [24], and
industry evidence indicates that women face a broader
set of adoption barriers than men [22].

2.4 Eye-tracking in consumer and marketing
research

a well-established biometric
consumer

Eye-tracking is
methodology in neuromarketing
psychology, providing objective, real-time data on visual
attention allocation [25]. Key metrics include fixation

and

count, dwell time, first fixation duration, entry time,
and revisit frequency [25-26]. Studies consistently
demonstrate that certain visual elements, particularly
brand logos and price information, capture attention
rapidly [27]. Research in virtual retail environments
confirmed that dwell time and fixation count are robust
indicators of consumer engagement [28].

Research on gender differences in visual processing
has revealed systematic variations in gaze patterns.
A study found that men and women differ in how
they allocate visual attention to advertising stimuli
[29]. Neurophysiological research confirmed that
female participants show longer visual attention to
aesthetically rich stimuli [30]. In FMCG advertising
contexts, gender-differentiated eye-tracking scan paths
were found to shape attention capture and perceived
trustworthiness [31]. The integration of eye-tracking
with post-experimental structured interview methods
provides methodological triangulation that captures
both unconscious, bottom-up attentional processes
and top-down deliberate evaluation [8]. More broadly,
instrumental and sensor-based measurement methods
have become increasingly established across transport
research applications [32].

3 Methodology

The study combined two measurement modes
applied to the same participants within a single
session: an eye-tracking recording of visual attention to
commercial BEV imagery, and a structured interview
capturing the attributes that participants said mattered
to them. The recording always preceded the interview,
so that the questions could not direct attention during
stimulus viewing.

3.1 Participants

A total of 32 participants took part in the study,
comprising 18 men (56.3%) and 14 women (43.8%).
Participants were recruited on a voluntary basis from
the university and surrounding community without
financial compensation. Fifty-six percent reported prior
BEV experience. Men showed higher weekly travel
frequency exceeding 200 km (44.4% vs. 14.3% of women).
Detailed sample characteristics are presented in Table 1.

3.2 Stimuli and apparatus

Participants were shown the high-resolution static
images of ten BEV models representing the best-selling
electric vehicles in Slovakia during Q1 2024: Tesla
Model Y, Tesla Model 3, Volvo EX30, MG 4, Volkswagen
ID.4, Volkswagen ID.3, Skoda Enyaq, Volvo EX40, BMW
iX1, and Audi Q4 e-tron. Each stimulus presented the
vehicle image alongside the key commercial information
(brand logo and name, range per charge, price, and
vehicle specifications). Each image was displayed for
10 seconds on a 24-inch monitor at a viewing distance
of approximately 65 cm. Eye movements were captured
using the SMI RED remote eye-tracker with data
recorded via SMI BeGaze software [33].

The five models subjected to gender-disaggregated
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analysis, Audi Q4 e-tron, Skoda Enyaq, Volvo EX40,
BMW iX1 and Tesla Model 3, were the five most
frequently nominated models in a post-exposure
structured interview asking which vehicle participants
would realistically choose if making a purchase decision
(n = 8,7, 5, 5 and 3 respectively; Table 3). All five
also featured in the European and national H1 2024
BEV sales rankings [34-35]. The remaining models
attracted two or fewer nominations each (Tesla Model Y,
n = 2; MG 4 and Volvo EX30, n = 2, in total) and were
not analysed separately, because subgroup statistics
based on so few preference-consistent responses
would not be interpretable. This selection aligns the
analysed stimulus set with both market relevance
and participant purchasing intent. It was, however,
applied after the data collection and is derived from
the same participants whose gaze data are analysed,;
the resulting constraint on interpretation is addressed
in the limitations.

3.3 Areas of interest and metrics

Four Areas of Interest (AOIs) were manually
defined for each stimulus: (1) vehicle design: the
visual representation of the car body; (2) brand: the
manufacturer’s logo and name; (3) range per charge:
the displayed range figure; and (4) price: the retail
price indicator. Figure 1 illustrates the AOI layout. Eye-
tracking metrics extracted per AOI included dwell time,
fixation count, first fixation duration, entry time, and
revisit frequency. Tables 5 to 8 report the dwell time (in
milliseconds and as a percentage of the 10 s exposure),
fixation count, first fixation duration, and the number of
revisits. First fixation duration denotes the length of the
first fixation falling within the AOI; it does not indicate

when that fixation occurred.

The four AOIs differed considerably in area and in
position within the stimulus. The design AOI enclosed
the whole vehicle body and occupied the central region
of the image, whereas the brand, range, and price AOIs
were small text fields located peripherally. Since both
AQI area and eccentricity relative to the initial gaze
position influence the dwell time and fixation count
[25], absolute dwell times are not directly comparable
between AOIs of unequal size, and the comparisons
reported in Sections 4.3 to 4.6 should be read with this
constraint in mind.

3.4 Post-experimental structured interview

Immediately after the eye-tracking session, each
participant took part in an individual structured
interview conducted by a member of the research team.
The interview was governed throughout by a fixed
questionnaire protocol and covered: (1) demographics;
(2) mobility profile; (3) BEV experience; (4) importance
ratings of nine EV selection attributes on a 7-point
Likert scale (1 = not important, 7 = very important); (5)
preferred model selection with up to three stated reasons,
recorded as an open-ended response and subsequently
coded into the attribute categories reported in Table
4; and (6) rated likelihood of choosing a BEV over an
ICE vehicle (scale 1-10). All items except (5) had fixed
response formats; the instrument is therefore described
as a structured interview rather than an in-depth
interview. The order of the two stages was fixed rather
than counterbalanced: the eye-tracking measurement
always preceded the interview, so that the questions
could not direct participants’ attention during stimulus
viewing.

_____________

Link to manufacturer H
_..(non-AOI) . . .

_____________________________

_____________________________

Marketing slogan (non-AQl)

Vehicle design (image)

Other technical
characteristics
(non-AQl)

Figure 1 Principal layout of the visual stimulus with the four defined AOIs
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3.5 Statistical analysis

Gender differences in attribute importance ratings
(Table 2) were assessed using the Welch’s independent-
samples t-test, which does not assume equal variances
and is robust to unequal sample sizes (n,=14 women,
n,=18 men). Since the primary data export provided
pooled and female subgroup statistics, the men’s
standard deviations were recovered algebraically from
the pooled statistics (given n, M and SD of the total
sample and the female subgroup, the male SD is uniquely
determined); this recovery is exact, not an estimate.
Effect size was quantified using Cohen’s d, with
conventional thresholds of 0.20 (small), 0.50 (medium),
and 0.80 (large). Stated reasons for model choice
were compared across genders by Spearman’s rank
correlation coefficient (p). Model preference distributions
were examined using Pearson’s chi-square test; where
expected cell frequencies fell below five, results are
reported descriptively. The significance threshold
was set at o = 0.05 (two-tailed). Since the study is
exploratory, the nine comparisons were not corrected
for multiple testing; the p-values are consequently
nominal and are reported for descriptive purposes
only. Analyses were performed in SMI BeGaze 3.7.59
and MS Excel 365.

4 Results

The stated and the recorded data are reported
separately, so that what participants said mattered can
be set against where they actually looked. In Sections 4.1
and 4.2 are presented the attribute importance ratings
and the model preferences obtained in the interview. In
Sections 4.3 to 4.6 are reported the eye-tracking metrics
for each Area of Interest across the five models analysed
in detail.

4.1 Gender differences in attribute importance

Table 2 presents importance ratings (M) and
standard deviations (SD) for all nine BEV selection
attributes disaggregated by gender, alongside the Welch
t-test statistics, two-tailed p-values, and Cohen’s d effect
sizes. No comparison reached the a = 0.05 threshold.
Nevertheless, two attributes exhibited medium-to-
large effect sizes: Acceleration (d = 0.67, t(26) = 2.04,
p = 0.052) and Brand (d = 0.69, t(30) = 1.99,
p = 0.056). Two further attributes, Vehicle equipment
(d = 0.60) and Trunk capacity (d = 0.53), showed
medium effect sizes, while Vehicle design (d = 0.47)
fell just below the medium threshold. The absence of

Table 2 Importance ratings of BEV selection attributes by gender (Likert scale 1-7, sorted by overall mean)

Attribute M M, AWM c@n p d
Fast charging time 6.21 (1.63) 6.44 (1.41) -0.23 -0.42 (26) 0.678 0.15
Acceleration (0-100 km/h) 6.71 (0.73) 5.89 (1.49) +0.82% 2.04 (26) 0.052 0.67
Brand 6.21 (1.12) 5.33 (1.38) +0.88%* 1.99 (30) 0.056 0.69
Top speed 5.86 (1.70) 5.44 (1.43) +0.42 0.74 (25) 0.464 0.27
Range per charge 5.50 (1.70) 5.50 (1.70) 0.00 0.00 (28) 1.000 0.00
Price 5.14 (1.35) 5.17 (1.92) -0.03 -0.05 (30) 0.959 0.02
Vehicle equipment 5.29 (1.73) 4.28 (1.64) +1.01 1.68 (27) 0.105 0.60
Vehicle design 4.71 (1.38) 3.94 (1.80) +0.77 1.37 (30) 0.181 0.47
Trunk capacity 4.57 (1.40) 3.83 (1.39) +0.74 1.49 (28) 0.148 0.53

Note: A = women minus men; d = Cohen’s d (absolute value); * denotes 0.05 < p < 0.10. None of the nine comparisons reached the
o = 0.05 threshold. Acceleration (d = 0.67) and Brand (d = 0.69) yielded the largest point estimates, but at n = 32 the data do not
distinguish between medium-sized gender differences and their absence. The p-values are nominal and are reported descriptively

(Section 3.5).

Table 3 Preferred BEV model by gender

Model All n All % Women, n (%) Men, n (%) Rank W/M

Audi Q4 e-tron 8 25.0 5(35.7) 3(16.7) 1st / 2nd

Skoda Enyaq 7 21.9 3(214) 4(22.2) 2nd / 1st

Volvo EX40 5 15.6 2(14.3) 3(16.7) 3rd / 3rd

BMW iX1 5 15.6 2 (14.3) 3(16.7) 3rd / 3rd
Tesla Model 3 3 94 0(0.0) 3(16.7) -/ 3rd

Tesla Model Y 2 6.3 1(7.1) 1(5.6) 5th / 5th
MG 4 / Volvo EX30 2 6.3 1(7.1) 1(5.6) 5th/-
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Table 4 Frequency of stated reasons for BEV model choice by gender

Attribute Women n Men n Women rank Men rank
Vehicle design 9 8 1st 4th
Brand 8 10 2nd 3rd
Price 7 11 3rd 2nd
Range per charge 5 12 4th 1st
Fast charging time 4 3 5th 5th
Vehicle equipment 3 3 6th 5th
Trunk capacity 3 1 6th 7th
Acceleration 1 1 8th 7th

Note: Participants stated up to three reasons; not all provided three, hence column totals (women n = 40, men n = 49) are below

the theoretical maxima (42 and 54).

Table 5 Eye-tracking metrics for AOI “Design”

Model Dwell Time, ms ( %) Fixations First Fix. Duration (ms) Revisits
Audi Q4 e-tron 2,668.5 (26.7) 9.8 176.0 2.2
BMW iX1 2,512.3 (25.1) 8.6 162.5 2.5
Skoda Enyaq 2,465.4 (24.6) 7.5 187.5 2.3
Volvo EX40 2,227.9 (22.3) 7.6 256.2 2.1
Tesla Model 3 1,645.7 (16.4) 5.8 204.2 1.8

statistical significance, despite the substantial effect
sizes, reflects limited statistical power at n = 32; a post-
hoc power analysis (o = 0.05, d = 0.65) yields power =~
0.38, indicating the study was underpowered to detect
these differences reliably. Fast charging time, Range per
charge, and Price showed negligible gender differences
(d < 0.20).

4.2 Model preference and purchase rationale
by gender

Table 3 summarises model preferences by gender.
Table 4 presents the frequency of attributes cited as the
three main reasons for model choice.

Audi Q4 e-tron was the most preferred model
overall (n=8; 25.0%), with disproportionate female
preference (35.7% of women vs. 16.7% of men).
Tesla Model 3 was selected exclusively by three male
participants, while no female participant selected
it. A Pearson chi-square test on the five-model
preference distribution did not reach significance
(x2(4) = 3.54, p = 0.471); however, expected cell
frequencies fell below five for several cells (min.
expected = 1.29), precluding reliable inference.
Results should therefore be interpreted descriptively.
Regarding the attribute-level purchase rationale
(Table 4), a Spearman rank correlation between women'’s
and men’s attribute citation frequencies indicated
strong rank agreement in the overall ranking pattern
(p = 0.73), suggesting that both genders share a common
attentional hierarchy while differing in the relative

emphasis placed on design versus range. With eight
attributes and tied ranks, the associated p-value is
approximate and is therefore not reported as evidence of
statistical significance.

4.3 Eye-tracking AOI results: design

Vehicle design attracted the highest visual
engagement across all five analysed models (Table 5).
Dwell times ranged from 1,645.7 ms (Tesla Model 3;
16.4%) to 2,668.5 ms (Audi Q4 e-tron; 26.7%), with a
near-universal hit ratio of 93.8%.

Figure 2 shows the gender-disaggregated eye-
tracking outputs for the Audi Q4 e-tron, revealing that
female participants concentrated gaze on the vehicle’s
front facade and brand emblem, consistent with their
higher importance ratings for design and brand. Male
participants’ gaze was more spatially distributed across
the stimulus.

4.4 Eye-tracking AOI results: brand

Brand AOIs elicited moderate but consistent
engagement (Table 6). Tesla Model 3 generated the
highest brand dwell time (654.1 ms; 6.5%), attributable
to high global brand recognition. Audi Q4 e-tron
recorded the lowest brand dwell time (455.2 ms; 4.5%),
suggesting that Audi’s brand identity may be inferred
from design cues rather than requiring explicit logo
verification.
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Table 6 Eye-tracking metrics for AOI “Brand”
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Model Dwell Time, ms ( %) Fixations First Fix. Duration (ms) Revisits
Tesla Model 3 654.1 (6.5) 2.2 202.1 1.2
Skoda Enyaq 613.5 (6.1) 1.8 246.8 0.5

BMW iX1 519.8 (5.2) 15 213.5 0.8
Volvo EX40 517.6 (5.2) 15 248.9 0.7
Audi Q4 e-tron 455.2 (4.5) 1.3 207.3 0.6

4.5 Eye-tracking AOI

Despite being rated as highly important (M=5.50),
the range AOI attracted comparatively modest
visual attention (Table 7). Volvo EX40 and Audi Q4

results: range

657.1 ms respectively), while BMW iX1 registered the
lowest (492.7 ms). One possible explanation is that

e-tron attracted the most engagement (672.9 ms and

participants inferred range from brand reputation
rather than verifying the displayed figures; this was not
tested directly.
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Table 7 Eye-tracking metrics for AOI “Range”
Model Dwell Time, ms ( %) Fixations First Fix. Duration (ms) Revisits
Volvo EX40 672.9 (6.7) 1.6 264.6 0.7
Audi Q4 e-tron 657.1 (6.6) 1.6 349.9 0.8
Skoda Enyaq 609.3 (6.1) 14 264.5 0.8
Tesla Model 3 564.5 (5.6) 11 307.3 0.3
BMW iX1 492.7 (4.9) 1.1 304.1 0.5
Table 8 Eye-tracking metrics for AOI “Price”
Model Dwell Time, ms ( %) Fixations First Fix. Duration (ms) Revisits
Tesla Model 3 603.1 (6.0) 1.7 212.5 0.4
BMW iX1 387.4 (3.9) 1.6 115.6 0.9
Audi Q4 e-tron 331.2 (3.3) 1.0 132.3 0.4
Skoda Enyaq 263.5 (2.6) 0.9 123.9 0.2
Volvo EX40 171.8 (1.7) 0.6 131.2 0.2
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Figure 3 Eye-tracking outputs for Tesla Model 3 —women (n = 14, top) vs. men (n = 18, bottom).

Source of eye-tracking output: SMI BeGaze
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4.6 Eye-tracking AOI results: price

Price received the lowest visual engagement of
all four AOIs despite being rated among the top three
purchase reasons by both genders (Table 8). Tesla Model
3 generated the highest price-related dwell time (603.1
ms; 6.0%). Figure 3 illustrates gender-disaggregated
outputs for Tesla Model 3, where female participants
- who did not ultimately select this model - showed
more diffuse attention across the stimulus, while male
participants concentrated gaze on the vehicle body and
brand.

5 Discussion

The dominance of vehicle design as the primary
AOI across both genders aligns with the well-established
primacy of aesthetic evaluation in consumer product
assessment [19] and with recent market evidence: a
2026 survey of new-vehicle buyers found that interior
and exterior design outrank brand, range, and charging
performance as motivators of BEV choice [36]. It should
also be noted that the design AOI was the largest region
of each stimulus and the closest to the initial gaze
position. Larger and more central regions accumulate
dwell time and fixations partly for geometric reasons,
so the observed ranking of AOIs is not attributable
to informational content alone. The metrics reported
here do not establish the time course of attention:
first fixation duration measures the length of the first
fixation within an AOI, not the moment at which it
occurred. The present design does not permit a causal
claim about the effect of design investment on consumer
engagement, nor about the ordering of attentional and
deliberative processes.

The gender-related tendencies observed in this
sample are directionally consistent with international
research but reveal potentially market-specific nuances.
The female prioritisation of brand and design over range
(reflected in stated reasons: design 1st vs. 4th for women
and men respectively; range 4th vs. 1st) aligns with
findings from Boscolo et al. [29] on gender differences
in advertising attention and may suggest distinct entry
points for targeted marketing communication. However,
it should be noted, that these differences did not
reach statistical significance (Brand: p = 0.056; Vehicle
design: p = 0.181), and the limited sample precludes
firm prescriptive conclusions. Replication with larger
samples is warranted before these patterns are applied
directly to commercial strategy.

The reversal of the expected acceleration preference
- with women rating this attribute higher than men
(6.71 vs. 5.89) - may reflect the age distribution: seven
of fourteen women were aged 45-60, a group that may
associate responsive acceleration with driving comfort
and safety rather than performance signalling. This
interpretation is consistent with evidence that gender

shapes the weighting of instrumental and safety-related
vehicle attributes: Lieven et al. [37] found that the female
car buyers prioritise safety over performance symbolism,
and Sovacool et al. [21] documented systematic gender
differences in electric mobility preferences, with women
placing greater emphasis on practical and safety-relevant
attributes. This observation is a reminder that gender
should not be treated as a monolithic segmentation
variable, although a single non-significant comparison
cannot itself support that conclusion.

The finding that Tesla Model 3 attracted zero female
preference, while all male Tesla-preferring respondents
cited brand, is compatible with the proposition that BEV
brands may carry gendered associations, although it
rests on three male and no female nominations and is
reported as an observation only. Tesla’s identity, centred
on technological performance and minimalist design,
appears more resonant with male participants in this
study, consistent with prior work on symbolic vehicle
attributes and gender [14, 37]. This is a descriptive
observation based on small frequencies (n=3 male
Tesla choosers, n=0 female), and should be treated as
hypothesis-generating rather than confirmatory.

The implicit-explicit discrepancy for price and
range, highly declared importance (M > 5.1) but low
visual engagement (dwell times below 700 ms), is
consistent with research documenting divergence
between explicit and implicit consumer responses [27-
28]. A comparable divergence between self-reported and
behaviourally derived measures has been reported in
other assessment domains, where skill levels inferred
from observed behaviour differed from participants’ own
self-assessments [38]; this suggests a general property
of self-report methods rather than a domain-specific
artefact. A plausible interpretation is that participants
had pre-formed price and range expectations anchored
to brand associations, reducing the need for direct
visual inspection. A second, non-exclusive interpretation
concerns the mode of data collection: the stated
measures were obtained in a face-to-face structured
interview rather than through an anonymous self-
completed instrument, and stated importance is exposed
to social desirability in a way that visual attention is
not. This finding is consistent across both genders (price:
d = -0.02; range: d = 0.00) and may reflect a general
heuristic rather than a gender-specific pattern.

6 Conclusions

In this exploratory study, gender differences in
the visual evaluation of battery electric vehicles were
examined using eye-tracking technology and post-
experimental structured interviews with 32 participants.
The following principal conclusions are drawn:

(1) Vehicle design attracted the most visual
attention in this sample. Across all five analysed
models, the design AOI recorded the highest dwell times
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and fixation counts in the pooled data, exceeding the
commercial information fields by a factor of between
2.5 and 13 depending on the model and the field.
This ranking should, however, be read alongside the
difference in AOI area and position noted in Sections
3.3 and 5.

(2) Gender-related tendencies
importance and model preference were observed,
though without reaching conventional statistical
significance. Women tended to assign higher
importance to brand identity (A = +0.88, d = 0.69, p
= 0.056), vehicle equipment (A = +1.01, d = 0.60, p =
0.105), and vehicle design (A = +0.77, d = 047, p
0.181) compared to men. Men cited range per charge as
their primary stated purchase reason (66.7% of male
respondents). The point estimates are compatible with
the genuine gender differences of medium size, but the
sample cannot discriminate between that possibility
and the absence of any difference. Tesla Model 3 was
chosen exclusively by men, while Audi Q4 e-tron was
disproportionately preferred by women - a descriptive
finding that warrants replication.

(3) Implicit attention and explicit preferences
diverge for price and range. Despite both attributes
being rated as highly important, they received the
lowest visual engagement in the eye-tracking data. One
plausible interpretation, not tested directly in this study,
is that participants inferred price and range value from
brand and design cues rather than verifying the displayed
figures. If confirmed in subsequent research, this would
have implications for the information architecture of
digital BEV marketing environments.

(4) The exploratory findings suggest, but
do not confirm, that gender-differentiated
communication strategies may be effective in BEV
marketing contexts. If the observed tendencies are
borne out in larger, pre-registered studies, campaigns
targeting female consumers could foreground brand
heritage, design sophistication, and interior comfort,
while campaigns targeting male consumers might
provide transparent range comparisons and charging
infrastructure assurances. Such strategies could
contribute to broadening BEV appeal in Slovakia and
comparable CEE markets, but this recommendation
should be treated as hypothesis-generating pending
confirmatory evidence.

Several limitations should be acknowledged. First,
the sample size (n = 32; 14 women, 18 men) was relatively
modest. Although this is consistent with sample sizes
commonly reported in consumer eye-tracking research
[25] and neuromarketing studies investigating gender
differences (e.g., Vecchiato et al. [30], n = 28), where
intensive within-subject measurement yields a large
number of observations per participant, the post-
hoc power analysis (power = 0.38 for d = 0.65 at
a = 0.05) indicates that the study was underpowered
to reliably detect medium-to-large gender differences
in attribute importance. Consequently, the observed

in attribute

effect sizes should be interpreted as exploratory and
require confirmation in larger samples. Second, the
study was conducted in the context of the Slovak market,
and the findings may therefore reflect market-specific
characteristics that cannot be directly generalised to
other countries or cultural settings. Third, participants
viewed each stimulus for a fixed exposure time of 10
seconds. While this ensured identical experimental
conditions across all participants, it may not fully
capture longer and more deliberate visual attention
processes associated with real-world vehicle purchase
decisions. Fourth, the five models subjected to gender-
disaggregated analysis were selected after data collection
based on the participants’ own stated preferences, rather
than being specified in advance. This procedure keeps
the analysed stimulus set close to participants’ purchase
intentions, but it makes the selection conditional on an
outcome measured in the same sample. One consequence
is that Tesla Model Y, the best-selling BEV in Slovakia
in the reference period, was excluded despite its market
position. Fifth, the AOIs were not equated for area or for
eccentricity. The design AOI necessarily encompassed
the whole vehicle and occupied the central part of the
stimulus, whereas the commercial information fields
were small and peripheral. Comparisons of absolute
dwell time across AOIs are therefore confounded with
stimulus geometry. The future research should employ
larger and more diverse samples, extend the study to
different national contexts, pre-specify the analysed
models or analyse the full stimulus set, equate AOI
areas or apply a spatial-bias correction, and further
examine the robustness of the observed gender-related
visual attention patterns using confirmatory research
designs. Subsequent studies could also overcome the
constraints of static, fixed-exposure stimuli by employing
immersive virtual-reality showrooms or wearable
eye-tracking glasses during on-road test drives,
approaches that have proven feasible in virtual retail
environments [28].

Overall, the present results should be read as
exploratory evidence intended to inform the design of
future confirmatory studies on gender-differentiated
BEV marketing communication, rather than as
prescriptions for practice.
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1 Introduction

One key determinant of public transportation
efficiency is schedule synchronization. Synchronized
timetables minimize passenger waiting times, reduce
transfer costs, and enhance the overall attractiveness
of public transit. Achieving optimal synchronization is
a complex combinatorial optimization problem, often
characterized by a vast search space and multiple,
conflicting objectives. Consequently, researchers have
employed a variety of heuristic and metaheuristic
approaches, such as Simulated Annealing (SA), Tabu
Search, and Ant Colony Optimization (ACO), to find the
high-quality solutions within reasonable computational
limits [1]. Genetic algorithms (GAs) are widely used
to tackle scheduling challenges because of their
robustness and ability to explore a diverse solution
space.

While the GAs have shown considerable potential

for public transport synchronization, their performance
depends critically on selecting the right heuristic
parameters. Parameters such as population size,
crossover rate, mutation rate, and selection mechanisms
significantly influence the algorithm’s convergence speed
and solution quality. Suboptimal parameter choices can
lead to premature convergence, an inability to find near-
optimal solutions, or excessively long computation times,
thereby diminishing the practical utility of the GA-based
approach to synchronizing schedules within the public
transport system.

In this paper is addressed the crucial role of
heuristic parameter selection in synchronizing public
transport schedules using GAs. Within this research
was investigated how different parameters affect the
effectiveness of GAs in this domain. By analyzing how
parameter settings affect optimization performance,
this study aim was to provide insights for researchers
and practitioners seeking to deploy GAs to solve the

© 2026 THE AUTHORS
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synchronization problem within a public transport
network. Ultimately, this study’s objective is to enhance
thereby
supporting the development of more efficient public
transportation systems.

the performance of GA-based solutions,

As a tool to evaluate the efficiency of the public
transport system, the simulation model was first proposed
and described in the paper [2]. The authors applied this
tool while solving the synchronization problem for
the public transport network in Verkhniodniprovsk,
Ukraine [3]. The simulation model generates random
trip demand within the public transport system, mimics
the servicing process, and returns the estimated total
waiting time for passengers.

This paper is organized as follows. In Section 2,
the literature on applying the GA to public transport
timetable synchronization is reviewed. The proposed
approach, which combines GA with system simulations,
is described in Section 3. The methodology for
investigating the impact of GA parameters on the
results is outlined in Section 4. The findings from the
experimental studies are presented in Section 5, and a
summary and recommendations for future research are
provided in Section 6.

2 Literature review

Previously, research on timetable synchronization
was focused on optimizing a single objective, such
as minimizing passenger waiting time or total costs,
including operational costs. Yet a significant shift is
occurring, with more recent studies adopting a multi-
criteria approach. This broader perspective allows
researchers to address the problem’s full complexity by
considering objectives such as minimizing passenger
time (waiting and travel), reducing schedule deviations,
minimizing vehicle requirements, and maximizing
transfer opportunities. This evolution reflects a deeper
understanding of the interrelated factors crucial to
effective timetable synchronization [1].

The GAs have been widely applied to the complex
problem of public transport schedule synchronization,
addressing a broad range of optimization objectives. A
primary focus in many studies has been minimizing
passenger inconvenience. For instance, Chakroborty et
al. used GAs to minimize the combined transfer and
initial waiting times [4]. Similarly, Wu et al. sought to
reduce total passenger waiting times in the Beijing metro
network, with an added emphasis on equitable waiting
times across stations [5], while Tuzun and Yilmaz
formulated an objective to minimize both passenger
waiting times and missed transfers [6]. Building on
this passenger-centric approach, Niu et al. addressed
passenger waiting time while innovatively incorporating
an in-train crowding factor to enhance comfort and
maximize operator profits [7]. The challenge of the last-
train synchronization, crucial for extending network

accessibility, has also been tackled, with Kang et al.
focusing on minimizing passenger transfer connection
headways in Beijing, China, demonstrating that this
approach is more effective than solely minimizing
waiting time for successful transfers [8]. Yin et al.
also addressed the last-train schedules, formulating
an objective to balance extended operating hours and
associated costs while reducing missed transfers and
average waiting times [9].

Beyond passenger time, GAs have been used to
optimize operational aspects and overall network
efficiency. Ngamchai and Lovell addressed minimizing
combined fleet operating costs, in-vehicle passenger
time, and waiting time [10]. Vehicle utilization was
a key concern for Ataeian et al., who used GAs to
maximize simultaneous arrivals and minimize the
vehicle count in the bus rapid transit network of
Tehran, Iran [11]. Similarly, Naeini, Shafahi, and
Taherkhani incorporated the skip-stop operations in
their GA-based synchronization for the Tehran subway,
aiming to reduce travel times and operating costs
while considering passenger waiting time, in-vehicle
travel time, and operational expenses [12]. The scope
of GA applications extends to diverse network types,
including bus networks, as optimized by Bielli, Caramia,
and Carotenuto in Parma, Italy, achieving a 90%
improvement in a multi-criteria fitness function [13], and
by Shafahi and Khani in Mashad, Iran [14]. Integrated
systems have also been a focus, with Shrivastava et al.
synchronizing bus and train networks with penalties
for excessive transfer times [15], and Yu, Yang, and Yao
optimizing the multimodal public transport network
in Dalian, China, while maintaining the existing fleet
[16]. More recently, Wang, Zhou, and Yan applied GAs
to synchronize timetables for autonomous buses in
Singapore, integrating passenger assignment into the
optimization [17].

Comparative studies have often highlighted
GASs’ strengths. Nachtigall and Voget found that GAs
initialized with solutions from a greedy algorithm
yielded better results for minimizing passenger
waiting time than random initialization [18]. Shafahi
and Khani demonstrated that GAs outperformed
the Branch and Bound (B&B) algorithm for the
bus network synchronization [14]. In a study of the
Beijing metro network, Kang et al. compared SA,
Tabu Search, B&B, and GA to minimize passenger
travel time and schedule deviations, finding GA superior
in objective function value and computational speed [19].
Cao et al. also reported that their GA for synchronized
and coordinated scheduling optimization outperformed
the CPLEX model in speed and solution quality for
maximizing synchronized meetings at Beijing metro
stations [20]. However, the performance advantage
is not without trade-offs; Wang, Li, and Cao, while
finding the GA superior to the Gray Wolf Optimizer
in solution quality for timetable synchronization
(minimizing origin waiting time, transfer waiting
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time, and missed connection penalties), noted that
GA required significantly more computation time
[21]. Further applications include Chen et al., who
used GAs to maximize accessible origin-destination
pairs [22].

The consistent success of GAs across these
varied applications, objective functions, and transport
contexts underscores their robustness and utility for
solving complex schedule synchronization problems.
The literature shows that GAs can effectively
handle multi-criteria objectives, diverse operational
constraints, and large-scale networks. Given this
widespread adoption and proven efficacy, optimizing
GA performance itself is a critical research direction.
The choice of heuristic parameters within a GA
framework significantly influences search efficiency and
solution quality. While many studies report successful
GA implementations, a detailed investigation into the
systematic selection of these parameters for the public
transport synchronization problems is essential to
harness the full potential of this powerful optimization
tool.

When configuring the GA parameters, researchers
often set a crossover rate between 50% and 60%.
Similarly, a mutation probability of 10% is common
because it balances the need to explore new solutions
with the need to exploit promising ones within the
search space. Regarding population size, research
commonly suggests using fewer than 100 chromosomes.
This is because, while larger populations can offer more
diversity, the resulting increase in computational time
often outweighs these benefits.

3 Implementation of GA to synchronize
the timetables

The fundamental stages of a GA include evaluating
current solutions via a fitness function applied to each
population individual, selecting the most fit individuals
for propagation, and the reproductive process itself,
involving crossover and mutation operators. To
address the timetable synchronization problem, the
GA population must encode distinct public transport
schedule configurations as chromosomes. Next, a fitness-
quantification method is needed to support the selection
phase. Explicit selection rules must then be established
to define the cohort of individuals designated for
reproduction in subsequent GA iterations. Furthermore,
a crossover procedure that enables the formation of
novel individuals from parental pairs must be
formulated to underpin the reproduction stage. Finally,
a mutation routine tailored to the chosen chromosome
is indispensable for mitigating premature convergence
to local optima during GA operation. The procedure
for encoding timetables as binary chromosomes, along
with the corresponding operators, was developed and
described in [3].

3.1 Proposed approach to represent the problem

A streamlined method is proposed for representing
public transport schedules, particularly effective for the
peak-hour timetables where vehicle arrivals at a given
stop occur at fixed, predetermined intervals. This common
scenario allows for a highly efficient representation.
Under this assumption, the entire timetable for a specific
transport line can be derived from a single core parameter:
the time shift from the service’s commencement. This
time shift parameter serves as an offset, defining all
subsequent arrival times for that line. Consequently, to
represent a complete set of timetables across the entire
public transport system, a vector of these time shifts can
be used, with each element corresponding to a specific
transport line.

At its most granular level, a schedule element Sﬁf"’)
for the vehicle v on the line A at its k-th sequential
position is defined as:

/11/) <p(lv’ (Av>, (1)

where: pi"’ represents the specific public transport line
stop (spatial component), and ¢;*"’ denotes the moment
of arrival of vehicle v at that stop (temporal component);
this dual-component representation is crucial for real-
world applications of timetable synchronization as it
links geographic locations (public transport stops) with
time-based events (vehicle arrivals).

The complete schedule for a vehicle ¥ on a given
line A, denoted as s, is constructed as a union of these
individual schedule elements:

MM ) N ) A,V>
SV*UI@—] Sk ka <ﬁ >, (2)

where: N*") is the total number of scheduled stops for
the vehicle v on the line 1; an important constraint is
that every scheduled position P must belong to the
set of defined stops N; for line A: A:Vpi*" € Ni.

The planned arrival time £ for the vehicle v on
the line A at its k-th scheduled stop is formulated as a
linear function of three key parameters:

M) =ty + pa+(k—1)- 62, 3)

where: t; represents the system-wide reference start
time (e.g., midnight or a defined operational start
of the day); ¢ denotes the line-specific initial time
shift for line A, expressed in minutes; this parameter
quantifies any offset from the global system start time
t, for the commencement of service on a particular line;
O, signifies the constant interval (headway) between
successive vehicle departures on line A, in minutes; this
parameter directly defines the service frequency of line
A and is a critical determinant of service capacity; the
term (£ —1)- 8. accounts for the cumulative travel
time based on the sequential progression through stops.

Since the public transport timetables are typically
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established with minute-level precision, the elements of
the time-shift vector are integers.

In its simplest application, the public transport
schedule synchronization can be achieved by adjusting the
initial service start time for each line. These adjustments,
central to the schedule synchronization problem, are
compactly represented by the vector ¥ :

Y = {1, ¢Ps....pnn), (4)

where Na denotes the total number of public transport

lines operating within the network.

The vector ¥ serves as a primary control parameter.
By manipulating its integer elements, the relative start
times of passenger service across all lines in the transport
system can be adjusted. This targeted control enables the
coordination of passenger service processes, facilitating
synchronization with minimal alteration to established
operational patterns.

The primary performance metric for assessing
the effectiveness of schedule synchronization within
the public transport network is the average passenger
waiting time 7' across all public transport stops. This
indicator quantifies the cumulative inconvenience and
inefficiency passengers experience due to misaligned
schedules. Building upon established approaches for
synchronization, the 7' value is proposed to be
determined in the following way:
'I“”):f(ﬁ”):ﬁ-zﬂgpt(,}”)ﬁmin, (5)
where: £ represents the individual waiting time (in
minutes) for a passenger 7 using public transportation;
D denotes the set of all passengers or passenger demand
instances within the system under consideration, whereas
| D| stands for the set’s power - the number of elements
within a set, representing the total number of intended
trips within a transport system.

Minimizing 7'’ addresses the core problem of
reducing passenger inconvenience and improving
the overall efficiency and attractiveness of the public
transport system by aligning service provisions more
closely with passenger travel needs.

The transport network model, crucial for simulating
passenger service based on provided schedules and
estimating total waiting time, is thoroughly detailed
in [3]. The program implementation of this simulation
model is openly accessible on GitHub [23].

The core logic of this simulation model unfolds in the
following sequence:

* Given a public transport network graph and the input
vector ¥ (representing line-specific initial time shifts),
timetables for all lines are calculated using Equation
3).

* Passenger demand for transport services is generated
stochastically. Passenger arrival times are determined
by a random variable representing inter-arrival
intervals. The destination stop for each trip is then

randomly selected or assigned according to a predefined
origin-destination matrix.
For each generated trip, the optimal travel route is
determined using Dijkstra’s algorithm. If the origin
and destination are not on the same line, the transfer
nodes are identified for that trip.
The passenger-servicing process is simulated for each
vehicle on every line. The simulation follows the
calculated timetable and accommodates the generated
passenger demand.
Upon completion of the simulation, the waiting time for
each passenger is computed. Subsequently, the mean
waiting time 7'* is aggregated using Equation (5).
Note that the obtained values of 7'’ are random
due to the stochastic nature of demand generation.
Consequently, multiple simulation runs are required to
estimate the expected total waiting time.

3.2 Polygon for conducting experimental studies

To demonstrate the computational capabilities of
the proposed timetable synchronization approach, a case
study was conducted using the public transportation
network of Verkhniodniprovsk, Ukraine. This city,
located in the Dnipropetrovsk Oblast, was selected for
its manageable size and representative urban transport
characteristics, making it an ideal environment for
validating the developed model without excessive
computational overhead.

Verkhniodniprovsk has apopulation ofapproximately
17,000 and is served by a compact yet comprehensive
public transportation system. The network consists of
5 public transport lines, spanning approximately 80
km. These lines serve 47 bus stops. The fleet comprises
5 vehicles, with one dedicated vehicle per line. Vehicle
capacities range from 18 to 50 passengers.

A more granular breakdown of each public transport
line in Verkhniodniprovsk’s network is presented
in Table 1. This detailed information underpins the
parameters used in the simulation, enabling the authors
to assess how the synchronization methodology can
optimize passenger flow and minimize waiting times in
a real-world setting.

Within the context of public transport systems,
a transfer node is formally defined as any public
transport stop served by more than one distinct line,
thereby enabling passengers to interchange between
different routes. This capability is crucial for passengers
navigating the network, allowing them to reach
destinations not directly served by a single line.

4 Methodology of studying the influence
of GA parameters on synchronization results

The GA performance in optimization is strongly
influenced by its heuristic parameters, a critical
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factor that requires careful consideration for effective
application. Some parameters have a straightforward
impact; for instance, increasing the number of generations
generally improves results until the algorithm converges
on a stable solution. Conversely, other GA parameters are
highly context-dependent, directly shaped by the problem
being solved. A prime example is the genetic encoding of a
solution, such as the number of bits used to represent it.
This depends on the problem domain’s attributes, such as
the total number of lines in a network and the maximum
possible headways allowed on those lines.

In the conducted study was analyzed the influence
of the four key GA parameters on the effectiveness of
timetable synchronization: population size S, crossover
probability p , mutation probability p , and the number
of attempted mutations per chromosome ¢ . To evaluate
their impact, the experimental studies define bounds and
step sizes for each GA parameter, as detailed in Table 2.

For each experimental series, 300 model replications
were executed to ensure a 5% statistical significance
level for the obtained results. During each series, the GA
parameters not currently under investigation were held
constant at the midpoint of their respective evaluated
ranges.

To quantitatively estimate the influence of each GA
parameter on the optimization results, a regression-
based methodology was applied. This approach allows to
determine the statistical significance of each parameter’s
individual or combined impact. If a regression coefficient
for a specific GA parameter is statistically significant, it
provides evidence that adjusting that parameter’s value
can measurably improve schedule optimization results.

Specifically, the following linear regression models
were utilized, where the explained variable 7'
represents the average waiting time. This metric serves
as the primary performance indicator for assessing the
quality of the generated public transport schedules, with
lower values indicating better optimization. The following
regression models were calculated based on the data

obtained within the computational experiment:

T4 = By + B.- S, ®)
TW) - ﬂ0+ﬁc'pc, (7)
TW):ﬁ0+ﬁm'pm+ﬁt'tnz, (8

where: By represents the intercept that establishes
the baseline for the predicted average waiting time, from
which the effects of the GA parameters are then added
or subtracted according to their respective coefficients;
Bs, Be, Bn, and B, are regression coefficients that
quantify the specific impact of population size, crossover
probability, mutation probability, and the number of
mutation turns per chromosome, respectively, on the GA’s
optimization results.

The joint analysis of p, and ¢ in Equation (8) is
justified because both parameters define the mutation
process’s characteristics, frequency, and intensity. Their
interplay is particularly crucial for understanding the
overall impact of mutation on the GA’s ability to explore
the solution space and avoid local optima, providing a
more holistic view than analyzing them separately.

The statistical significance of each regression
coefficient is assessed by examining its confidence
interval. For this study, a conventional 5% significance
level was used. If a regression coefficient’s confidence
interval did not include zero, it was deemed statistically
significant.

Beyond mere significance, the sign of a significant
coefficient indicates the direction of the influence. A
negative value for a significant coefficient indicates that
increasing the parameter’s value would improve the
optimization results, as reflected in a desirable reduction
in average waiting time. Conversely, a positive value for
a significant coefficient suggests that increasing the
parameter’s value would worsen the GA results, leading
to an undesirable increase in waiting time.

Table 1 Characteristics of public transport lines in Verkhniodniprovsk

Line number The number of stops Route length k] Vehicle capacity [pax.
#1 14 + 10 5.95 + 4.8 18
#2 18" 9.34" 50
#3 8+8 5.1 +5.05 18
#4 8+8 13.35 + 13.35 38
#5 9+9 11.77 + 11.77 38
" Line #2 has a loop route
Table 2 Bounds and step for GA parameters within the experiment
GA parameter Minimum Maximum Step
Population size 20 200 20
Crossover probability 0.1 1.0 0.1
Mutation probability 0.05 0.5 0.05
Mutations per chromosome 1 10 1
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5 Results and discussion

In this section, the experimental results are
presented, specifically illustrating how the GA parameters
influence the average waiting time achieved in the public
transport synchronization process. The figures depict the
relationships between each GA parameter and three key
performance indicators: the smallest, mean, and largest
values of average waiting time recorded throughout the
entire GA routine.

The largest value of 7' typically emerges during the
GA’s initial generations. This early occurrence suggests
that this value primarily reflects the GA parameter’s
immediate impact on the optimization results during the
heuristic’s starting phase. Conversely, the smallest 7"’
value is almost invariably found in the final generation,
representing the best possible result discovered and
returned by the heuristic procedure. Consequently,
its dependence on a given parameter highlights that
parameter’s critical influence on the optimized solution
the GA can produce. Finally, the mean 7'’ value serves
as a crucial indicator of the GA’s overall efficiency. Its
dependence on a specific GA parameter explains how
that parameter influences the convergence speed of the
optimization routine.

Figure 1 illustrates the observed empirical

relationships between 7'’ and population size, along
with their corresponding regression models. Table 3
presents the regression coefficients and their respective
confidence intervals. As shown in Figure 1, a consistent
negative correlation emerges between the increasing
population size and all three mean waiting-time metrics.
This empirically demonstrates that, within the tested
range, larger population sizes generally lead to lower
average waiting times. Further reinforcing these
observations, the calculated confidence intervals confirm
the statistical significance of the regression coefficient for
all tracked 7' levels. This significance indicates that
increasing the population size positively impacts both
the initial and final solutions derived from GA iterations.

Figure 2 illustrates the empirical relationships
between average waiting time and varying crossover
probabilities. Complementing this graphical analysis,
Table 4 provides the numerical details of these
relationships, presenting the calculated regression
coefficients for the crossover probability. It also includes
their respective confidence intervals to evaluate the
statistical significance and reliability of the observed
impacts on 7'*’. As follows from Figure 2, the overall
trend for the smallest and mean waiting times suggests
a slight improvement as the crossover probability

43

42 1

41 1

Mean waiting time [min./pass.]

39 1

—— Smallest value
Trend (smallest) RZ=0.61
— Largest value
Trend (largest) R?=0.56
" —— Mean value

Trend (mean) RZ=0.70

20 40 60 80 100

120 140 160 180 200

Population size

Figure 1 Dependence of the waiting time on the population size

Table 3 Significance of population size in GA performance

Level of the T value Regression coefficient f,

Confidence interval Parameter significance

Smallest -0.008
Largest -0.011
Average -0.009

(-0.010; -0.005) True
(-0.015; -0.008) True
(-0.012; -0.007) True
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39 1

0.1 0.2 0.3 0.4 0.5

0.6 0.7 0.8 0.9 1.0
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Figure 2 Dependence of the waiting time on the crossover probability

Table 4 Significance of crossover probability in GA performance

Level of the T® value Regression coefficient f,

Confidence interval Parameter significance

Smallest -0.591
Largest 0.168
Average -0.526

(-1.083; -0.100) True
(-0.596; 0.933) False
(-0.785; -0.266) True

increases. In contrast, the largest waiting time shows a
relatively stable or slightly worsening trend, indicating
that higher crossover probabilities might not consistently
mitigate the initial high waiting times or the variability
of less successful runs, even as the best outcomes
slightly improve. However, the confidence interval for
the coefficient shows that crossover probability does not
influence average waiting time at the initial stage of GA,
whereas the experimental results confirm a statistically
significant impact of this parameter.

Figure 3 provides a visual overview of how the
average waiting time varies with mutation probability
(the figure presents results for¢ = 4). To complement this
graphical representation, Table 5 reports the regression
coefficients for mutation probability, along with their
confidence intervals and statistical significance. As
shown in Figure 3, the linear trends have very low
determination coefficients R?, indicating that mutation
probability explains only a small share of the variance in
the waiting time metrics across the tested range.

However, a crucial finding emerges when examining
the statistical significance of these relationships. As with
the crossover probability, the impact of the mutation
rate on waiting time during the GA’s initial stages (the
largest value) is not statistically significant. Conversely,
the influence of mutation probability on both the final
optimized results (the smallest value) and overall

algorithm performance (the average value) is statistically
significant. Notably, the corresponding regression
coefficients are positive. Since the objective is to minimize
the waiting time, these positive coefficients indicate that
increasing the mutation rate leads to a quantifiable
increase in passenger waiting time. Consequently, higher
mutation probabilities hurt optimization outcomes,
hindering the GA’s ability to refine solutions as it
progresses.

In Figure 4 is presented an examination of the
relationship between the average waiting time and
the number of attempted mutations per chromosome,
with results for p = 0.2. Table 6 complements this
by providing the calculated regression coefficients for
t, and their confidence intervals to assess statistical
significance.

As shown in Figure 4, the number of mutations
per chromosome appears to have a relatively minor
and inconsistent impact on all three mean waiting
time metrics. The corresponding trends for these
metrics remain largely flat, suggesting that varying ¢
within the explored range does not yield substantial
linear improvements in the GA’s overall operational
performance. The significance test for [, indicates
that changes in the number of mutation turns do not
significantly affect results during the GA’s initial phase,
nor do they affect overall performance. However, the
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43

42 1

41 1

Mean waiting time [min./pass. ]

39 1

—— Smallest value
------ Trend (smallest) R>=0.09
— Largest value

Trend (largest) R?=0.01
—— Mean value
------ Trend (mean) R%=0.04

V

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
Probability of mutation

Figure 3 Dependence of the waiting time on the mutation probability

Table 5 Significance of mutation probability in GA performance

Level of the T value Regression coefficient Confidence interval Parameter significance
Smallest 0.753 (0.300; 1.206) True
Largest -0.222 (-0.922; 0.478) False
Average 0.368 (0.055; 0.681) True
41 — Smallest value
------ Trend (smallest) RZ =0.09
43 - — Largest value

42 1

41

Mean waiting time [min./pass

39 1

Trend (largest) R2=0.01
—— Mean value
------ Trend (mean) R% =0.04

Number of mutations

Figure 4 Dependence of the waiting time on the mutation turns
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Table 6 Significance of mutation turns in GA performance

Level of the T® value Regression coefficient ,

Confidence interval Parameter significance

Smallest 0.030
Largest -0.023
Average 0.009

(0.007; 0.052) True
(-0.058; 0.012) False
(-0.007; 0.025) False

analysis reveals a statistically significant impact on the
GA procedure’s results. This implies that while ¢ doesn’t
broadly shape the GA’s average performance, it does
cumulatively influence the quality of the best solution
found.

To address the explained variance, the determination
coefficient values have been integrated into Figures
1-4. These values reflect the proportion of variance
explained by each parameter. Predictably, lower R?
values correspond to statistically insignificant
relationships, confirming the lack of a meaningful
linear trend, while higher values align with significant
parameters.

6 Conclusions

In this study was addressed the critical role of
heuristic parameter selection in optimizing public
transport timetables using GAs. A GA-based heuristic
was developed that uses a binary chromosome
representation for schedule time-shifts and was
integrated with a simulation model to evaluate fitness,
with the objective of minimizing passenger waiting
times under stochastic demand.

The completed investigation into how GA
parameters influence effectiveness yielded several
insights for deploying GAs in public transport network
synchronization:

* a larger population consistently improved both
the initial and final solution quality, significantly
enhancing overall GA performance; therefore, using
population sizes at the upper bound of the tested
range (e.g., 200 individuals) is recommended for
optimal results;

¢ while the crossover probability had minimal impact
on early GA stages, it had a statistically significant
positive effect on overall performance, suggesting
that high crossover rates (e.g., approaching 1.0) are
highly beneficial;
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* increasing the mutation rate led to poorer solution
quality, suggesting a detrimental effect on the
GA’s ability to converge toward optimal timetables;
thus, a minimal mutation probability (e.g., 0.05) is
recommended;

* the number of mutation turns had no significant
effect on the initial phase of the GA or its overall
performance; however, a higher number of mutations
had a cumulative effect on the quality of the best
solution, indicating that restricting the algorithm
to a single mutation per chromosome is preferable.
It is important to acknowledge a genuine limitation

of this manuscript: the empirical findings and subsequent

parameter recommendations are based on a single,

small-city case study. While this setting provided a

clear and manageable baseline for evaluating the GA

parameters, it does not fully capture the operational
complexities and multimodal interactions characteristic
of major metropolitan transit networks.

Based on these insights and limitations, future
research should test the proposed GA procedure and
validate the identified parameter regularities across
diverse, larger-scale public transport networks and
geographical locations; and investigate dynamic or
adaptive parameter-tuning strategies that can adjust
GA parameters during the optimization process.
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1 Introduction

The rail freight sector has seen rapid growth in
Kazakhstan over the last decade, with the pace of
growth being somewhat uneven. Although it carries a
large amount of traffic in the transit between China and
Europe, a lot of infrastructure is still aged and loaded
with ESG obstacles. Major routes are under threat due
to increasing stress on the environment and erratic
investment cycles [1-2]. While numerous studies have
shown that the current rail planning governance is
inadequate and there is a need for new sustainability
tools [3-4], only a few consider ESG evaluation methods
for rail freight.

In the field of transport sustainability theory,
attention is drawn to the issue of governance,
environmental performance, network efficiency and
community implications [5-7]. Experts believe that
the ESG factors have an impact on rail performance,
while the infrastructure sustainability has an impact
on freight reliability [8-9]. The problems of governance
impede improvement [10] and there is no public study
of the sustainability of Kazakhstani rail infrastructure
by ESG. An environmental scorecard without social and
governance information [11] was suggested while other
study concentrated on economic resilience [12] or could
not find any safety risk-ESG association [13]. Whereas,
with the competition from other transport corridors,
the high efficiency of the corridor is crucial to maintain
market share and to shift the traffic to the corridor [14]

This gap was addressed by presenting an ESG-
based analysis model of the Kazakhstan rail freight
market. The goals are to (1) assess the impact of ESG
on market performance, competitiveness, and long-
term stability; (2) assess the empirical validity of the
proposed ESG methodology; and (3) develop a repeatable
framework to incorporate ESG indicators in a rail
corridor sustainability index. This study is an addition
to the quantitative evaluation to the ESG integration
in a rail project in Central Asia. In this paper, a unified
analytical framework is introduced and empirically
validated for the first time, integrating Structural
Equation Modelling (SEM) and Data Envelopment
Analysis (DEA) to assess sustainability performance of
Kazakhstan’s rail freight sector, as opposed to previous
studies, which examined either one of these dimensions
separately or generic frameworks. To our knowledge,
this is one of the first studies to carry out such a
methodological synthesis in the context of a transitional
economy, providing an instrument which is replicable for
policymakers and infrastructure managers...

2 Literature review
In this section, the theoretical and empirical

literature on the link between ESG factors and rail
freight sustainability is summarized. It starts with the

theoretical literature, continues with empirical evidence
on the ESG performance and finally ends with the
methods for sustainability assessment and the creation
of analytical frameworks based on ESG principles. The
section ends with the definition of the research gap
addressed in this study.

2.1 Theoretical literature review

The theoretical basis is sustainable development
theory, which focuses on economic development, social
needs, and environmental conservation [15].

This balance is relevant to the rail systems with
high externalities [16]. The Triple Bottom Line (TBL)
is a relationship between the people, the planet and
economic performance, forming an ESG-based index
[17].

Stakeholder theory addresses workers, shippers,
communities and regulators in relation to service quality
and trust [18].

Planning stability has been shown to influence
investment decisions by institutional theory and the
resource-based view, which explain why safe, efficient
assets contribute to competitiveness [19-20].

These theories support a model in which the
relationships between the ESG indicators mediate
freight performance and stability in Kazakhstan’s rail
market.

2.2 Empirical literature review

The empirical literature is reviewed in three
subsections, each of which is relevant to one of the
objectives of the study. In the first part, the evidence
on the impact of ESG on rail freight performance
and stability is discussed. In the second part, the
current sustainability-assessment approaches and their
efficacy are reviewed. In the third part, the empirical
underpinnings for building an ESG-oriented analytical
framework are examined.

2.2.1 Empirical evidence on how the ESG factors
shape rail freight performance and stability
(Objective 1)

A triple bottom line analysis [21] shows that
environmental and social issues are influencing the
efficiency of railways. The ESG related key performance
indicator (KPI) based network reliability differences
between countries were highlighted in the IRES report
[22]. The polls revealed that the cargo density and
environmental stress in Kazakhstan has increased
[23], while results of Organisation for Economic
Co-operation and Development (OECD) study suggest
that governance effects the rail planning and funding
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[24]. While in a number of studies was highlighted the
rail performance in developed economies or individual
ESG elements, ESG considerations influence the rail
performance. The integrated environmental, social and
governance implications of transitioning economies, such
as Kazakhstan, are poorly researched. It is necessary to
establish a broad ESG framework for the rail freight
sector of Kazakhstan.:

H_1: Higher ESG performance in rail operations and
infrastructure improves performance, competitiveness,
and long-term stability of the rail freight market in
Kazakhstan.

2.2.2 Empirical studies on the effectiveness of
sustainability-assessment methods (Objective
2)

It is known that the multi-indicator techniques
can assess the performance of the rail freight, but need
sufficient data [25]. Composite index research has shown
that the weights of indicators do influence scores [26]
and a systematic evaluation for the built environment
has been developed for application in the rail sector
[27]. A review of Kazakhstan’s policy has shown that
sustainability assessment tools remain underdeveloped
andthatlocal experimentationisneeded [28]. Kazakhstan
is in need of an ESG approach, but it is not structured
and does not have institutions. There are general
approaches to sustainability assessment that do not
take into account operational conditions in a particular
sector. Few empirical evidence exist on Central Asian
rail networks about their usefulness in data-limited
settings and institutional capacity limitations. Current
sustainability assessment frameworks are largely
based in mature economies where there is good data
provisioning and institutional resources. Transitional
economies (like Kazakhstan) have specific issues such
as difficulty in accessing data, a lack of historical data,
or developing regulatory frameworks. This opens up a
disconnection between the general sustainability tools
and real-world requirements of infrastructure managers
and policy makers in the region. This gap is addressed
by developing a context-sensitive ESG framework that
takes these data and institutional realities into account.
So, Hypothesis 2 is formulated as:

H_2: The ESG-oriented methodology will show the
empirical validity when applied to Kazakhstan’s rail
infrastructure, but will also reveal the measurable data
and institutional limitations.

2.2.3 Empirical foundations for constructing
an ESG-oriented analytical framework
(Objective 3)

The global assessments promote use of rail
sustainability tools [29]. Composite indicator trials

aid multidimensional sustainability assessments [30].
A study conducted in Central Asia suggests an ESG
hybrid approach using region-specific parameters to
tackle the challenges posed by the large-scale railways
environment and governance aspects [31]. Policy and
financial changes are illustrated in Kazakhstan’s ESG
articles [32]. Some research focus was on specific ESG
aspects, or did not measure the ESG indicators at the
level of rail freight performance. There is no empirical-
based, comprehensive ESG strategy for Kazakhstan’s
transitional economy that is provided by any of them.
Indicators are recommended in studies for different
sectors on environmental, social and governance.
Hypothesis 3 is as follows:

H_3: An ESG-oriented analytical framework that
integrates environmental, social, and governance
indicators can be developed for Kazakhstan’s rail
network and will generate a meaningful sustainability
index.

2.3 Research gap

Based on the literature search, gaps in the field are
identified. In the transitional economy, studies of rail
sustainability separate out the environmental, social
and governance factors [21, 29]. Second, there is a wide
variety of suggested ESG frameworks that have not been
tested in Central Asian institutions [11, 31]. Thirdly,
the quantitative assessments of the rail infrastructure
in Kazakhstan focus on economic or technical aspects,
without reflecting the integration of ESG [23, 28, 32].
There is no accepted way to measure and correlate ESG
performance with market outcomes. To address this, an
ESG framework specifically adapted to Kazakhstan’s
rail freight industry is proposed, introduced and
implemented.

3 Materials and methods

In this section, the data sources, variables, and the
methodology used to analyze the data are explained. It
begins with the presentation of the data and variables
utilized and then specifies the regression models. Then,
estimation method is then explained, and descriptive
statistics, correlation analysis, multiple regression
analysis and Data Envelopment Analysis (DEA) are
described.

3.1 Data and variables

The secondary data for the years 2018-2024 come
from Kazakhstan Temir Zholy (KTZ), government
statistics, International Union of Railways (UIC), OECD
and expert surveys. January-March 2024 structured
expert surveys collected primary data. Out of the 42
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Table 1 List of variables

Variable Symbol Explanation Primary Source

Rail Freight RFP Measureg operatlopal efficiency (tonnage, KTZ Operational Reports

Performance punctuality, capacity use)

Market MC Assesses the market share, pricing and World Bank Logistics Performance Index

Competitiveness intermodal competition (LPI); Market Reports

Long-Term Stability LTS Captu}" s financial resilience, service Ministry Reports; KTZ Annual Finance
reliability and regulatory support

Energy Consumption EC Tota}l energy used by rail freight (GWh/fuel ~Ministry of Energy; KTZ Sustainability
equivalent) Reports

Emissions EM co, agd pollutant emissions from Ministry of Ecology Reports
operations

Corridor Efficiency CE Tr.a ,nSlt. time, throughput, infrastructure UIC Data; KTZ Network Performance
utilization

Workforce Safety WS Accident rates, safety protocol compliance ~ KTZ Safety Records; Expert Survey

Community Impact CI Noise, land use and local economic effects E);It)zrt Survey: Regional Environmental

. . Customer satisfaction, timeliness and .

Service Quality SQ reliability Expert and Shipper Survey

Investment IT Budget disclosure, reporting accountability ~Expert Survey; Public Investment Reports

Transparency

Regulgtory RC Adhere')nce to safety, environmental and Regulatory Audits; Expert Survey

Compliance operational standards

Strategic Planning SP Effectiveness of long-term planning and Expert Survey; Strategic Documents

modernization

invited experts, 83.3% (35) responded (KTZ managers
n = 12, Ministry n = 8, logistics professionals n = 7,
academics n = 5 and consultants n = 3). All replied
to the question 7+ years of experience. Purposive
sampling, which involves including the people who
are relevant and have professional experience and
institutional affiliation, was used for the selection of
participants. Such a methodology allowed the survey
to collect the informed opinion of stakeholders directly
involved in the Kazakhstan rail freight sector, such as
operational, regulatory and academic. The selection
criteria included that they have a minimum of 7 years
of professional experience within the rail industry to
ensure reliability and depth of responses. Responses
were anonymous 5-point Likert scale responses. Ethics
approval and informed consent was obtained. There are
35 observations in total (5 train lines x 7 years). Most
of the Perceptual ESG indicators from the 2024 expert
survey were applied panel-wide, with the quantitative
aspects playing a secondary role. All variables are given
in Table 1.

3.2 Models of the study

Three multiple regression models were formulated
to examine the relationship between the ESG variables
and the rail freight outcomes. The effects of nine
explanatory variables (EC, EM, CE, WS, CI, SQ, IT, RC,
SP) on three dependent variables (RFP, MC, LTS) ere
estimated. The equations are given below.

RFP. = oy + o1 EC: + o2 EM; + o3 CE;: +
+as WS + asCIL + as SQ; + a7IT; + asRC;: + (1)
+ otg SP; €,

MC; = ay+ o EC; + as EM; + a3 CE; +
+as WS + asCIL + as SQ;i + a7IT; + asRC; + (2)
+oySE v,

RFP. = oy + o1 EC: + o2 EM; + o3 CE;: +
+as WS + asCIL + as SQ; + a7IT; + asRC;: + 3)
+ o SE i,

where all the explanatory variables (EC, EM, CE, WS,
CI, SQ, IT, RC, SP) and dependent variables (RFP, MC,
LTS) are defined in Table 1; ¢, is the constant (intercept)
term; a, through «, are the regression coefficients for
each explanatory variable, respectively; and &, y:, and
u, are the error terms for Equations (1), (2), and (3),
respectively.

3.3 Estimation strategy

Descriptive statistics was used to describe the
trends in ESG and performance. Pearson correlation
tests were used to evaluate if a linear relationship
existed [33]. Multiple linear regression [34] was used to
estimate the effects of ESG variables on competitiveness
and stability. The wunderlying assumptions of
linearity, homoscedasticity, normality of residuals
and independence were tested and confirmed before
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Figure 1 Methodological framework of the study

regression estimation.

To determine the relationship between the ESG
dimensions and the sustainability outcomes, the
Structural Equation Modelling (SEM) was used to
examine the complex causal relationships between
them [35]. The covariance-based SEM (CB-SEM) with
maximum likelihood was selected because the model
is parsimonious and the fit indices - the Comparative
Fit Index (CFI), the Root Mean Square Error of
Approximation (RMSEA) and the Standardized Root
Mean Square Residual (SRMR) - enable a comprehensive
evaluation of the model fit [35] although partial least
squares SEM (PLS-SEM) is recommended for small
samples. Based on simulation study [36], CB-SEM
with maximum likelihood can perform adequately with
sample sizes as small as 30 when the model is just-
identified, the indicators are normally distributed, and
the factor structure is clear. The latent construct of
“ESG” was conceptualized as the second-order reflective
construct composed of three dimensions: environmental
(EC, EM), social (WS, CI, SQ), and governance (IT,
RC, SP). The quality of the Measurement model was
estimated by using Confirmatory Factor Analysis (CFA)
with the following fit indices: CFI, RMSEA, and SRMR.
Acceptable model fit was defined as CFI > 0.90, RMSEA
<0.08, and SRMR < 0.08 [35]

The relative efficiency of the rail corridors to
transform the ESG inputs to operational outputs was
measured using DEA [37]. Through the sensitivity
analysis, the most significant ESG variables that affect
the outcomes are identified and taken into consideration
for strategic prioritization [38] These methods for testing
the hypothesis are shown in Figure 1.

All the indicators in the ESG composite index
were normalized using the min-max scaling to ensure
comparability of different scales of measurement. All
indicators within each ESG dimension (environmental,
social, and governance) were given equal weight and the
three ESG dimensions were equally weighted (1/3 each)
to create the overall ESG composite score. The method
was selected for its interpretability and transparency,
and, as in infrastructure research, similar composite
indices for ESG.

4 Results

The findings of the research are obtained through
a series of quantitative analyses aimed at testing the
three hypotheses developed at the beginning of the
research.

The first step is the descriptive statistics, which
should provide a picture of the data, followed by
correlation analysis, which should show how strong and
in which direction the relations between variables are.

The effects of the ESG-related factors on rail freight
performance, market competitiveness, and long-term
stability were tested using multiple regression analysis.

Lastly, the effectiveness of the ESG-oriented
methodology and the sustainability efficiency of rail
corridors were evaluated using structural equation
modelling (SEM) and Data Envelopment Analysis
(DEA), respectively (Table 2).

As can be seen from the descriptive statistics
presented in Table 2, the average of the state indicators
of the rail freight performance (RFP = 78.42) and
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Table 2 Descriptive statistics of rail freight market variables

Variable Mean Standard Deviation Min Max
RFP 78.42 12.36 55.1 98.4
MC 65.21 10.54 42.3 85
LTS 71.35 11.12 50.5 90.2
EC 320.15 45.67 250 420.5
EM 45.22 8.34 30.1 60.5
CE 82.1 9.21 65 95.3
WS 91.05 5.34 80 98
CI 68.2 7.89 55 82
SQ 74.5 6.72 60.5 88.3
T 65.75 8.21 50 78.5
RC 78.9 712 62 90.2
SP 724 7.85 58 86
Note: N = 35 (5 rail corridors x 7 years, 2018-2024)
Table 3 Correlation matrix for ESG variables and rail freight outcomes
Variable RFP MC LTS EC EM CE WS CI SQ T RC SP VIF
RFP 1 0.72 0.65 -0.4 -0.5 0.61 0.58 0.41 0.69 0.6 0.63 0.62 -
MC 0.72 1 0.68 -0.4 -0.5 0.57 0.55 0.38 0.65 0.58 0.6 0.59 -
LTS 0.65 0.68 1 -0.4 -0.4 0.53 0.5 0.35 0.62 0.55 0.57 0.56 -
EC -0.4 -0.4 0.4 1 0.79 -0.4 -0.3 -0.3 -0.4 -0.3 -0.3 -0.3 2.85
EM -0.5 -0.5 -0.4 0.79 1 -0.4 -0.3 -0.3 -0.4 -0.4 -0.3 -0.4 2.78
CE 0.61 0.57 0.53 0.4 -0.4 1 0.5 0.4 0.6 0.5 0.5 0.5 1.85
WS 0.58 0.55 0.5 -0.3 -0.3 0.5 1 0.4 0.6 0.5 0.5 0.5 1.72
CI 0.41 0.38 0.35 -0.3 -0.3 0.4 0.4 1 0.4 0.3 0.3 0.3 1.42
SQ 0.69 0.65 0.62 -0.4 0.4 0.6 0.6 0.4 1 0.5 0.6 0.5 2.1
IT 0.6 0.58 0.55 -0.3 -0.4 0.5 0.5 0.3 0.5 1 0.5 0.5 1.68
RC 0.63 0.6 0.57 -0.3 -0.3 0.5 0.5 0.3 0.6 0.5 1 0.5 1.55
SP 0.62 0.59 0.56 -0.3 -0.4 0.5 0.5 0.3 0.5 0.5 0.5 1 1.6

corridor efficiency (CE = 82.10) are relatively high,
which indicates the high operational performance of
Kazakhstan’s rail corridors. Workforce safety (WS =
91.05) has the highest mean and the lowest standard
deviation (5.34), thus showing consistently good safety
practices. The range of energy consumption (EC =
320.15) is quite large (250.00 - 420.50), indicating that
there is a significant variability in energy intensity in
corridors. The governance dimensions with moderate
are strategic planning (SP = 72.40) and investment
transparency (IT = 65.75).

Table 3 indicates that the ESG factors are
significantly positively correlated with rail freight
performances, particularly with RFP, MC and LTS.
The negative correlations with EC and EM confirm the
better performance as the less energy consumed and
the less emissions produced, which is consistent with
previous studies on sustainable railway transport [39].
Variance Inflation Factor (VIF) values were calculated to
see if there was multicollinearity among the explanatory

variables and were included in Table 3. All the VIF
values are below 5.0, which is the accepted value and
are far less than the maximum value of 5.0. The
highest VIF value is for the EC (VIF = 2.85) and EM
(VIF = 2.78) which is logical, however, both values
are within acceptable limits, which means that
multicollinearity does not unduly affect the regression
estimates [39].

The results in Table 4 clearly indicate that the
rail freight has a significant impact on ESG factors
and how they affect its performance, competitiveness
and long term stability. The models exhibit strong
explanatory power (R? = 0.85 for RFP, 0.82 for MC, 0.84
for LTS), with adjusted R2 values of 0.80, 0.76, and 0.78,
respectively. The F-statistics (15.73, 12.65, and 14.58;
p < 0.05) confirm the overall model significance at N=35,
k=9. Corridor efficiency (CE) is the strongest positive
driver (B = 0.421-0.395), followed by service quality
(SQ; p = 0.355-0.370), while energy consumption (EC;
B = -0.290 to -0.312) and emissions (EM; B = -0.255 to
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Table 4 Regression results

Variables RFP Coeff. RFP SE MC Coeft. MC SE LTS Coeff. LTS SE
EC -0.312%* 0.056 -0.290%%* 0.059 -0.305%%* 0.057
EM -0.275%#* 0.062 -0.255%%* 0.065 -0.268*** 0.063
CE 0.421%** 0.058 0.395%#* 0.061 0.408%#* 0.059
WS 0.312%* 0.051 0.295%#* 0.054 0.308*#* 0.052
CI 0.178%#* 0.047 0.165%%+* 0.05 0.172%%* 0.048
SQ 0.355%#* 0.052 0.370%** 0.055 0.3627%* 0.053
IT 0.212%** 0.049 0.225%%* 0.052 0.218%** 0.05
RC 0.240%%* 0.051 0.228%** 0.054 0.235%#* 0.052
SP 0.198%:* 0.048 0.188%** 0.051 0.193%** 0.049

Const. 10.5007%#* 2.1 9.800%#* 2.21 11.200%#* 2.15
R? 0.85 0.82 0.84

Adj. R? 0.8 0.76 0.78
F 15.73% 12.65% 14.58*

Dependent variables: Rail Freight Performance (RFP), Market Competitiveness (MC), and Long-Term Stability (LTS). ***
indicates statistical significance at the 1% level (p < 0.01). The adjusted R? and F-statistics reported are based on N = 35
observations and k = 9 predictors. All values have been verified for internal consistency.

Table 5 SEM results
Path Coefficient Std. Error t-Value p-Value
ESG — RFP 0.652 0.041 15.90 0.000
ESG — MC 0.611 0.045 13.58 0.000
ESG — LTS 0.597 0.048 12.44 0.000

P-Value 0.0000 indicates 1% level of significance, Model Fit Indices: CFI = 0.92, RMSEA = 0.07, SRMR = 0.06.

Table 6 DEA results for hypothesis 3: Sustainability efficiency of rail corridors

Corridor Efficiency Score (EFF)
North-South 0.91
East-West 0.87
Central 0.94
Western 0.88
Southern 0.90

-0.275) exhibit significant negative effects. Workforce
safety (WS; B = 0.295-0.312) also positively affects.
The results are consistent with previous studies on
the implementation of ESG principles in railway
transportation and are applied to the economy of
Kazakhstan. These findings are consistent with studies,
which showed that the integration of ESG is a crucial
part of the sustainability of rail operations [39] and it
has been expanded to the context of the transitional
economy in Kazakhstan.

The data on the SEM is shown in Table 5. Before the
estimation of the structural model, the measurement
model was evaluated by CFA. The Fit indices were
acceptable (CFI = 0.92, RMSEA = 0.07 and SRMR =
0.06; the acceptable threshold values are given in [35]).
The results validate the latent ESG construct as a
predictor of rail freight outcomes. The structural paths
of the latent construct of ESG to RFP, MC and LTS

were found to be statistically significant, thus proving
the predictive validity of the ESG framework [40]. The
assessment of the measurement model was performed
by CFA. The reliability and validity of the scale were
measured by all the factor loadings being greater than
0.70, the composite reliability (CR) values between 0.82
and 0.89, and the average variance extracted (AVE)
values between 0.58 and 0.67, which demonstrated
internal consistency and convergent validity . Fit indices
(CFI = 0.92, RMSEA = 0.07, SRMR = 0.06) also
corroborated the goodness of fit of the measurement
model.

The DEA analysis given in Table 6 shows that
implementing a holistic ESG framework to identify
areas for enhancement is applicable, in line with
related efficiency analyses of transport infrastructure
[41]. Due to the small number of corridors analyzed,
(N = 5), the DEA results for the corridors presented in
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Table 6 should be interpreted with caution. DEA is a
useful tool to determine relative efficiency differences
between decision making units but the small number
of units limits the generalizability of the results. The
efficiency scores (between 0.87 and 0.94) are indicative,
not definitive, of corridor performance. However, the
variation observed between corridors is the first-level
diagnostic tool that will help to identify the operational
improvement areas, especially in the East-West (0.87)
and Western (0.88) corridors, as compared to the Central
corridor (0.94).

5 Discussions

In this study, an ESG-oriented model for the
sustainability of rail freight in Kazakhstan was
developed and tested.

From the perspective of Objective 1, the ESG
variables are important factors to predict the rail
freight performance, market competition, and long
term stability. The most influential positive drivers
were corridor efficiency (CE) and service quality (SQ);
energy consumption (EC) and emissions (EM) had
fairly regular overall negative impacts. This is in
line with theoretical considerations that operational
excellence enhances market position and environmental
inefficiencies sabotage long-term sustainability [42]. The
workforce safety (WS) plays a positive role in stakeholder
theory, which strengthens the case for the performance
benefits of investments in human capital and safety
practices.

The dominance of CE as the strongest driver is
especially important for Kazakhstan as a transit route
on the way from China to Europe. The EC and EM
highlight the conflict between the goals of economic
growth and environmental protection, which is typical of
resource-based economies with the ambition of becoming
sustainable [28].

With respect to Objective 2, the mixed-method had a
high level of empirical validity.

The SEM established that the internal consistency
of the framework is a strong predictor of three market
outcomes (RFP, MC, LTS) using a latent ESG construct.
The DEA revealed quantifiable efficiency differences
between corridors, enabling diagnosis of the operations’
strengths and weaknesses.

Nevertheless, when it comes to social-governance
indicators, the use of secondary data and expert surveys
exposes institutional and data limitations assumed in
H2, i.e., transparency and time-series limitations [43].

With regard to Objective 3, the efficiency scores
(0.87 to 0.94) assigned to DEAs, along with other
indicators, are a preliminary sustainability index. The
results should also be interpreted with caution, however,
because of the small number of corridors (N=5). This
deviation is used to tentatively identify some corridors
(East-West, Western) as less efficient, thus indicating

the potential areas for intervening at the corridor
level. The results of this study should be considered
in an exploratory way and to be validated in light of
the extension of the data set and alternative efficiency
measurement methods.

Theoretically, one ESG framework (TBL, stakeholder,
institutional and resource-based views) was successfully
operationalized. In practice, a replicable evaluation tool
is provided [41] that links ESG advocacy to quantifiable
infrastructure management [44].

Infrastructure and safety studies, conducted over
the past few years also contribute to the practical
application of energy saving related assessment in
railway operations, such as railway traffic safety
approaches [45-46] and energy saving approaches for
dynamic performance of traction rolling stock [47],
railway section integrity through georadar techniques
and sustainable designs of railway infrastructures
[48] and optimization of logistics [49] which supports
the methodological and operational basis of the ESG
approach proposed in this paper.

6 Conclusions

In this paper, the ESG framework designed and
tested for the sustainability assessment of Kazakhstan’s
rail freight was used. The findings validate the use of
the ESG indicators as effective predictors of the rail
freight performance and competitiveness as well as its
long-term stability. The most positive correlations were
with efficiency in the corridor and the quality of service
provided, whereas the most negative correlations were
with energy consumption and emissions. The DEA
results indicated differences in the efficiency scores by
corridors, indicating that corridors should be focused for
improvement: East-West and Western.

The resulting policy
Promotion of energy efficient technologies and emissions
control equipment in poorly performing corridors, better
service quality and staff safety in the corridors, and

recommendations are:

greater transparency in governance through increased
disclosure of investments and regulatory compliance.
The framework has been tested using a repeatable
and evidence-based tool that allows operators and
policymakers to measure the ESG performance
and make strategic investments, which proves the
significance of integration of ESG in the competitiveness
of Kazakhstan’s rail freight market [50-51].

There are several limitations to the study. The
social-governance variables are subject to interpretation
since they have been based on the secondary data and
expert surveys. The data in the cross-section do not
allow for causal inference. The study focuses on main
Kazakhstan roads, so there may be limitations to
transferability to other contexts in the region without
adaptations. Due to data constraints, some constructs
were measured with proxy measures.
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The future research needs to use panel and
longitudinal datasets to strengthen causal arguments,
validate results in other transitional economies,
use spatial analysis and/or life-cycle analysis for
environmental assessment, and create qualitative
case studies to explain quantitative scores, and the
institutional and managerial factors that drive them.
Additionally, while the sample size of N=35 was justified
for the parsimonious CB-SEM model employed [36],
the application of SEM to small samples remains a
methodological consideration. The "N=30" threshold
cited in the literature applies to simple, single-factor
models with high factor loadings (~0.80), whereas
the present model is more complex, involving the
second-order construct with three dimensions and three
simultaneous structural paths. Future research with

larger samples would further strengthen the robustness
of the findings.
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Hydrogen fuel cell systems offer a zero-emission alternative to diesel-powered
trains, combining high energy density with the potential for renewable energy
integration. A hybrid data-driven modelling and optimization approach of
improving the efficiency, reliability, and cost-effectiveness of hydrogen fuel
systems for rail applications is developed in this research. Using operational
and thermodynamic data from simulated and experimental sources, a
predictive model of fuel cell performance based on non-linear regression and
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1 Introduction

The railway transport remains among the most
energy-efficient modes of terrestrial mobility. It is
supposed to be the most effective and economical mode
for transport of goods and it is also favorite mode
of transport of passengers in many countries. It is
a quite fast, comfortable and reliable transportation
system, which allows movement of people for shorter
(urban railway transport) to long distances [1-2].
The huge amount of goods is transported by freight
railway wagons [3-4]. There are many types of freight
railway wagons, which are intended to transport
various types of goods [5-7]. Similarly, passengers
are transported by various kind of railway vehicle,
such as passenger wagons, trams, metro vehicles and
others [8].

Due to relative purity of produced gas emissions
mainly on electrified railway lines, it is also supposed
to be one of the most environmentally friendly modes

of transport [9-12]. The European continent is one of
the leading regions, where the efforts and emphasis is
placed on massive reduction of gas emission production
by transport means [13-16].

It is necessary to ensure reliable and sufficient
sources of energy to power rail vehicles. This energy
is obtained by thermal conversion of fuel in internal
combustion engines in the case of railway vehicles for
railway lines with an independent traction system. It is
considered an older traction system. Electrified railway
lines have a dependent traction system, which requires
a suitable infrastructure and this kind of traction is
supposed to be more environmentally friendly kind
of traction system [17]. In this case, trains are towed
by electric locomotives powered by electric traction
system equipped with modern electric motors of a
high efficiency [18-20]. Although the older option still
dominates the modern transport system, considerable
efforts are being made to find the new, innovative and
environmentally friendly energy sources as a source of
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energy for rail vehicles [21-22]. The chemical energy,
which is contained in fuels with a carbon base, such
as oil, is converted during the combustion process into
mechanical work. Carbon dioxide (CO,) as an associated
result and the direct consequence of the combustion
process is released into the air [23-24]. Therefore,
continuous development of railway vehicles is aimed
at the reduction of the proportion of pollutants emitted
into the air. Moreover, this phenomenon is connected
not only with actual operation, but with the production,
distribution and storage of used fuel, as well. As a
possible and perspective alternative to hydrocarbon
fuels, alternative fuels, as well as power plants are
currently being developed and introduced in railway
vehicles in large quantities [25-26]. It is mainly in a
form of electromobility, hydrogen fuel cells and other
methods.

Railway transport is recently one of the most
dominant sector, where the electric energy is used
and consumed for powering railway vehicles. Although
electrification of railway lines seems to be the most
effective way to reduce a production of harmful exhaust
gases, full electrification of all railway lines is not
possible. Therefore, a substantial share of the world’s
rail lines remains non-electrified, leading to persistent
reliance on diesel traction. Additionally, electrification
of railway lines can be too costly and even unprofitable
[27-28]. Therefore, there are rather efforts to find
innovative and at the same time suitable technical
solutions of sources of energy for railway vehicles
with an independent traction system [29]. One of the
possible options is to apply hydrogen fuel systems

b)
Figure 1 a) A multiple unit by Alstom equipped by hydrogen fuel powertrain known as Coradia iLint,
b) an illustration of a layout of the components of the hydrogen powertrain on a vehicle roof [39]

to the railway vehicles design as a source of energy
[30-32]. In such a case, electricity is produced from
hydrogen. The main advantage of this technical solution
is practically zero exhaust emissions, which are released
into the air during the operation of railway vehicles
[33-371.

Hydrogen fuel cell technology offers a sustainable
alternative [38-39] capable of providing the high power
density and long range without direct emissions of CO,
or NO_. Several demonstration projects, such as Alstom’s
Coradia iLint in Germany and HydroFLEX in the UK,
have established the technical viability of hydrogen-
powered rail systems. As it is known, the Alstom Coradia
iLint multiple-unit was the first railway vehicle, which
was equipped by hydrogen fuel-cells and presented at
the International railway exhibition Innotrans in 2016.
It is shown in Figure 1.

Besides that, other important manufacturers of
railway vehicles, such as Siemens within the project
Mireo Plus H [40], shown in Figure 2, Alstom with
Eversholt Rail with the model Project Breeze and
also Stadler and its model Flirt H2 [41] (Figure 3),
consider application of hydrogen powertrains with
fuel-cells.

A Slovak producer ZOS Vrutky, Inc. [42] also tried
to reflect current trends in the field of alternative fuels
for a multiple unit 862 class. It is a railway vehicle with
independent traction systems, and it is shown in Figure
4. They proposed to replace an original diesel traction
powertrain by a powertrain including hydrogen fuel
cells.

An example of a layout of components in a multiple
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Figure 4 The multiple unit 861 class produced by the ZOS company originally powered by diesel powertrain [42]

| Converter | | Battery ‘ ‘Fuel cell ‘ | Hydrogen tankl

\E‘

Figure 5 A layout of hydrogen powertrain components in the Stadler Flirt H2 [41]
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Figure 6 A layout of hydrogen powertrain components in the multiple unit 861 class multi [42]
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unit powered by hydrogen fuel cells is illustrated in
Figure 5 on an example of the Stadler Flirt H2 vehicle
and a proposed layout of components of the hydrogen
powertrain installed in the ZOS multiple unit 861 class
is depicted in Figure 6. As it can be seen, the vehicle
by Stadler, as well as the vehicle by the ZOS, include
components, which need to implement hydrogen fuel
cells as a source of power.

Nevertheless, optimizing system efficiency and
lifetime under real-world conditions remains a major
challenge.

Machine learning has emerged as a transformative
tool for modelling the complex, non-linear processes
in energy systems [43-44]. The application of machine
learning to hydrogen fuel cell systems in the rail
transport can aid in both system design and operational
optimization, leveraging large datasets obtained
from real-time monitoring. A systematic approach to
modelling and optimizing hydrogen fuel systems for
railway applications, integrating experimental data,
thermodynamic modelling, and machine learning-based
optimization is presented in this research. Moreover,
a hybrid framework, combining a Proton Exchange
Membrane Fuel Cell (PEMFC) performance predictor
trained on a mixed simulated-experimental dataset,
and a multi-objective genetic optimization strategy
simultaneously minimizing hydrogen consumption and
stack degradation under realistic hybrid train duty
cycles in presented in this research. The proposed
method yields route-relevant operating policies
improving efficiency, while explicitly accounting for
the long-term degradation risks compared to the
conventional single-objective or purely physics-based
approaches.

2 Background and related work

Hydrogen fuel cells convert chemical energy directly
into electricity via electrochemical reactions between
hydrogen and oxygen. The overall efficiency depends
on multiple dynamic parameters: stack temperature,
pressure, humidity, hydrogen flow rate, and load
fluctuations. Conventional modelling approaches, such
as equivalent circuit or empirical models, depend on
simplifying assumptions that do not capture non-linear
operational dynamics.

In contrast, the machine learning techniques
enable data-driven inference of system relationships
without explicit physical modelling. Previous research
has demonstrated the use of artificial neural networks
for predicting polymer electrolyte membrane fuel cell
(PEMFC) performance [45-46] and genetic algorithms
for optimizing fuel utilization [47]. However, these
methods are rarely tailored for railway conditions,
where the transient loads, regenerative braking, and
hybrid power management with batteries create unique
optimization challenges.

This research bridges that gap by combining the
empirical data from simulated railway duty cycles
with supervised machine learning models and multi-
objective optimization algorithms to minimize hydrogen
consumption and degradation rate simultaneously.

3 Hydrogen combustion engines and local
pollutant control

Hydrogen fuelled or hydrogen blended internal
combustion engines can serve as a cost effective
transitional option in rail, especially through retrofits
[48-49] Matlab (ML) models such as artificial neural
networks, random forest, XGBoost, CatBoost, and other
ensemble techniques accurately predict brake specific
fuel consumption, efficiency, and emissions (CO,, HC,
particulates, NO)), enabling optimization of injection,
Exhaust Gas Recirculation (EGR), and after treatment
strategies [48-49]. Studies on hydrogen enriched engines
report:

* Substantial reductions in CO, and smoke,
accompanied by NO_ increases that must
be controlled via combustion tuning and after
treatment [50-51].

* High fidelity ML predictors that support the real
time Electronic Control Unit (ECU) optimization
while highlighting risks of overfitting and data bias
[50].

These methods are directly applicable to hydrogen
rail engines to balance fuel efficiency with stringent NO_
and air quality targets.

4 Hydrogen production, storage, and refuelling
for railway vehicles

Hydrogen production dominates the lifecycle
environmental profile of hydrogen rail [52]. The ML
is increasingly used to optimize both gray/blue (e.g.,
steam methane reforming) and green (electrolysis based)
hydrogen systems [53-58]:

e Artificial Neural Network (ANN) based process
models for Steam Methane Reforming (SMR)
capture complex heat transfer phenomena with R?
=~ 0.999 and are used to optimize nine operating
variables, achieving thermal efficiencies of ~85.6%
[55].

*  For renewable powered electrolysis, the ML models,
such as K-Nearest Neighbor (KNN), Random Forest
(RF), XGBoost, Long Short-Term Memory (LSTM),
Artificial Neural Network (ANN) and Lasso trained
on decade scale meteorological data accurately
predict green hydrogen yields and associated CO,
savings; one study estimates nearly 400,000 kg CO,
avoided per year for a single wind powered site [59].

*  Bibliometric and technical reviews show ML widely
applied to catalyst discovery, operating point
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optimization, and cost/emission reduction across

electrochemical, thermochemical, and biological

hydrogen production routes [53-54, 56-57].

Integrated Reinforcement Learning - Internet
of Things (Integrated RL-IoT) systems for hydrogen
infrastructure demonstrate that combining real
time sensing with Reinforcement Learning (RL)
dispatch can reduce emissions up to 97.8% and
costs by 40% in renewable hydrogen scenarios, with
additional 30% emission reductions through the
RL logistics optimization [59]. Such architectures
are directly relevant to hydrogen rail refuelling
corridors.

5 Methodology

This section includes a presentation of the applied
methodology to the research. An overview of the of
the system is presented together with collection of the
data, processing of the data, a used model for machine
learning and a framework for optimization.

5.1 System overview

The hydrogen fuel cell powertrain considered
consists of:
¢ Proton Exchange Membrane Fuel Cell (PEMFC)
stack: providing primary traction power.
¢ Lithium-Ion Battery: supplying transient and peak
loads.
* Hydrogen Storage Tank: compressed at 350 bar.
*  Power Management System (PMS): balancing the
fuel cell and battery contributions.
The analyzed data represent a hybrid multiple-unit
(HMU) rail vehicle with the gross mass of 120 tons
operating over typical European regional routes.

5.2 Data collection

Data were derived from two sources:

1. Simulated Data: MATLAB/Simulink model of the
hybrid multiple-unit energy system under variable
duty cycles.

2. Experimental Data: Controlled PEMFC test bench
including parameters such as voltage, current
density, temperature, humidity, and degraded
performance over time.

The combined dataset included 42,000 data points
divided into training (70%), validation (15%), and testing
(15%) sets.

Key variables:

e Input: Current density, hydrogen flow rate, cell
temperature, pressure, and relative humidity.

e OQutput: Stack voltage, power output, hydrogen
consumption rate, and degradation index.

The output voltage of a hydrogen fuel cell can be
expressed as:

V - E - nac[ - r]ahmic - nconc ) (1)

where:

E is open-circuit voltage [V],
1, are activation losses,
1,mic @€ ohmic losses,

are concentration losses.

The hydrogen consumption rate is defined as:

”conc

mm = ﬁ * M, (2)

where:
I is electric current [A],
F equals to the value of 96,485 [kg/mol],
M, equals to the value of 2 [kg/mol],
The total environmental impact is estimated as:

El= o - mm+ B D, (3)

where:

EI is environmental impact index,
Mg, is hydrogen consumption,
D, . is degradation index,

a, 8 are weighting coefficients.

The simulated dataset was generated using a
MATLAB/Simulink model of a hybrid multiple-unit
(HMU) energy system operating under variable
European regional duty cycles (urban, intercity, and
steep gradient profiles). The Simulink model includes
a PEMFC stack representation, hydrogen mass-flow
dynamics, a compressor/power-management subsystem,
and battery buffering to capture the transient load
sharing during regenerative
braking.

The experimental data was obtained from a
controlled PEMFC test-bench. Measured signals included
stack voltage, current density, cell temperature, inlet
hydrogen pressure, relative humidity, hydrogen flow
rate, and long-term degradation indicators. The dataset
covers both quasi-steady operation points and transient
excitation regimes. An empirical degradation index was
derived from the evolution of performance loss over time
(e.g., capacity/voltage decay trends under comparable
operating conditions) to support degradation-aware
learning.

acceleration and

5.3 Data processing

The data were standardized and filtered for outliers
using the Hampel identifier. Non-stationary time-series
components were decomposed using Discrete Wavelet
Transform (DWT) to isolate the steady-state and
transient behavior. Missing data (=1%) were imputed
through K-nearest neighbor interpolation.

VOLUME 28

COMMUNICATIONS 4/2026



B142

SHEPEL et al.

5.4 Machine learning models

Two supervised regression models were employed:
1. Random Forest Regression (RFR): robust against
noise and capable of modelling non-linearities.
2. Support Vector Regression (SVR): optimized via
radial basis function Kernel for generalization.
A Random Forest regression model was used to
predict fuel cell voltage:

V:f(T’]ymHhP)’ (4)

where:

T is stack temperature,
dJ is current density,

P is pressure.

Hyperparameter tuning was conducted using the
Bayesian optimization with 5-fold cross-validation.
Performance metrics included Root Mean Squared Error
(RMSE), Mean Absolute Error (MAE), and Coefficient of
Determination (R?).

5.5 Optimization framework

A multi-objective genetic algorithm (MOGA) was
formulated to minimize the two competing objectives:

Minimize:

f, = hydrogen consumption (g/s),

f, = stack degradation index. (5)
The formulation of minimization of the two

competing objectives in Equation (5) can be written as
follows:

ﬁ = mHZ’ .fZ = Dsta(‘k- (6)

Further, the multi-objective optimization problem
is subjected to:

Pdemaml = Pfuel cel + Bmttery

SOCmin = SOC = SOCmaX, (7)

at which, the decision variables are considered as
follows:

e fuel cell load ratio: x, € [0 1],

* battery State of Charge (SOC) threshold: x, < [0.2,

0.9],

*  compressor speed: x,.

The Pareto-optimal solutions were evaluated
based on the weighted sum of normalized objectives,
emphasizing the hydrogen economy. An optimal solution
based on the Pareto-optimal approach is achieved using
MOGA. A weighted objective function is also used:

F = w ‘ﬂorm + wo .ﬂorm , (8)

with w, > w,.

6 Environmental impact reduction

When the baseline hydrogen consumption is
assumed:

iy = 1.0g/s, )
then the optimized hydrogen consumption is as follows:

M = 0.876 g/s, (10)
and the reduction of hydrogen consumption is calculated
by means of the following formulation:
AH,=1.0—0.876 = 0.124 g/s. (11

Annual savings of fuel (for 3000 h operation) is
given:

0.124 - 3600 - 3000 = 1.34 - 10° = 1.34 tons . (12)

6.1 Emission equivalent

A calculation of emission equivalent is evaluated
based on the following statement. When the hydrogen is
produced via electrolysis, then the production of carbon
dioxide is given as follows:

kg(CO»)

COY = 9777+

ke(Hy) (13)

When the value from Equation (12) is considered,
then:
t( C 02)

1.34-9 = 12.06 (.

year (14)

7 Results and data analysis

This section includes a presentation of the obtained
results based on the model performance, further the
optimization results and validation of the research
based on the operational scenarios.

7.1 Model performance

The Random Forest model demonstrated superior
accuracy and stability. The Random Forest model
outperformed SVR across all metrics, with less
overfitting in transient regimes (Table 1). An important
feature analysis indicated that stack temperature (37%)
and current density (31%) were the most influential
parameters, followed by hydrogen flow rate (18%) and
pressure (9%).

The dependences of the values listed in Table 1
are shown in Figure 7. The dependence of the predicted
voltage on the measured voltage is depicted. The value
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Table 1 The results of the model

Error Random Forest SVR
RMSE [V] 0.045 0.057
MAE [V] 0.019 0.023
R? 0.985 0.974
— < @ Predicted
2 —-= Ideal (=)
£ 0.8
8
=)
=
< 0.6
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& 0.4+
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Figure 7 The dependence of the predicted and measured voltage (on the test set)
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Figure 8 The error distribution (The Error histogram)

MAE represents the mean absolute error and R? is the
coefficient of determination.

Then, a distribution of the predicted error of the
predicted value and the measured value is depicted in
Figure 8. It has a character of the centered distribution.
The error distribution, i.e., the error histogram is
centered near the zero value. It indicates no systematic
bias.

7.2 Optimization results

MOGA produced a Pareto front illustrating the
trade-off between the hydrogen efficiency and stack
degradation. The optimal configuration (fuel cell load
share = 70%) resulted in:

*  12.4% reduction in hydrogen consumption

*  8.7% extension of projected stack lifetime

*  5.3% improvement in overall energy efficiency
compared to baseline control.

The MOGA Pareto front is presented in Figure 9.

A trade-off between hydrogen consumption
(a function f) and a degradation index (a function f,) is
depicted. The selected optimal point corresponds to a
fuel cell load share of 70%.

7.3 Validation under operational scenarios

Three simulated railway duty cycles - urban,
intercity, and steep gradient routes-were tested. The
optimized controller demonstrated the stable SOC
management, maintaining the battery levels between
35-85% and preventing voltage undershoot during
acceleration peaks:
35% < SOC < 85%. (15)

The machine learning model was further
validated using experimental bench data, yielding a
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Figure 10 Duty-cycle comparison: baseline vs. optimized: a) hydrogen consumption [g-s-1], b) the degradation index

prediction error below 2% under dynamic load cycles,
confirming the generalization capability of the proposed
framework.

Figure 10 includes a comparison of duty-cycle for the
baseline and optimized strategy. The optimized strategy
reduces both hydrogen consumption and degradation
index across all duty cycles, i.e. urban, intercity and
steep gradient.

8 Discussion

The results highlight three main insights:
Data-driven modelling complements physical
models. Traditional thermodynamic approaches
often struggle with parameter uncertainty; the
ML provides reliable performance prediction with
minimal explicit modelling effort.

Hybrid optimization improves lifetime and efficiency.

The multi-objective approach balances immediate
fuel economy against long-term degradation,
providing a framework adaptable to route-specific
requirements.

Practical implementation requires online
adaptability. Integrating the model into the real-
time PMS would enable adaptive operation based on
continuous feedback from onboard sensors.

In a real practical application, the proposed ML
predictor would be embedded into the on-board Power
Management System (PMS) to estimate the stack
voltage and hydrogen consumption rate from sensor
measurements (current density, temperature, pressure,
humidity, hydrogen flow). The optimization module
would generate updated references for the fuel-cell load
share and battery SOC threshold at a fixed control
interval (e.g., every few seconds/minutes), while the
battery remains the fast-acting buffer for transient
power peaks. Safety constraints, such as SOC limits,
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compressor operating bounds, and stack temperature
thresholds should be enforced as hard constraints in
the optimization problem to prevent unsafe operating
points.

Since the railway conditions are variables in time
(ambient temperature, altitude, humidity, aging state),
continuous monitoring is required. Model monitoring
can include tracking prediction residuals and triggering
a re-calibration/re-training step when the concept drift
or data distribution shift is detected. For reliability
assurance, a fallback strategy (e.g., conservative baseline
controller) should be activated if the model confidence
drops below a predefined threshold.

The main limitation is dependency on hydrogen
production pathways. Challenges remain in ensuring
robustness to unmodeled conditions, long-term data drift,
and environmental variability (temperature, humidity,
altitude). Future efforts should integrate reinforcement
learning for adaptive control and consider digital twin
architectures for real-time health monitoring.

9 Conclusion

A comprehensive data-driven methodology for
modelling and optimization of hydrogen fuel systems
in railway transport is presented in this research.
Combining machine learning with multi-objective
optimization leads to significant gains in hydrogen
efficiency and fuel cell durability. The Random
Forest-based predictive model achieved high accuracy

consumption by 12.4%. Moving forward, coupling the
ML models with the real-time control architectures will
be key to realizing intelligent zero-emission railway
propulsion. The results confirm that:

*  Machine learning improves system predictability,

*  Optimization reduces both fuel use and degradation,
*  Environmental impact is significantly reduced.
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Nomenclature

FMEA: Failure Mode and Effects Analysis;
a preventive method used to identify potential failure
modes, their effects and causes, in order to reduce
risk.

D-FMEA: Design Failure Mode and Effects Analysis;
a type of FMEA focused on product design and design-
related risk.

BOM: Bill of Materials; a structured list of product
components, used here as an indicator of product
complexity.

RPN: Risk Priority Number; an index based on Severity,
Occurrence and Detection, used in D-FMEA and applied
here to compare product-related risk.

AP: Action Priority; a priority level in AIAG & VDA
FMEA indicating how urgently risk-reduction action
should be considered.

APQP: Advanced Product Quality Planning;
a structured automotive framework supporting product
and process development from planning to serial
production.

PLM: Product Lifecycle Management; an organizational
approach to managing product data, processes,
engineering changes, and traceability throughout the
product lifecycle, typically supported by an integrated
digital environment.

1 Introduction

The subject of this study were the automotive
shock absorbers, which are analysed into two product
groups: conventional and mechatronic. The first group
includes shock absorbers with a classical mechanical-
hydraulic architecture, while the second includes
electronically controlled shock absorbers, in which the
damping function requires the interaction of mechanical,
hydraulic, and electronic components and subsystems
[1-2]. The differences between the analysed products
concern not only their design, but the scope of the
functions performed, the degree of connections with
other subsystems, and the validation requirements, as
well. This makes them a suitable subject for analysing
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how design risk assessment should be adapted to
increasing product complexity.

The Failure Mode and Effects Analysis (FMEA) is one
of the basic preventive methods of technical risk analysis
used in product and process development. Its origins
can be traced back to reliability analyses developed
for military applications; one of the earliest formal
reference points is the MIL-P-1629 procedure from 1949,
which structured the identification of potential failures,
their effects, and their criticality. In the following
decades, the method was further developed in the
aerospace sector, where particular emphasis was placed
on a system-level understanding of function, reliability,
and safety. The FMEA was then widely adopted in many
branches of industry, including the automotive sector,
where it evolved from a tool originally focused mainly
on component reliability into a structured method
supporting quality planning, product development, and
risk reduction during product preparation [3]. According
to the current automotive approach presented by ATIAG
& VDA, FMEA is a structured method carried out by
an interdisciplinary team to identify potential failure
modes, their effects, causes, and actions intended to
reduce risk [4]. In automotive practice, two main areas
of application are usually distinguished: Design Failure
Mode and Effects Analysis (D-FMEA), which addresses
risks associated with product design, and Process Failure
Mode and Effects Analysis (P-FMEA), which addresses
risks associated with the manufacturing process. In
this article, the main focus is on D-FMEA, because it
is at the design stage that the analysis boundaries,
product architecture, functions, and relationships
between components, subsystems, and the system
are defined.

Despite the widespread use of FMEA in industrial
practice, there are relatively few empirical studies that
show how D-FMEA should be performed as the product
complexity increases [5-6]. This is especially important
in cases where the product evolves, as in the development
of shock absorbers from a conventional architecture
to a mechatronic one, where not only the number of
components changes, but also the scope of functions,
the number of relationships between subsystems,
and the validation requirements. The research gap,
therefore, concerns not the use of D-FMEA itself, but
the principles for adapting it to increasing product
complexity. The aim of this article was to provide a
comparative analysis of the two groups of automotive
shock absorbers, conventional and mechatronic products,
based on research conducted in industrial conditions,
and to develop a model showing how the way D-FMEA is
performed changes as product complexity increases. In
the following sections, product complexity is considered
not only descriptively, but in relation to product structure,
the organisation of risk analysis, and the scope of
activities related to quality planning and its validation,
as well.

2 Research background and methodology

In this study, the logic of D-FMEA was adopted in
line with the ATIAG & VDA approach, in which design
risk analysis is not limited only to the assessment of
Severity (S), Occurrence (0), and Detection (D), but
is treated as a structured process including planning
and preparation, structure analysis, function analysis,
failure analysis, risk analysis, optimisation, and
documentation of product-related results [7-8]. This
means that a reliable risk assessment requires the
proper definition of the analysis boundaries, the level
of the analysed product, and the relationships between
the function, the potential failure mode, its effect, and
its cause. According to the ATAG & VDA methodology,
the priorities of the risk-reduction actions should be
determined using the Action Priority (AP) approach,
rather than only on the basis of the Risk Priority Number
(RPN). At the same time, for the purposes of this study,
the RPN values were retained as a supporting analytical
indicator for comparing the two product groups in terms
of overall design risk burden. In this article, therefore,
the RPN does not serve a decision-making function, but
a comparative and reference function, while the logic for
interpreting the need for action remains consistent with
the AP approach.

The research material used in this article comes
from the authors own studies conducted in industrial
conditions at Tenneco Automotive Eastern Europe as
part of an implementation-oriented doctoral project.
The comparative analysis covered two product groups:
conventional shock absorbers, treated as the reference
group, and electronically controlled shock absorbers,
hereinafter referred to as mechatronic products. It was
assumed that the second group represents solutions
from the Monroe Intelligent Suspension product family,
in which damping is achieved through the interaction
of mechanical, hydraulic, and electronic subsystems,
along with control via an ECU (Electronic Control
Unit) and sensor signals [9-10]. This research setting
enabled comparison of two levels of product architecture
complexity in a real development and industrialisation
environment, while maintaining alignment with the
quality requirements typical of the automotive industry.

In this study, product complexity was not assessed
solely descriptively, but rather using comparable data
on both product structure and the scope of activities
associated with quality planning [11]. This approach
made it possible to analyse product complexity not only
from the perspectives of the number of components and
the organisation of the product structure, but also from
the perspectives of the activities required to confirm the
performed product functions and to plan and carry out
product validation [12]. As a result, it was possible to
link the features of product architecture with the way
D-FMEA is conducted.

The research procedure included four main stages.

COMMUNICATIONS 4/2026

VOLUME 28



ADAPTING D-FMEA TO INCREASING PRODUCT COMPLEXITY: A STUDY OF CONVENTIONAL...

B151

In the first stage, the comparison scope and the analysis
boundaries were defined for both product groups. In the
second stage, the available D-FMEA studies for selected
shock absorber types were analysed, with a focus on
product structure, function description, potential failure
modes, and the interpretation of design risk. In the
third stage, the data describing product complexity
were compiled and then subjected to the comparative
analysis. In the final stage, the results were interpreted
in accordance with the D-FMEA methodology, and
a model was developed to organise the observed changes
in the way D-FMEA is conducted as product complexity
increases.

3 Results

The results of the analysis show that the studied
product groups differ not only in design, but also in
the scope of the functions performed, the degree of
relationships between components and subsystems,
and the validation requirements. These differences are
reflected in both the product’s structural features and
the way D-FMEA results are developed and interpreted.
The research results are presented in a structure
that covers successive aspects of the complexity of the
analysed products and their significance for design risk
assessment. In the final part of the section, a model

Hydraulic pressure
sensors

Vehicle speed sensor

Steering angle sensor

Roll angle sensors

Lateral acceleration
sensors

Vertical acceleration
sensors

—-—g— Conventional suspension = 0 —

is presented to organise these observations from the
perspective of D-FMEA.

3.1 System-level context relevant to D-FMEA

The comparative analysis began at the vehicle
level, with the vehicle understood as the final product
intended for use by the end user. This perspective allows
the shock absorber to be considered not as an isolated
component, but as part of a wider system responsible for
functions related to vehicle behaviour, ride comfort, and
driving stability.

Figure 1 presents an illustrative comparison of
components and subsystems found in vehicles equipped
with conventional shock absorbers and in vehicles using
the KINETIC® solution from the Monroe Intelligent
Suspension product family [13]. The radial scale
indicates the number of elements of each type included
in the analysed vehicle-level system. The presented
data are illustrative and are intended to show the
typical level of complexity of both solutions at the
system level, without fully representing all variants of
the analysed products. This comparison indicates that,
for the mechatronic product, the damping function is
implemented within a broader system that includes
more interacting components and subsystems than in
the conventional solution.

Suspension springs

Shock absorbers

Mechanical stabilizers

Hydraulic lines

Hydraulic pump

Electronic Control
Unit (ECU)

Suspension position
sensors

KINETIC® suspension

Radial scale: absolute number of selected components or subsystem elements.

Figure 1 Comparison of selected components and subsystems in conventional suspension and the KINETIC® system
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In the context of D-FMEA, the above is important
mainly for defining the analysis boundaries. In the
conventional product, the shock absorber’s damping
function can be analysed in greater detail within the
component itself and its direct hydraulic subsystem. In
the mechatronic product, however, it becomes necessary
to consider a broader system context, since the way the
function is performed also depends on the interaction
of mechanical, hydraulic, electronic, and control
subsystems, not only within the product itself [14]. This
means that the difference between the analysed product
groups is not only structural, but the system-related

as well which directly affects how the scope of further
design risk analysis should be defined.

3.2 Product-level complexity relevant to D-FMEA

At the shock absorber level, the differences between
the conventional product and the mechatronic product
can be presented using indicators directly related to
product structure, functional scope, and the burden
placed on the quality planning process. The compiled
data include the number of components listed in the

Table 1 Comparison of selected damper-level complexity and D-FMEA-relevant indicators for conventional and

electronically controlled dampers

Area

Parameter

Conventional shock

Electronically controlled

Implication for DFMEA and

absorbers shock absorbers quality planning
. . Integrated mechatronic The broader set of
Simple mechanical . .
. . system: mechanics, dependencies between
architecture: cylinder . .
Product and . . . hydraulics, electronics components and subsystems
. Product architecture  body, piston rod, piston . .
function . and control software;  requires a more comprehensive
with flow valves; steel .
more extensive system DFMEA structure and
structural components. . A
architecture. validation strategy.
Dampin. Fixed damping Real-time damping Functional requirements
Product and png characteristic; no adjustment based on should be linked to the control
. characteristic . . . . .
function . adjustment during sensor inputs and ECU  algorithm and verified across
adjustment . . .
operation. control. multiple operating states.
Hydraulic, electronic
Subsystems No additional control and mechanical Quality planning should cover
Product and affecting subsystems beyond the subsystems operate cross-domain dependencies
function shock absorber hydraulic system of the  concurrently; the ECU and consistency between
performance shock absorber. communicates with cooperating subsystems.
other vehicle systems.
Higher number
of functional
Verification . measurements; analysis The test burden increases,
R . Assessment of a single L .
Validation of damping fixed dampine curve of characteristic curves as does the importance of a
characteristics ping ) for different current consistent validation plan.
levels supplied to the
active valve.
This category predominates
. Lo in both groups; the range is
Spec1§l . Slgnlﬁca'nt‘ min = 28 ; max = 56 min = 30 ; max = 68 broad and depends on shock
characteristics characteristic .
absorber architecture and
OEM requirements.
Critical characteristics occur
Special Critical min = 0 max = 2 min =0 max = 0 rarely; none were identified
characteristics characteristic - - - - in the analysed electronically
controlled shock absorbers.
A higher component count
broadens the scope of DFMEA
Design Average number of 103 133 and quality planning and
complexity BOM components increases the number of
control points requiring
coordination and verification.
RPN is used here as a
comparative indicator only;
. the observed increase does not
Risk Average RPN value 91 98

imply that product complexity
directly determines S, O or D
ratings.
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BOM, the number of significant characteristics, the
scope of validation, and, as a supporting indicator, the
average RPN values. This approach allows the moving
beyond a general product description and showing its
complexity at the shock absorber level, which is directly
relevant to the further interpretation of D-FMEA
results.

The mechatronic product shows higher values
for both the number of components and the number
of significant characteristics. The average values are
103 components and 42 significant characteristics
for the conventional group, and 133 components and
49 significant characteristics for the electronically
controlled group. These differences indicate a broader
scope of controlled characteristics and a greater burden
on the quality planning process, but they should not be
interpreted as an automatic increase in risk in every
analysed case. In this study, the RPN values were
retained solely as a comparative indicator to support the
analysis of the two product groups.

The comparison presented in Table 1 shows that the
differences between the two analysed product groups
concern not only the number of components, but the way
the function is performed, the number of interacting
subsystems, and the scope of confirming product
performance, as well. In the conventional product, the

damping function can be analysed primarily at the
component and its direct hydraulic subsystem levels.
In the mechatronic product, however, it is necessary
to account for the interactions among mechanical,
hydraulic, electronic, and control components and
subsystems. From the D-FMEA perspective, this means
that a broader function description is needed, together
with a more developed analysis of relationships between
subsystems and a stronger link between the analysis
and validation.

The scope of activities used to confirm that the
product meets its requirements is also an important
factor. A typical validation plan included 25 to 38 tests,
supplemented by additional subsystem tests where
required. However, in the more complex solutions,
not only did the number of tests change, but above
all the scope of testing and the way the results were
interpreted. In addition, separate tests were required
for further subsystems. This means that, at the shock
absorber level, product complexity is reflected in the
product structure, the scope of functions, the number
of parameters requiring control, and the scope of
confirmation of compliance with requirements. This
provides a direct basis for further analysis of how the
preparation and execution of D-FMEA should change as
product complexity increases.

Table 2 Selected D-FMEA entries illustrating the evolution of risk interpretation for conventional and mechatronic

products
Category of Failure Product S O D RPN AP Explanation of Differences
Failure
P 1 6 4 3 79 Medium Simple design mlmmlzei1 leake.lge points and ensures
Mechanical ~ Hydraulic easy detection.
Hydraulic  fluid leakage P9 8 6 6 988 Hich Advanced system critical to rollover control; leakage
- & impacts safety significantly.
Lack of P 1 o i i Not applicable to productstw11thout dynamic pressure
pressure controt.
control in
. Pressure imbalance destabilizes rollover control,
the system P2 9 65 6 270 High reducing vehicle safety.
Functional
Failure to P 1 5 3 4 60 Medium Simple meche(lir:;alirslys(tlzr\rlli;irir;:ss the causes of
achieve ping .
damping Precision of d i i
. ynamic damping control may be reduced
targets P2 74 6 168 High in specific driving conditions.
P1 o i i Not applicable to products without electronic
. . - components.
Disruptions
Electronic ms c;),; t;lOl The lack of coordination between the pump and ECU
¥ P_2 8 5 6 240 High disrupts the system’s ability to control vehicle roll,
reducing stability, can affect safety.
P1 5 3 3 45 Medium Simple design ensures easy installation, with
. - minimal risk of errors.
Installation
Assembly  gitficulties
. System complexity (hydraulics, electronics) and space
P_2 8§ 6 7 336 High

requirements significantly increase risk.
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3.3 Selected D-FMEA entries showing
the evolution of risk interpretation

The differences presented in Sections 3.1 and 3.2 are
directly reflected in the way the selected D-FMEA entries
are interpreted. In this subsection, the full D-FMEA
analyses for both product groups are not presented,;
instead, a selected set of entries is used to illustrate
the differences in the approach to design risk analysis
between the conventional and mechatronic products.
The designations P1 and P2 refer, respectively, to the
two product types analysed in this article: P1 denotes
the conventional product, that is, a shock absorber
with a classical mechanical-hydraulic architecture,
while P2 denotes the mechatronic product, that is, an
electronically controlled shock absorber.

The examples presented in Table 2 show that the
evolution of D-FMEA is not limited to increases in
ratings for the S, O, and D criteria, but primarily involves
changes in the logic of the risk interpretation. In the
conventional product, many potential nonconformities
can be analysed within a single component and its
basic function. In the mechatronic product, the same
or similar risk areas gain a broader functional context
because they affect the interaction among several
subsystems, the control system, and functions that
depend on operating conditions. For this reason, Table
2 includes both entries common to both product types
and entries not present in the conventional solution but
relevant to the mechatronic product. This comparison
shows that, as product complexity increases, D-FMEA
must cover a broader range of functions, a larger number
of relationships, and a more developed interpretation of
the effects and causes of nonconformities.

3.4 Proposed approach to D-FMEA adaptation
based on increasing product complexity

The proposed model (Figure 2) is termed a model
because it does not define a rigid algorithm but instead
provides a structured representation of the decision
logic by which D-FMEA should be adapted to increasing
product complexity. Its purpose is to show how the level
of analysis should be selected according to the range
of functional impact of a potential product failure, and
how this affects the scope of review and update across
component, subsystem, and system levels. The basic
assumption of the model is that the analysis boundary
should not be determined only by the number of
components, but by the assessed range of the effects of a
given failure mode, that is, whether they remain at the
component level, extend to the subsystem level, or affect
the function of the whole system [15]. In this approach,
increasing product complexity does not mean that each
D-FMEA entry must automatically be expanded, but
rather that the level of review and the scope of analysis
update must be selected more consciously.

The model is based on a three-level logic: component-
level, subsystem-level, and system-level reviews. If the
impact of a potential failure is limited to a single
component, the analysis may remain at the component
level. If the effects involve interactions among several
components and affect the function of a subsystem, the
analysis should be extended to the subsystem level. If,
however, the potential failure affects the interaction
between subsystems, control functions, or the fulfilment
of a system-level function, a system-level review is
required. The model, therefore, shows that the scope
of D-FMEA should be determined primarily by the
propagation of functional impact.

The second important element of the model is the
link between the review level and the corresponding
scope of D-FMEA review and update. In simpler
solutions, the review and update may be limited to
a single component and its direct function. In more
complex products, however, it becomes necessary to also
include the relationships among mechanical, hydraulic,
electronic, and control components and subsystems. This
means a shift from a local update to an update covering
the broader functional context of the product, including
the relationships between subsystems.

The model also defines the relationship between
the D-FMEA and validation. Validation results do not
serve only as confirmation but may also signal the need
to extend the analysis from the component level to the
subsystem or system level. In practice, this means that in
more complex products, the D-FMEA should be updated
not only after a component change, but when the function
of a subsystem changes, when the interaction between
subsystems changes, or when the scope of confirmation
of product performance changes, as well. In a PLM-
supported digital engineering environment, traceable
links among requirements, product structures, D-FMEA
records, engineering changes, and validation results
can automatically flag potentially affected risks across
component, subsystem, and system levels, while the final
S, O, D, and AP assessments remain subject to expert
evaluation. As a result, the model presents D-FMEA as
a structured process, moving from component-level to
multi-level analysis, carried out in line with the actual
range of potential nonconformity effects.

4 Discussion

The results indicate that, as the product complexity
increases, the importance of D-FMEA as a quality
planning tool increase, helping structure the analysis
throughout the product development process. In the
case of the conventional product, many issues can still
be considered within a relatively narrow scope, whereas
in the mechatronic product, risk analysis requires a
broader functional view of the product and consideration
of the relationships between cooperating subsystems.
From the perspective of industrial practice, this means
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INTERPRETATION PRINCIPLE

Product complexity may broaden D-FMEA structure and reassessment scope, but the analysis boundary should

be defined by impact propagation across component, subsystem and system functions — not by S/O/D ratings.
S/0/D remain failure-mode specific and do not increase automatically with product complexity
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Figure 2 Proposed model for adapting D-FMEA review and update to increasing product complexity

that the usefulness of D-FMEA is determined not by
the number of records included in the analysis, but by
the consistency of the analysis structure, the correct
assignment of functions, and the proper link between
the analysis and verification and validation activities.
This interpretation is consistent with the approach
presented by Henshall, Campean, and Rutter [16],
who indicated that, for complex automotive products,
one of the main problems in D-FMEA is maintaining
a consistent analysis structure across the hierarchy
of system, subsystems, and components, and ensuring

clear links between product functions, dependencies at
the boundaries between the subsystems, and verification
activities. The authors also emphasised that overly
extensive and inconsistent analyses, which combine
different levels of detail reduce the usefulness of
D-FMEA both for design improvement and for verification
planning. These conclusions are reflected in the results
of the present study. For the analysed shock absorbers,
the difference between the conventional product and the
mechatronic product is not limited to a higher number
of components, but it requires extending the analysis
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to areas arising from subsystem interactions as well.
For this reason, the proposed model may be viewed
as a practical clarification of how D-FMEA should be
developed in the face of increasing product complexity,
while remaining consistent with the AIAG & VDA
approach.

An additional consequence of increasing the
product complexity concerns the composition of the
D-FMEA team. For conventional shock absorbers,
the core team may be dominated by mechanical and
hydraulic expertise, whereas electronically controlled
products require systematic participation of specialists
in electronics, embedded software, control logic,
systems engineering, and validation. The team should
therefore evolve not merely by increasing its size,
but by aligning its expertise with the interfaces and
failure-propagation paths included within the analysis
boundary. A stable core team, supplemented by domain
experts when subsystem- or system-level effects are
reviewed, can improve the completeness of failure
chains while maintaining analytical consistency. In
this arrangement, the moderator should ensure that
assumptions, interfaces, and responsibilities remain
traceable across engineering domains [4,16].

It is also important to note that increasing the
product complexity should not be interpreted as a direct
cause of higher ratings for the S, O, and D criteria. In the
presented results, the number of components increased
by 29.1%, the number of significant characteristics by
16.7%, and the number of validation activities by 52.0%,
whereas the average RPN value changed only slightly,
by 7.7%. This means that greater product complexity
does not automatically determine a higher risk rating in
every case; rather, it changes the conditions for analysis
and interpretation. From a practical point of view,
the key issue is therefore not only the identification of
individual failure modes, but also the proper recognition
of functional relationships, which determine how
detailed the D-FMEA analysis should be for a given
product.

Looking ahead, the increasing dependence of
mechatronic suspension systems on embedded software
andnetworked controlsuggeststhatthe proposed D-FMEA
adaptation model could be complemented by Software
FMEA (S-FMEA) and cybersecurity risk assessment.
The S-FMEA would address unintended software failure
modes related to control algorithms, timing, interfaces,
and diagnostics, whereas cybersecurity analysis would
consider threat-driven scenarios affecting data integrity,
communication availability, or control authority. These
analyses should remain methodologically distinct since
the software faults and cybersecurity threats arise
from different causal mechanisms, but their results
should be linked at shared functions and interfaces.
Such a coordinated approach could extend the proposed

model towards a more complete assessment of software-
intensive automotive products and constitutes a relevant
direction for future research [17].

5 Conclusions

The conducted study conclusion is that increasing
the product complexity primarily affects how D-FMEA
is organised and carried out. The comparison of the
conventional product and the mechatronic product
showed that, as complexity increases, greater importance
is placed on the correct definition of analysis boundaries,
the level of analysis development, and the links between
function analysis, risk assessment, and validation. This
means that, for more complex products, D-FMEA should
be developed in a more structured, multi-level manner.

At the same time, the obtained results indicate
that product complexity should not be understood as
an automatic increase in the values of the S, O, and D
criteria. For the analysed products, a higher number of
components, significant characteristics, and validation
activities did not lead to a proportional increase in RPN
risk ratings; rather, they mainly changed the conditions
for their analysis and interpretation. Therefore, as
product complexity increases, the scope and structure of
the D-FMEA analysis change the most, while the ratings
remain dependent on the specific failure mode, its effect,
the probability of occurrence, and the possibility of
detection.

Based on the obtained results, a practical conclusion
can be drawn that the effective adaptation of D-FMEA to
products of increasing complexity requires consistency
across component, subsystem, and system levels, as well
as between risk analysis and validation. The proposed
model provides a structured view of the differences in
the D-FMEA approach for conventional and mechatronic
products and may serve as useful support for quality
planning and product quality development activities.
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In this paper is presented an ITS-oriented framework for monitoring and
predictive assessment of ship power plants based on V2I communication
and digital twin principles. The framework integrates onboard sensor
data with environmental and operational information in a unified cyber-
physical environment. A mathematical model and structured algorithm
support state estimation, prediction, diagnostics, and decision-making
under non-stationary conditions. The distributed architecture combines
onboard systems, communication networks, and infrastructure-level
processing. Validation using real operational data demonstrates that the
framework captures variations in vessel speed, fuel consumption, and engine
performance while providing reliable parameter estimates. The results
confirm its feasibility for maritime monitoring, digital twin development,
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1 Introduction

The rapid digitalization of maritime transport has
stimulated the development of intelligent monitoring
systems aimed at improving operational efficiency,
safety, and sustainability. Modern vessels operate under
dynamically changing conditions where the technical,
environmental, and operational factors continuously
interact. Under such non-stationary conditions,
traditional onboard monitoring systems remain limited
due to their reliance on isolated data sources and
insufficient situational awareness.

The evolution of Intelligent Transport Systems (IT'S)
has enabled the integration of communication, control,

and information technologies across transport domains.
In maritime applications, Vehicle-to-Infrastructure (V2I)
communication supports continuous data exchange
between the vessels and shore-based infrastructure,
enabling real-time monitoring and decision-making.
However, existing maritime V2I approaches remain
constrained by fragmented data integration, limited
consideration of operating conditions, and communication
instability.

At the same time, Digital Twin technologies have
emerged as an effective approach for representing
physical systems environments. By
continuously synchronizing physical assets with digital

in virtual

counterparts, digital twins support predictive analytics,

© 2026 THE AUTHORS
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anomaly detection, and operational optimization.

Nevertheless, the integration of digital twin principles

with V2I-enabled maritime monitoring systems remains

insufficiently explored.

In this study is proposed an ITS-oriented framework
for remote monitoring and predictive assessment of ship
power plants based on V2I communication and digital
twin principles. The proposed approach integrates
onboard, environmental, and infrastructure-level data
into a unified cyber-physical monitoring environment
capable of operating under constrained communication
conditions.

The main contributions of this paper include:

e development of a unified V2I-based information
model for ship power plant monitoring;

* integration of environmental, transport, and human-
related operating conditions into the monitoring
process;

e formulation of a mathematical model for state
estimation and prediction under non-stationary
conditions;

e development and experimental validation of an
ITS-oriented monitoring architecture using real
operational data.

The remainder of the paper is organized as follows.
In Section 2, related work on maritime monitoring, V2I
communication, and digital twin technologies is reviewed.
In Section 3, the proposed monitoring architecture is
presented. In Section 4, the mathematical model is
described, while in Section 5, the monitoring algorithm
is introduced. In Section 6, the system implementation
is discussed. In Section 7, the experimental validation
results are presented, whereas in Sections 8 and 9, the
discussion and conclusions are provided, respectively.

2 Related work

Ship condition monitoring is a key component of
reliable maritime operation. Traditional approaches
mainly rely on onboard sensor data and predefined
diagnostic thresholds; however, their effectiveness is
limited under the non-stationary operating conditions
[1-3]. Existing systems often depend on static models
and offline analysis, reducing their ability to detect
unexpected faults and respond to dynamically changing
conditions [3].

Recent studies indicate that insufficient integration
of environmental and operational factors significantly
affects monitoring accuracy [4].

In addition, measurement uncertainty, variable
load conditions, and limited operational data complicate
the condition assessment and predictive maintenance
implementation [5]. Moreover, limited availability of
detailed usage data and operational profiles restricts the
effectiveness of predictive maintenance strategies.

To improve monitoring performance, recent research
has explored multivariate modelling, intelligent

diagnostics, and advanced sensor configurations
[6-7]. Nevertheless, subsystem-level diagnostics and
vibration-based monitoring still face limitations under
the variable operating conditions [8-9]. As a result,
the integration of heterogeneous data sources for
reliable real-time monitoring remains an open research
problem.

The development of ITS has enabled new
approaches to maritime monitoring through distributed
communication and data processing technologies.
Modern maritime systems increasingly rely on IoT
networks, multi-sensor data fusion, and advanced
situational awareness tools to support real-time decision-
making [10-14].

However, the majority of existing studies focus on
individual aspects of maritime monitoring, including
visualization [15], satellite-based analysis [16], or
onboard situational awareness systems [17-18], rather
than integrated vessel-infrastructure interaction.
Although the role of interconnected sensor networks
and real-time data exchange was emphasized in
several studies [11-12], the comprehensive V2I-enabled
monitoring architectures for maritime ITS applications
remain insufficiently developed.

Digital twin technologies have emerged as an
effective approach for monitoring, prediction, and
optimization in maritime transport systems. By
continuously synchronizing physical assets with virtual
models, digital twins support predictive maintenance
and operational decision-making [19-21].

Recent studies demonstrated the integration of
artificial intelligence, IoT technologies, and data-driven
analytics into digital twin frameworks to improve
prediction accuracy and operational efficiency [22].
Several researchers also highlighted the potential
of combining digital twins with communication

technologies, including V2I systems, to enhance
situational awareness and distributed monitoring
capabilities.

Despite these advances, the majority of

existing approaches addressed the digital twins and
communication infrastructures separately. Therefore,
integrated frameworks combining digital twin
methodologies with V2I-enabled ITS architectures for
real-time maritime monitoring and prediction remain
insufficiently explored.

The analysis of existing studies shows that the ship
condition monitoring, ITS technologies, and digital twin
applications are still largely developed independently.
Current approaches lack comprehensive integration of
onboard and external data, reliable operation under
non-stationary conditions, and wunified predictive
capabilities.

In this study are addressed these limitations by
proposing an ITS-oriented monitoring framework that
integrates V2I communication and digital twin principles
for remote monitoring and predictive assessment of ship
power plants under real operating conditions.
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3 System concept and ITS architecture

The proposed monitoring framework is developed
as a cyber-physical component of an Intelligent
Transport System (ITS), enabling continuous
interaction between the vessel, onboard systems, and
transport infrastructure through V2I communication.
The ship is considered as an integrated system
combining the power plant, onboard information
systems, operators, operating conditions, and maritime
infrastructure.

The general interaction scheme of the proposed
ITS-based monitoring framework is presented in
Figure 1.

The core of the proposed framework is a V2I
communication layer that enables the data exchange
between the onboard and infrastructure-level
systems. The monitoring architecture consists of three
interconnected levels:

* onboard level, including sensors and local processing
modules;
¢ V2I communication level responsible for data

Operating
culture

Maritime
infrastructure

Atmospheric
and climatic
conditions

Operator,

Transport
vessel,

OIS

Transport
infrastructure

Water
environment
conditions

Figure 1 General scheme of system interaction in the ITS-based monitoring framework
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transmission;

e infrastructure level, including servers, databases,
and analytical tools.

This distributed architecture enables the continuous
monitoring under limited communication bandwidth by
allocating processing tasks between onboard and shore-
based components. The information exchange structure
is shown in Figure 2.

A key feature of the proposed approach is the

integration of operating conditions into the monitoring
process. The framework considers environmental,
transport, atmospheric, and human-related factors
affecting the ship power plant performance, including
sea state, traffic density, climatic conditions, and
operator-related influences.

The classification of operating conditions and
their integration into the monitoring framework are
summarized in Table 1.

Ship operating conditions
in the monitoring process

Y

s

Information outputs

Shipmonitoring.org
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analytical data,
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Figure 3 Data flow diagram of the ITS-based ship monitoring system
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Table 1 Classification of operating conditions and their integration within the ITS monitoring framework

ITS Information opportunities

Main classification features of the operating conditions . Notes
Maritime and transport
OIS .
infrastructure
Seawater temperature + +(-) #
Seawater density +(-) -(+) #
Presence of undercurrents - +(-) #
Water Altitude + +
environment Depth under the vessel keel + -
diti
conditions Fairway Width - +
The presence of resistance to movement (physical ) ) %
objects of artificial and natural origin)
Ship’s hull fouling -(+) +(-)
Type of cargo carried + -(+) #
Transport Ship traffic density - (+) + *
conditions Driving mode + -(+) #
Movement speed + +
Air temperature + +
Atmospheric Air pressure + -
and climatic Air humidity + +
conditions Precipitation - +
Visibility - +
Level of work organization and management -(+) + *
Operator(s) qualifications and diligence -(4) - *
. Compliance with the provisions of technical "
Operating . . . -(4) +
regulations and rules of technical operation
culture
Repair and maintenance material and technical ‘0 N
base of the vessel and transport infrastructure
Quality of shipboard maintenance materials -(4) -(+) #

The monitoring framework is implemented as a
distributed information system combining onboard
data acquisition modules, communication subsystems,
databases, and data processing tools. Information
exchange between the system components is
represented using a data flow approach, as illustrated
in Figure 3.

The monitoring process includes vessel identification,
acquisition of technical parameters, integration of
operating conditions, state prediction, diagnostics,
and decision support. The structured V2I information
model describing these interactions is presented in
Figure 4.

The proposed framework forms a basis for the
development of a digital twin of the ship power plant.
Continuous acquisition and processing of real-time data
enable synchronization between physical and digital
system states, supporting predictive analysis and
operational optimization.

Thus, the proposed ITS-oriented architecture
provides a foundation for the future integration of
advanced digital twin technologies into maritime
transport systems.

4 Mathematical model of monitoring
and prediction

The monitoring of a ship power plant under the real
operating conditions is considered as a dynamic process
within a cyber-physical transport system integrating
onboard, environmental, and infrastructure-level data
through V2I communication.

The technical state of the ship power plant is
represented as a multidimensional vector:

Y(t) = {1 (£),2:(¢), e vm ()}, ()

where v;(¢#) denotes measurable parameters such
as engine speed, fuel consumption, exhaust gas
temperature, and load characteristics.

Operating conditions are represented as:

O(t) ={01(t),0:(t),...;0,(1)}, @)
including environmental, transport, and human-related

factors.
The monitoring process is defined as the integration
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of technical and operating condition data into a unified
system representation:

Yrepvor(t) = Arcr(Yrer(t)) o Avor (Yvor(t)),  (3)

where: Y, - technical condition parameters, Y,
- operating condition parameters, A, ,A,,
transformation operators, ° - composition operator.

The estimated technical state is obtained as:
Y(t) = fS(t),0(1)), 4

where: S(¢) - onboard sensor data, O(¢) - operating
conditions, f(-) - estimation function.

Future system behavior is predicted using the
historical and current state data:
Y(t+kAt)= F(Y(t),H(t—n . t)), (5)
where: H(t—n : t) - historical data, k£ - prediction
horizon, At - time step.

The system operates within a distributed information
environment:

I1={CL,N}, (6)

where: C - cloud-based infrastructure, L - local onboard
data sources, N - networked databases.

The proposed model forms a functional basis for a
digital twin of the ship power plant. The estimated state
Y(t) represents the digital counterpart of the physical
system, while the prediction model supports forward
simulation and scenario analysis.

5 Monitoring algorithm and data processing

Algorithm 1: V2I-Based Monitoring and Prediction
of Ship Power Plant State

Input:
¢ Onboard sensor data S(t)
¢ Operating conditions data O(¢)

e Historical data H(¢t —n : t);

Output:

*  Estimated technical state Y(¢)
e Predicted technical state Y(¢ + kAt).

Step 1: Data Acquisition.

Acquire the real-time onboard sensor and navigation
data together with external information obtained via
V2I communication.

Step 2: Data Synchronization and Preprocessing.

Synchronize the heterogeneous data streams,
remove outliers, filter noise, and normalize parameters.

Step 3: Feature Extraction.

Generate derived indicators describing the current
operating state of the ship power plant.

Step 4: State Estimation.

Integrate onboard and external data to estimate the

current technical state of the power plant:
Y(1) = f(S(t),0(1)). W)

Step 5: Prediction of Technical State.

Use historical observations and current state
estimates to predict future system behavior:

Y(t+ kat) = F(Y(t),H(t —n : t)). 8

Step 6: Diagnostics and V21 Exchange.

Detect anomalies, generate diagnostic indicators,
and exchange processed data with infrastructure-level
systems.

Step 7: Visualization and Decision Support.

Present monitoring results and operational
recommendations to the operator.

6 Implementation of the V2I monitoring system

The proposed monitoring framework is implemented
as a distributed cyber-physical system within an
ITS environment, integrating onboard subsystems,
communication channels, and infrastructure-level
components. The system includes onboard data
acquisition and diagnostic modules, an onboard
information system (OIS), V2I communication interfaces,
infrastructure-level servers and databases, and data
visualization tools.

The monitoring framework operates as a distributed
telecommunications network supporting continuous
data collection, transmission, storage, and analysis
under real operating conditions.

The system integrates heterogeneous onboard
and external data sources obtained through the V2I
communication, including:

* onboard sensor data (engine parameters, fuel
consumption, diagnostics);

* navigation data (GPS-based position and speed);

e environmental data (weather conditions, sea state);

e infrastructure-based data (traffic conditions,
maritime information systems).

These data sources form a unified information
environment for monitoring and predictive analysis.
Additional information sources include ship geolocation
data, maritime infrastructure models, weather services,
and ship tracking systems.

The data processing architecture is designed for
operation under limited communication bandwidth by
distributing computational tasks between onboard and
infrastructure-level components.

The primary processing, including filtering,
aggregation, and preliminary diagnostics, is performed
onboard, while advanced analysis and storage are
executed within infrastructure-level systems. This
approach reduces communication load while preserving
monitoring continuity.
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6.1 Functional capabilities of the monitoring
system

The implemented system supports: real-time
monitoring of ship power plant parameters; integration
of operating conditions into diagnostics; anomaly
detection and diagnostic code generation; prediction
of system behavior based on historical data; decision
support for operational adjustments.

The framework also enables continuous archiving
and visualization of monitoring results.

Within the ITS framework, the proposed system
functions as a distributed monitoring node enabling
interaction between vessels and transport infrastructure
through V2I communication.

Continuous data acquisition and processing
provide the basis for a digital twin of the ship power
plant, supporting the state estimation, prediction, and
scenario analysis. This enables the transition from
reactive monitoring toward predictive and prescriptive
maintenance strategies.

7 Experimental results and validation

Experimental validation of the proposed V2I-
based monitoring framework was performed using
the real operational data obtained from a transport
vessel operating under varying environmental and
transport conditions. The onboard information system
collected time-series data from the key ship power plant

Table 2 Comparison of measured and estimated parameters

subsystems, including engine rotational speed, exhaust
gas turbocharger (EGT) parameters, auxiliary generator
load, fuel consumption, and GPS-based vessel speed.

The initial data acquisition frequency was 1 s and
it was later aggregated to 60 s intervals for stable
analysis. External weather and navigation data were
integrated via V2I communication channels. The dataset
corresponds to a voyage segment of approximately 497
nautical miles (921 km) and contains more than 40,000
measurement points.

The dataset includes synchronized onboard and
external datastreamsrepresentingtechnical,operational,
and environmental conditions. The monitored variables
were grouped into technical parameters (engine speed,
fuel consumption, EGT characteristics), operational
parameters (vessel speed and load conditions), and
environmental influences affecting system behavior.

The temporal variation of the key operational
parameters is presented in Figures 5-7. The obtained
results demonstrate: a strong dependency of fuel
consumption on vessel speed and engine load; observable
variations in engine performance under changing
operating conditions; the capability of the monitoring
system to capture transient behavior in non-stationary
environments.

In Figure 8 are compared the measured and
estimated fuel consumption values, demonstrating the
consistency of the proposed monitoring model.

The performance of the proposed framework was
evaluated using Mean Absolute Error (MAE), Root
Mean Square Error (RMSE), and the correlation

Parameter Measured (avg) Estimated (avg) MAE RMSE R
Vessel speed (knots) 9.8 9.5 0.32 0.41 0.96
Fuel consumption
(ka/h) 1850 1790 65 82 0.94
EGT speed (rpm) 9200 9050 110 145 0.92
101 — GPS speed, knots
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Figure 5 Temporal variation of the vessel speed during the monitored voyage segment
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Figure 6 Temporal variation of the fuel consumption during the monitored voyage segment
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Figure 7 Temporal variation of the main engine turbocharger rotor speed during the monitored voyage segment
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coefficient (R):
MAE = 3% ||Yi = Yil, ©
RMSE = /327 (v, Vi (10)
- N i=1 "t o
(Y- V)Y —Y) a

T - (i-v)

The calculated metrics are summarized in Table 2.

The results show a close agreement between
the measured and estimated values, confirming the
adequacy of the proposed model for representing the
system behavior under real operating conditions. The
results demonstrate the strong agreement between
the measured and estimated values, with correlation
coefficients exceeding 0.9 for all analyzed parameters.
The results obtained confirm the capability of the
proposed framework to integrate heterogeneous data
sources and provide reliable estimation of ship power
plant performance under non-stationary operating
conditions.

From an ITS perspective, the proposed approach
demonstrates the feasibility of distributed monitoring
systems supporting real-time interaction between
vessels and transport infrastructure.

8 Discussion

The obtained results demonstrate the feasibility of
integrating V2I communication with onboard monitoring
systems to create an ITS-oriented framework for
maritime applications. The proposed approach enables
continuous interaction between vessels and transport
infrastructure while integrating onboard and external
data into a unified monitoring environment.

A key advantage of the framework is its ability to
operate under the non-stationary conditions and limited
communication bandwidth through distributed onboard
and infrastructure-level processing. In addition, the
proposed approach introduces digital twin elements that
support real-time monitoring and predictive assessment
of ship power plant behavior.

However, the proposed model has
limitations. The prediction framework is based on
simplified functional relationships and does not yet
incorporate advanced machine learning methods.
Moreover, experimental validation was conducted using
data from a specific vessel and operational scenario,
which may limit the generalizability of the results.
System performance also depends on the availability
and quality of the sensor data.

From an ITS perspective, the proposed framework
contributes to the development of distributed cyber-
physical maritime transport systems supporting
situational awareness and data-driven decision-making.

several

The approach can be further extended towards the fleet-
level monitoring and integration with broader maritime
transport infrastructures.

Future research should focus on integrating machine
learning techniques, developing full-scale digital twin
implementations, and extending the framework to multi-
vessel and large-scale maritime transport systems.

9 Conclusions

In this paperis presented an ITS-oriented framework
for the remote monitoring and predictive assessment
of ship power plants based on V2I communication
and digital twin principles. The proposed approach
integrates onboard and external operating data into a
unified cyber-physical monitoring environment.

A mathematical model for the state estimation and
prediction under non-stationary operating conditions
was developed together with a structured monitoring
algorithm supporting real-time data acquisition,
diagnostics, and decision-making. The monitoring
architecture was implemented as a distributed system
combining subsystems,
networks, and infrastructure-level components.

onboard communication

Experimental validation using real operational data
demonstrated the capability of the proposed framework
to capture variations in vessel speed, fuel consumption,
and engine performance parameters under real
operating conditions. Quantitative analysis confirmed
strong agreement between the measured and estimated
values, indicating the adequacy of the proposed model.

From an ITS perspective, the framework supports
the development of distributed maritime monitoring
systems that improve situational awareness and enable
data-driven operational decision-making. In addition,
the proposed approach provides a functional basis
for the development of digital twins of ship power
plants, supporting predictive analysis and advanced
maintenance strategies.

Future work should focus on the integration of
machine learning methods and the extension of the
proposed framework to multi-vessel and large-scale
maritime transport systems.
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quality, bidirectional capability, electromagnetic compatibility, and ease

of implementation. A bridgeless totem-pole PFC converter, together
with bidirectional CLLLC resonant DC/DC converter, was chosen and
implemented in 2 kW lab prototype. Experimental tests in both grid-to-
battery and battery-to-grid modes yielded maximum power of 2.28 kW,
a power factor of 1.0, total current harmonics of 1.43%, and maximum
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efficiency of around 96%. These results show the suitability of the
architecture chosen for bidirectional energy storage systems and grid

connected energy management, renewable energy integration, and electric

vehicle charging and V2G applications.
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1 Introduction

Active compensation systems (ACS) represent
a modern approach to optimizing the electricity
consumption, as they can play a key role in this process.
These systems help to reduce harmonic distortions in
electrical networks, losses in distribution networks,
and increase a power system efficiency. Implementing
these technologies allows not only to reduce costs but to
stabilize electricity supplies, as well [1-3].

An important key element in saving electricity is
energy storage, which allows the accumulation of energy
in periods of excess and, conversely, its use when the
energy demand is higher. In this way, it is also possible
to contribute to stabilizing energy networks and support
using renewable energy sources. These energy storages
can be based on different technologies (mechanical,
thermal, electrochemical, etc.). The current trend is

storage based on batteries (especially lithium or lead)
[4-5].

Another important aspect is the reuse and second-
life utilization of battery systems or components,
especially battery recycling (especially the possibility
of using batteries from electric cars and the like) [6-8].
This attitude would primarily contribute to reducing the
environmental impact by reducing waste and emissions
created [9-11].

Active compensation systems (ACS) can be used
in industrial facilities, commercial buildings, and even
homes, helping to reduce operating costs. Another
great benefit of these ACS systems is the possibility
of connecting them with systems of renewable energy
sources such as solar, wind, geothermal, or others
[12-14].

Another area of use of ACS is residential urban
and local areas. Current trends also indicate that the

© 2026 THE AUTHORS
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Figure 1 Configuration of ACS for combined applications

Table 1 Main contributions of the paper

Contribution

Description

Topology evaluation
Experimental validation
Bidirectional operation
Power quality analysis

Transport applicability

Comparison of BLTP-PFC, DAB and CLLLC solutions

Verification on 2 kW laboratory prototype
Charging and discharging modes verified
PF=1and THD, = 1.43 %

Suitability for EV charging and V2G operation

importance of using the ACS systems is significantly
more complex, as they enable applications in Grid-
to-Vehicle (G2V) or Vehicle-to-Grid (V2G) modes and
support applications with renewable energy sources,
Figure 1, [12, 15-19].

In the presented article are compared converter
topologies suitable for implementing an ACS system
for electrical energy compensation consisting of several
parts and presents its initial implementation and
verification, Table 1.

Unlike many previously published ACS and BESS
solutions that focus either on converter design or
on simulation-based evaluation, the presented work
provides a comprehensive comparison of bidirectional
converter topologies and experimentally validates a
complete ACS architecture combining a bridgeless
totem-pole PFC (BLTP-PFC) stage and a bidirectional
resonant converter (CLLLC).

The proposed architecture achieves high power
quality (PF = 1, THDi = 1.43 %) together with
bidirectional operation and high efficiency, which makes
it suitable for future smart-grid and transport-energy
applications.

The ACS prototype uses two operating modes for
basic verification of the principle of operation:

1. Mode - accumulation of energy from the grid to
the batteries (accumulation mode),

2. Mode - supply of energy from the batteries to the
grid (generative mode).

Based on the test results of the ACS system
prototype, further stages will continue, focused on active
compensation of negative phenomena in the electrical
grid and the possibilities of their optimization.

2 ACS components

Active compensation systems (ACS) using electrical
energy storage systems represent very complex devices,
especially in terms of technical implementation and
equipment, measurement of necessary quantities and
corresponding control algorithms. From the point of
view of safe and correct operation of the electrical
network, the development of ACS systems and the
development of necessary control algorithms to control
these complex systems to achieve the required properties
is important [12].

From the point of view of the power electronic part,
they can be generally divided into three basic parts,
Figure 2. All used parts of the system must operate in
bidirectional operation to achieve the highest possible
efficiency, stability, safety and dynamics.

The first part of the ACS system consists of the
input-output system, which forms the interface between
the electrical network and the energy storage. These
are suitable bidirectional PFC converters, or Four-
Quadrant Converter (4QC) [20]. The converter operates
as a controlled rectifier in Mode 1 (accumulation
mode), and as an inverter in Mode 2 (generative
mode).

The second part of the ACS system deals with the
optimal transfer of DC energy to and from the battery
storage, i.e., suitable DC/DC converters. As suitable DC/
DC converters can be considered bidirectional CLLLC
[21-23] or DAB converter [24-27]. The converter operates
in BUCK mode in Mode 1 (accumulation mode), and in
BOOST mode in Mode 2 (generative mode).

The last part of the ACS system concerns the
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Figure 3 Bridgeless totem-pole PFC

battery storage systems themselves. Many professional
and scientific articles are devoted to this issue [28-32].

2.1 PFC selection

As mentioned above, the first part of the ACS system
consists of an input-output converter, which forms the
interface between the electrical network and the energy
storage. This converter operates as a controlled rectifier
in Mode 1 (accumulation mode) and as an inverter in
Mode 2 (generative mode). Based on these requirements,
it is possible to choose a bidirectional PFC or 4QC
topology for the first stage. Considering the nominal
power, complexity, and overall requirements for the
implemented system, the bidirectional PFC topology
was chosen.

Within the used PFC converter topologies, one
of the significant sources of power losses is the input
bridge rectifier, which converts the AC input current
into the high-voltage DC current required for the power
factor correction (PFC) circuit. At lower AC voltages,
high powers and at full load, the bridge rectifier can be
responsible for 2% to 3% of the total output power loss
due to line inefficiency [33-34].

For this reason, the bridgeless boost PFC topology
has become popular. It has gained attention as a more
efficient alternative because it eliminates the need for
an input rectifier bridge, thereby reducing conduction
losses [35-36].

The selection of a PFC converter topology for the DC
power flow is usually a question of the need to achieve

the required level of transmitted power. It is possible to
choose from the following topologies: classic boost PFC,
double boost PFC, or one of the latest totem-pole PFC
topologies. However, the selection of a PFC topology
suitable for bidirectional power flow and for application
in ACS is not so difficult nowadays. The Bridgeless
Totem-Pole Power Factor Corrector (BLTP-PFC), Figure
3, is a topology with the smallest number of switching
elements, which allows for bidirectional power flow,
which is essential for ACS systems, and at the same time
provides high efficiency. However, to achieve the desired
properties, it is necessary to properly design and select
the PFC inductance, semiconductor switches, output
filter capacitors and control circuit of the entire PFC
system. Semiconductor switches can be further divided
into slow (MOSFETS, switching with the frequency of
the power grid) and fast (GaN, switching the detailed
current waveform). Another important part is the circuit
for measuring the mains voltages and currents that the
converter draws from or supplies to the power grid.

2.2 DC/DC converter selection

The bidirectional DC/DC power stage works as a
battery charger in one direction - accumulation mode
(BUCK mode - Mode 1) and as a constant voltage
converter when operating in the opposite direction -
generative mode (BOOST mode - Mode 2). The battery
voltage level depends upon the system power level. In
addition to the necessity of bidirectional energy flow,
high inverter efficiency is also an important feature. For
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Figure 4 CLLLC resonant topology

isolated bidirectional power stages, resonant CLLLC
converter and Dual Active Bridge (DAB) topologies are
commonly used, providing suitable properties for ACS
systems.

2.2.1 CLLLC resonant topology

The CLLLC resonant topology is a highly efficient,
symmetric bidirectional DC-DC converter architecture
widely used in modern power electronics. CLLLC,
Figure 4, is derived from popular LLC and uses all its
advantages. One major advantage is using the secondary
switches to obtain bidirectional power transfer which
is most important for ACS system applications. This
topology can be used for power levels up to 10 kW.

The resonant tank must be symmetrical
(symmetrical design will ensure similar behavior during
both charge and discharge cycles). This topology achieves
Zero-Voltage Switching (ZVS) on the primary bridge
and Zero-Current/Zero-Voltage Switching (ZCS/ZVS)
on the secondary bridge, which drastically lowers the
switching losses and enables high-frequency operation.
Capacitors used in the resonant tank naturally prevent
the saturation of the transformer core. The integration
of minimalized resonant components combined with
high operating frequencies (often 500 kHz up to 1 MHz)
minimizes the overall volume of the converter. Due to
soft-switching characteristics, superior Electromagnetic
Interference (EMI) performance is achieved. This
topology uses identical transmission characteristics
for both power flow directions, simplifying the control
system. Frequency-pulse modulation is a standard
control technique for CLLLC converters [21-23].

2.2.2 Dual Active Bridge (DAB) topology

Among different topologies, the Dual Active Bridge
(DAB) converter, Figure 5, is increasingly popular for
its isolation, natural bidirectional operation, high power
density, and ability to perform soft switching. The
DAB converter is well-suited for efficient bidirectional
energy conversion with high power density, making it
appropriate for applications where the power needs
to be transferred over a wide voltage range, especially

in low-voltage energy storage. The operation of the
DAB converter relies on the phase difference between
the primary and secondary bridge voltages and on
the interaction of two active full bridges via the
high-frequency transformer and the energy-transfer
inductance. By controlling the power transfer through
the phase difference, the conditions for soft-switching
and for minimizing switching losses are achieved,
leading to high efficiency.

Numerous publications were focused on the design of
DAB converters for medium- and high-power applications,
such as EV charging, energy storage systems, and the
integration of renewable energy sources. They addressed
issues related to the modulation scheme, efficiency,
wide voltage regulation range, and the use of digital
controllers. Low-power isolated DC-DC converters are
discussed much less frequently and detailed guidelines
for design, testing, and implementation are lacking
[24-26].

At the same time, there are specific challenges
associated with DAB converter design, including
transformer optimization, leakage inductance selection,
semiconductor switching loss reduction, control system
stability, and cooling. The topology can operate with a
wide range of battery voltages. However, it exhibits a
high circulating current, which contributes significantly
to reduction in efficiency. Another disadvantage of
the topology is the loss of ZVS at low load. These
disadvantages can be eliminated by using further
modulation modes (Dual phase shift and triple phase
shift), which increases the complexity of the system
control [27].

Finally, based on the comparison in Table 2, based
on the application requirements for low EMI and high
efficiency, the CLLLC topology was selected for its
superior performance in high-power applications where
efficiency, low EMI, and thermal management are
critical. The resonant design of the CLLLC enables the
zero-voltage switching (ZVS) and zero-current switching
(ZCS), significantly reducing switching losses and
improving efficiency over a wide load range. In addition,
its EMI suppression makes it suitable for noise-sensitive
applications. Although it requires more complex control
and potentially a larger number of passive components,
the benefits in reliability, efficiency, and reduced cooling
requirements justify these tradeoffs. This makes the

COMMUNICATIONS 4/2026

VOLUME 28



EVALUATION AND EXPERIMENTAL VALIDATION OF POWER CONVERTER TOPOLOGIES...

(|

LRes

+ o—f
Q, E ; Qs |F<,':| }
|Gy

2123 25

eE3udy |
1l
VBattery
Qg3 %

Figure 5 Dual Active Bridge (DAB) topology

Table 2 DC/DC converters comparison

Parameter CLLLC DAB
Soft switching Excellent Moderate
EMI Low Medium
Control complexity Medium High
Circulating current Low High
Efficiency High Medium-High
ACS suitability Excellent Good

CLLLC topology optimal for achieving high performance
in demanding, high-power environments.

The resulting topology of the ACS system was a
combination of bridgeless totem PFC (BLTP-PFC) and
bidirectional CLLLC converter, which was subjected to
simulation and experimental verification of operation.

2.2.3 Energy Storage Systems

The Energy storage systems (ESS) absorb electrical
energy from the energy sources - such as solar panels,
wind turbines or the electrical grid and store it.
When needed, this energy can then be used for power
generation. They play a key role in balancing supply
and demand in the grid, mitigating the intermittency
of renewable energy supplies and providing reliable
backup power.

The Energy Storage Systems (ESS) can be
implemented as purely battery-based (Battery Energy
Storage Systems - BSS) or as hybrid (Hybrid Energy
Storage Systems - HESS).

Battery energy systems (BSS) are a key pillar
of modern energy transformation, grid stability and
renewable energy integration (RES).

With the increasing share of solar and wind power
plants, whose production is unstable and dependent on
the weather, a backup (system) is needed to balance
the mismatch between electricity production and
consumption. BESS systems can absorb excess energy
during times of overproduction and feed it back into
the grid during times of deficit or peak. In addition
to supporting RES, they serve to provide support
services (frequency and voltage stabilization), optimize
costs through charging during times of low tariffs

(arbitrage), reduce reserved capacity (peak reduction),
and ensure uninterrupted power supply (UPS) for
critical infrastructure [28-32].

For the ACS system, a battery storage system was
designed consisting of LiFePO4 batteries LFP48150U5E,
Vion 48V, 150Ah, 7200Wh, capacity according to
requirements (according to the number of battery
modules), maximum 96kWh [37].

2.2.4 Final structure of ASC and control
architecture

As mentioned in the previous sections, the final
topology of the ACS system consists of an input EMI
filter, BLTP-PFC and CLLLC converter and battery
storage, Figure 6.

The ACS control system is very complex and
intricate and its description is not the primary subject
of this article. This issue will be addressed in detail in
further research and the results will be published in
detail.

The ACS control system must process a large
amount of data in real time, for example: sensing of
quantities - grid voltage and current, battery voltage
and current, inverter and battery temperatures, relay
control, BLTP-PFC and CLLLC converter control, CAN
communication, sensing data from the superior system
and defining the magnitudes and directions of power
flows, parallelization, HW and SW protection, and many
others.

The control architecture of the proposed ACS consists
of two independently controlled power conversion stages
(BLTP-PFC and CLLLC) interconnected by a common
DC-link capacitor. The first stage (BLTP-PFC) is
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Figure 6 Final structure of ASC system

responsible for the grid interface, whereas the second
stage (CLLLC) is responsible for battery charging
and discharging. The overall control strategy follows
a hierarchical structure. The BLTP-PFC converter
controls the power exchange with the utility grid, while
maintaining a regulated DC-link voltage. The CLLLC
converter independently controls the battery current
or battery voltage according to the selected operating
mode. The DC-link capacitor therefore acts as an
energy buffer separating the dynamics of the grid-side
converter from the battery-side converter.
The complete control architecture consists of three
principal control loops:
1. Grid synchronization and current control (BLTP-
PFC),
2. DC-link voltage regulation,

3. Battery charging/discharging control (CLLLC
converter).
This hierarchical arrangement allows both

converters to operate independently while maintaining
stable bidirectional power transfer.

The BLTP-PFC converter operates as a current-
controlled voltage-source converter synchronized with
the supply grid; switching frequency is 70 kHz. The
grid voltage is continuously measured and processed
using a Phase-Locked Loop (PLL), which generates
the instantaneous phase angle required for current
synchronization. The outer (slower) voltage-control loop
regulates the DC-link voltage by comparing the measured
DC-link voltage with its reference value. The resulting
controller output defines the required active current
reference. The inner (fast) current-control loop regulates
the converter input current so that it accurately follows
the sinusoidal reference synchronized with the grid

voltage. Consequently, the converter achieves nearly
unity power factor and very low harmonic current
distortion. Depending on the operating mode, the sign of
the reference current determines the direction of power
flow. During the battery charging, the converter behaves
as an active rectifier drawing sinusoidal current from
the grid. During the battery discharging, the current
reference is reversed, allowing the converter to inject
active power back into the utility grid while maintaining
synchronized operation.

The DC-link capacitor principally electrically
decouples the grid-side converter from the battery-side
converter and represents the main intermediate energy
storage element. The DC-link voltage is continuously
monitored and regulated to a constant reference value
of approximately 415 V. A cascaded control structure
is used. The outer voltage controller determines the
required active power transferred through the BLTP-
PFC converter, while the fast inner current controller
ensures rapid dynamic current response.

The second stage (CLLLC) transmits power
controlled by changing the switching frequency around
the resonant frequency (140 kHz) of the resonant tank.
During the battery charging, the converter operates in
BUCK mode. The battery charging current is regulated
according to the charging profile while maintaining stable
DC-link operation. During the battery discharging, the
converter operates in BOOST mode. The switching
frequency is automatically adjusted to maintain the
required DC-link power under varying battery voltage
conditions. For battery voltages below the nominal
value, the switching frequency decreases below the
resonant frequency in order to increase the converter
voltage gain. Conversely, operation above resonance
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Figure 7 Simulated BLTP-PFC waveforms, rectifier mode at full power

reduces the voltage gain while preserving soft-switching
conditions.

The frequency-control strategy enables Zero-Voltage
Switching (ZVS) and Zero-Current Switching (ZCS)
over a wide operating range, contributing to the high
efficiency experimentally verified in this work (what is
an advantage of this topology).

The advantage of this topology is that the switching
frequency control strategy allows zero voltage switching
(ZVS) and zero current switching (ZCS) over a wide
operating range, which contributes to high efficiency,
which is also verified in this paper.

3 Simulation verification

Simulation tests were performed to verify the
correct function of the proposed solutions for individual
inverter topologies of the ACS system. As a part of
the simulation testing, models of the bidirectional
BLTP-PFC and bidirectional CLLLC inverter were
verified in both operating modes: Mode 1 (accumulation
mode, battery charging) and Mode 2 (generative mode,
inverter).

3.1 BLTP-PFC simulation

A BLTP-PFC simulation model was created to
verify the PFC converter’s functionality and features.

This converter was tested in both work modes - in
Mode 1 (accumulation mode, operates as a controlled
rectifier) and in Mode 2 (generative mode, operates as
an inverter). These waveforms show the input voltage
v,y (red), the i, .. inductor current (blue), the DC bus
voltage v, (green), and the input current i, (magenta).

At the input, the inverter is connected to the grid, so
it is important to focus on the shape of the input current
i,y» Which is directly related to THD,. Another quantity
worth noting is the current through the main inductor
of thei, ..

The first waveforms represent the valid results for
a total output power of 2 kW in the rectifier mode of
the BLTP-PFC converter, Figure 7. Similar waveforms
represent the results in the inverter mode at the same
power 2 kW, Figure 8. In this case the BLTP-PFC works
as a VSI inverter and transfers energy from DC bus
back to the main grid. In this mode of operation, it is
necessary to achieve the desired current shape, as well
which directly determines the THD.

3.2 The CLLLC simulation

The resonant CLLLC converter was simulated in
two modes of operation depending on the direction of the
energy flow. In Mode 1 for the direction of energy flow
to the battery, the DC/DC converter is in BUCK mode,
Figure 9. This Figure shows the transformer primary
current i, (green) and the transformer secondary current
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Table 3 Designed ACS prototype specification

Parameter Value

Nominal power [kW] 2
Nominal input voltage [V] 230
Nominal interlink capacitor voltage [V] 415
Switching frequency BLTP-PFC [kHz] 70
Switching frequency CLLLC [kHz] 140
Battery nominal voltage [V] 48
Battery capacity [Ah] 150

iy (red) - battery charging current. Conversely, in Mode
2, the direction of energy flow is from the battery to the
grid, which represents BOOST mode of converter. Figure
10 also shows the transformer primary current i, (green)
and the transformer secondary current i  (blue) - battery
discharging current (see Figure 4.)

From a control perspective, this condition in Mode 2
was simulated for the specific case where the converter
is operating below the rated input voltage (below 48
V). In order for the control loop to provide the required
power transfer at a lower input voltage, the switching
frequency f,, had to be reduced below the resonant
frequency f,,, of the resonant circuit and thus the
magnetizing component of the current is significantly
more visible.

4 [Experimental verification

Table 3 shows the parameters of the designed ASC
system prototype. As described above, the experimental

prototype of the ACS system consisted of a bidirectional
BLTP-PFC and a bidirectional resonant CLLLC DC/DC
converter. A LiFePo4 battery LFP48150U5E was used as
an energy storage. To verify the correct operation, both
converters were first independently verified and tested
in laboratory conditions.

4.1 The BLTP-PFC verification

The BLTP-PFC converter was tested in both
operating modes. The first measurement, Mode 1 -
rectifier mode, was carried out at a nominal output
power of 2 kW. Figure 11 shows the waveforms of the
input voltage, which is also the grid voltage, i.e., v, =
V irip (magenta) and input current i, (yellow). The input
voltage and current are in phase, so the inverter draws
the necessary power from the grid (active power). The
waveform of the consumed current shows a low content
of higher harmonic components and almost zero phase
shift.
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The second measurement, Mode 2 - inverter mode,
was carried out similarly at a nominal power of 2 kW.
Figure 12 shows the output voltage waveform, which
in this case also represents the grid voltage v, = Va0
(magenta) and the current supplied to the grid i, =
ioan (vellow). The current supplied to the grid is in the
opposite phase of the grid voltage so that the required
power is provided to the grid (negative power). Again,
the waveform of the consumed current shows a low
content of higher harmonic components and almost 180°
phase shift, which corresponds to the delivery of active
power to the grid.

Within the BLTP-PFC operation, a mode based on
synchronous switching of transistors has also been tested
and is used. This mode replaces the classic diodes in the
BLTP-PFC converter with actively controlled transistors
(most often SiC MOSFETs or GaN HEMTs), which
significantly reduces power losses and increases the
overall efficiency of the device. During the conventional
rectification, a high voltage drop occurs on the diodes,
which generates significant heat at high currents.
For this reason, it is more advantageous to switch on
transistors with a significantly lower voltage drop and
therefore lower losses.

The BLTP-PFC converter consists of two main
branches (half-bridges): The High-Frequency Leg:
Switches at a high frequency (tens to hundreds of kHz)
and ensures the shaping of the current into a sinusoidal
waveform. Synchronous switching here means that
when the main transistor opens, the current flows
through the parasitic diode of the opposite transistor.
The control system immediately turns on this opposing
transistor, redirecting the current through its low-
resistance channel. The Low-Frequency Leg: Switches
at the mains frequency (50 Hz) and serves to rectify the
polarity (replaces the mains diode bridge). Controlled
MOSFETSs completely eliminate the losses of classic
diodes here.

Main advantages: increased efficiency, bidirectional

energy flow (key for the operating modes used),
synchronous switching allows a smooth transition from
Mode 1 (rectifier - grid consumption) to Mode 2 (inverter
- grid supply), better thermal management (less losses =
less heat produced = smaller heat sinks = higher power
density).

The proposed BLTP-PFC converter was also tested
in dynamic mode, Figure 13, with a step change in load.
During this measurement, the power changed from 0 to
P« (2 kW). In Figure 13, the current i (yellow) can
be seen, and the V, voltage (magenta) drops by only
50 V. This is because a fast V,, regulator is used in the
control. When using a standard (slow) V ,, regulator, the
voltage drop was more than 120 V.

4.2 The CLLLC verification

The CLLLC converter was also tested in both
operating modes - Mode 1 - BUCK and Mode 2 - BOOST.
Both modes were tested at a nominal power of 2 kW.

In the first measurement, the direction of energy
flow is to the battery, i.e., the converter operates in
mode - BUCK. Figure 14. shows the primary current of
the transformer i, (yellow) and the secondary current ig
(green).

In the second measurement, the direction of current
flow is reversed; i.e. the current flows from the battery
and the converter operates in mode - BOOST, Figure
15. Again, the Figure shows the primary current of
the transformer i, (green) and the secondary current ig
(yellow).

4.3 Complete ACS system verification
Further experimental measurements were

performed on the complete unit of the designed ACS
system with parameters according to Table 3. During
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Figure 16 Efficiency waveforms of the complete ACS system
Table 4 Complete ACS system harmonic analysis.
Parameter Value
Standard EN 61000-3-2:2014
Frequency 50 [Hz]
Voltage 230.59 [VRMS]
Current 9.892 [A,,]
Power Factor 1.000
Apparent power 2281.0 [VA]
Fundamental power component: P1=2279.9 [W]
Fundamental harmonic factor: cos ¢1 = 1,000
Total voltage harmonic distortion 0.90 %
Total current harmonic distortion 1.43 %
Total harmonic voltage 0.047 [V]
Total harmonic currents 0.142 [A]
Partial harmonic voltage 0.014 [V]
Partial harmonic currents 0.079 [A]
Weighted voltage harmonic distortion 0.04 %
Weighted current harmonic distortion 5.66 %
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the measurements at the maximum achieved power
P,.x = 2180 W (apparent power S = 2181 VA), the values
PF =1, cos ¢ =1, THD, = 1.43% and THD_ = 0.90% were
determined.

Figure 16 shows the results of measurements of
efficiency of the entire ACS system in different operating
modes. ACS operates in rectifier mode, in inverter mode
- but without using the synchronous rectifier mode at
a battery module voltage of U, = 52 V and finally in
the inverter mode by using the synchronous rectifier
mode with the following battery module voltage values
U, =48V,50V,52Vand 54 V.

The ACS system was also subjected to harmonic
analysis tests in a certified laboratory based on the
EN 61000-3-2:2014 standard. The EMC test results

are shown in Table 4. A graphical interpretation of the
harmonic analysis results is shown in Figure 17, where
the blue columns represent the measured component
and the red columns represent the limit of a given
harmonic component for a given order of the harmonic
component.

Final result of the harmonic analysis tests: The
tested inverter achieved very low harmonic current
distortion (THD, = 1.43 %) at a power of approximately
2.28 kW and meets the requirements of the EN 61000-
3-2:2014 standard, class A, with a significant margin
against all harmonic current limits. The power factor
reached a value of 1.000, which indicates practically
ideal grid consumption.
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4.4 Relevance of ACS for transport electrification

The proposed ACS architecture is directly
applicable to transportation electrification systems,
especially in bidirectional electric vehicle (EV) charging
infrastructure. Modern charging stations require high
efficiency, low harmonic distortion, and bidirectional
power transfer capability to support Vehicle-to-Grid
(V2G) and Grid-to-Vehicle (G2V) services [38-40].

The selected combination of BLTP-PFC and CLLLC
converter provides several advantages for transport
applications:
® unity power factor operation,
® Jow current harmonic distortion,
® galvanic isolation between the battery and a grid,

* Dbidirectional energy transfer,
e compatibility with second-life EV battery systems.

These features make the proposed ACS concept
suitable for implementation in smart charging stations,
electric bus depots, fleet charging hubs, railway auxiliary
energy systems, and future smart transportation
infrastructure.

5 Conclusion

In this paper are presented the design, simulation
verification, and experimental validation of an Active
Compensation System (ACS) prototype intended for
bidirectional energy exchange between the electrical
grid and battery storage. Based on a comparison of
available converter topologies, the combination of a
bridgeless totem-pole PFC (BLTP-PFC) converter and
a bidirectional CLLLC resonant DC/DC converter was
selected and implemented in the experimental prototype.

Simulation results confirmed the correct operation
of both converter stages in accumulation and generative
modes. The simulated waveforms demonstrated stable
power transfer, proper current shaping, and expected
converter behavior in both directions of energy flow.
Experimental measurements showed a very good
agreement with simulation predictions. The measured
current and voltage waveforms corresponded closely
to the simulated results, confirming the validity of the
developed models and the selected control strategies.

The experimental verification demonstrated that
the proposed ACS topology is capable of achieving high
power quality and satisfactory efficiency. The BLTP-PFC
converter maintained nearly unity power factor and
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low harmonic distortion in both rectifier and inverter
operating modes. The complete ACS system achieved a
maximum measured power of approximately 2.28 [kW]
while maintaining PF = 1, cos ¢ = 1, THD, = 1.43 %, and
THD, = 0.90 %. Harmonic analysis performed according
to EN 61000-3-2:2014 confirmed full compliance with the
standard and significant reserve against all prescribed
harmonic limits.

Efficiency measurements revealed that the highest
efficiency was achieved in rectifier mode, reaching
approximately 96 %. In inverter operation, the
efficiency ranged between 91 % and 94 % depending on
battery voltage and operating conditions. The results
further confirmed the positive impact of synchronous
rectification, which improved converter -efficiency,
especially at higher battery voltages. The best measured
efficiency in inverter mode reached approximately 93.9
% at a battery voltage of 54 [V].

Overall, the obtained simulation and experimental
results confirm that the proposed ACS topology
represents a promising solution for future smart-
grid applications requiring bidirectional power flow,
energy storage integration, and active power quality
management. Besides the stationary battery energy
storage applications, the proposed ACS architecture can
also be directly utilized in bidirectional EV charging
stations, V2G infrastructures, electric public transport
charging hubs, and transport-oriented microgrids. The
obtained results confirm that the selected topology
provides the power quality and efficiency required for
the future transportation electrification systems.
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In this study was numerically assessed electromagnetic exposure from a 2.4
GHz wireless communication system integrated into a motorcycle helmet.
Using CST Studio Suite and an anatomically realistic human head model,
the localized SAR were evaluated averaged over 10 g of tissue for five helmet
shell materials at transmitter powers from 1 mW to 1 W. At 100 mW,
polyimide produced the highest SAR (approximately 1.47 W/kg), whereas the
carbon fibre produced the lowest (approximately 0.94 W/kg). All investigated
configurations remained below the ICNIRP (International Commission on
Non-Ionizing Radiation Protection) localized exposure limit of 2 W/kg for
operating powers up to 100 mW, while higher-power scenarios exceeded
this limit. The results demonstrate the importance of transmitter power,
antenna placement, and helmet material properties for the electromagnetic
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1 Introduction

The rapid evolution of intelligent transportation
systems (ITS) and the paradigm shift towards smart
mobility have fundamentally transformed the design
requirements of modern transport safety infrastructure.
In the contemporary automotive and vehicular sectors,
safety is no longer evaluated solely through the lens of
passive mechanical crashworthiness, such as impact
absorption and structural integrity. Instead, active
safety and real-time connectivity have become core
pillars of rider protection. This technological revolution
is particularly prominent in the motorcycle domain,
where riders remain among the most vulnerable road
users (VRUs). To mitigate the high risks of severe
injuries in dense or high-speed traffic environments,
the integration of advanced wireless communication
hardware personal protective equipment
(PPE), specifically smart motorcycle helmets, has

into

experienced an unprecedented surge over the past
decade [1-3].

Modern smart helmets are no longer mere passive
shells lined with expanded polystyrene; they are complex,
wearable technological hubs. These advanced protective
systems standardly incorporate short-range Bluetooth
transceivers, dynamic mesh communication (DMC)
modules for inter-rider coordination, GPS tracking units,
and ambient noise-cancelling systems. In the context of
vehicle-to-everything (V2X) and vehicle-to-vehicle (V2V)
communication networks, these integrated antennas
allow motorcyclists to receive real-time telemetry, hazard
warnings, and collision-avoidance data directly from the
transport infrastructure. While these wireless systems
undeniably enhance active traffic safety by increasing
riders’ situational awareness, they simultaneously
introduce a new, often-overlooked engineering challenge:
continuous exposure of the human body to non-
ionising radiofrequency electromagnetic (EM) radiation
[4-6].

From a bioelectromagnetic perspective, a wireless
communicator operating inside or mounted onto a
motorcycle helmet acts as an intentional EM transmitter

© 2026 THE AUTHORS
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situated in the immediate near field of the human head.
Unlike commercial cellular smartphones, which are
typically placed against the ear intermittently during
calls, helmet communication systems often transmit
continuously for hours of riding, remaining in proximity
to the highly sensitive occipital and temporal lobes of
the brain. At microwave frequencies, particularly within
the 2.4 GHz industrial, scientific, and medical (ISM)
band used by Bluetooth and wi-fi protocols, biological
tissues in the head absorb a fraction of the radiated
energy. This energy absorption can lead to localised
dielectric heating and potential thermal stress in the
underlying cranial structures, raising vital questions
regarding long-term wuser health and compliance
with international dosimetric safety standards
[1, 7-8].

Furthermore, the physical presence of the
motorcycle helmet itself introduces severe EM boundary
conditions that complicate standard free-space antenna
assumptions. The outer shell of a modern helmet is
fabricated from specialised structural materials: ranging
from cost-effective high-impact thermoplastics like
polycarbonate to high-performance advanced composites
such as carbon fibre and E-glass fibre. These materials
possess drastically different dielectric constants and
electrical conductivities. When the embedded antenna
radiates, the surrounding helmet shell behaves as a
secondary complex reflector and dielectric loader. It
can induce wave refractions, surface eddy currents, and
localised field focusing, which can significantly alter
the near-field radiation pattern and potentially amplify
energy deposition (hotspots) within the rider’s biological
tissues [9-10].

Consequently, evaluating the specific absorption
rate (SAR) within an anthropomorphic head model
under realistic helmet-loaded conditions is an essential
requirement for modern transport safety engineering.
In this study was addressed this critical intersection of
wireless communication performance, material science,
and public health compliance within transportation
systems. By deploying the high-resolution numerical
modelling using the CST studio suite software (Dassault
Systemes SIMULIA, Velizy-Villacoublay, France),
combined with the anatomical “HUGO” voxel phantom,
in this paper was systematically investigated the
localized SAR distribution triggered by a 2.4 GHz dipole
communicator.

The primary objective of this article is to quantify
how different structural helmet shell materials influence
energy deposition across various standard input power
levels. Ultimately, this research aims to provide vehicle
designers and transport safety engineers with rigorous,
predictive data to optimize the integration of wearable
wireless hardware, guaranteeing that next-generation
smart protective gear protects the rider not only from
mechanical impacts but also from electromagnetic
hazards.

2 Theoretical background

In this section are presented the foundational
EM principles and a review of the existing scientific
literature concerning radiofrequency exposure in
transport environments. To rigorously evaluate the
SAR inside the human head, it is essential to analyze
the underlying physics of dielectric heating and
frequency-dependent tissue interactions. Furthermore,
in this part is provided a comprehensive overview of
the biomedical classification of electromagnetic field
(EMF) effects, along with the evolution of international
regulatory frameworks governing public safety. By
bridging fundamental bioelectromagnetic with modern
computational dosimetry, this theoretical framework
creates the necessary baseline for interpreting the
numerical results presented later in this study.

Since the experimental measurement of SAR
inside a living human head requires highly invasive
procedures (inserting micro-probes into the cranial
cavity), physical validation is ethically prohibited and
technically restrictive. Consequently, modern dosimetric
research relies almost exclusively on computational
electromagnetics (CEM) combined with high-fidelity
anatomical phantoms. The two most prominent
numerical methods deployed for human EMF simulations
are the finite-difference time-domain (FDTD) method
and the finite integration technique (FIT), the latter
being the core solver framework of CST studio suite
[10-12]. The accuracy of these numerical models has
evolved significantly. Early studies in the late 1990s
used homogeneous spherical or elliptical models to
approximate the human head, severely underestimating
the localized field concentrations arising from the
complex internal boundaries of bone and fluid. The
development of voxel-based anthropomorphic datasets,
such as the “virtual family” and the “HUGO” phantom,
revolutionized the field by partitioning the human
body into millions of individual cubic cells (voxels),
each assigned distinct frequency-dependent permittivity
and conductivity values [13-14]. Recent literature on
smart protective gear indicates that when an antenna
is operated within an enclosed structure, such as a
motorcycle helmet, the helmet shell material acts as
a secondary boundary condition, potentially causing
reflections, dielectric loading, or partial shielding
[9]. In the context of modern ITS, evaluating the
EM compatibility of wearable rider accessories has
transitioned from a secondary design consideration to
a strict regulatory mandate. The spatial deformation
of the antenna’s radiation pattern inside a multi-
layered helmet-head configuration underscores the
insufficiency of analytical approximations. It justifies
the use of advanced full-wave numerical solvers.
Furthermore, the continuous structural variance
between the standard high-permittivity thermoplastics
and advanced conductive carbon composites introduces
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complex boundary conditions that radically alter near-
field interactions. Consequently, establishing a rigorous
theoretical foundation that bridges the dielectric
relaxation physics with international safety standards is
essential for interpreting and evaluating the subsequent
localized SAR behavior.

The interaction between high-frequency EMF and
complex biological systems represents a fundamental
topic in modern bioelectromagnetic and transport safety
engineering. When an organism is subjected to non-ionizing
radiation within the microwave spectrum, specifically the
24 GHz ISM frequency band utilized by commercial
Bluetooth and DMC systems, the primary mechanism
of physical interaction is dielectric heating. Biological
tissues are fundamentally heterogeneous and contain a
vast concentration of polar molecules, predominantly water.
At microwave frequencies, the rapidly alternating electric
field induces a torque on these dipoles, continuously
forcing them to realign with the changing field. This
high-frequency rotational movement and the subsequent
molecular-level friction dissipate electromagnetic energy
into thermal energy, causing a localized temperature to rise
within the exposed anatomical structures [1, 15].

To quantitatively evaluate and standardize the amount
of radiofrequency (RF) energy absorbed by biological
entities, the scientific community universally deploys
SAR. Mathematically, the local SAR value at any specific
coordinate within a lossy dielectric medium is derived
from Maxwell’s equations and defined by the following
expression:

= Cim g (1)

where O [S/m] represents the electrical conductivity
of the localized tissue layer, E is the peak amplitude
of the internal electric field intensity [V/m], p [kg/m?]
denotes the mass density of the specific biological tissue,
¢, is the specific heat capacity of the tissue [J/kg-°C],
and dT/dt represents the initial time derivative of the
temperature rise. Since the near-field radiation pattern
of an embedded helmet antenna is inherently non-
uniform, the local electric field exhibits strong spatial
gradients. Consequently, international dosimetric
standards require that the raw spatial SAR distribution
be averaged over a standardized mass of continuous
tissue, typically 1 g or 10 g, to smooth out extreme
localized anomalies and provide a biologically relevant
metric for thermal stress assessment [8, 16-17].

Biological tissues cannot be modelled as simple,
ideal dielectrics. From an electromagnetic perspective,
they represent a highly dispersive medium whose
electrical conductivity and relative permittivity fluctuate
dynamically with operating frequency. This frequency-
dependent behavior is standardly quantified using the
complex relative permittivity formula:

£*(0) = €(0) —j&'(w) = £(0) ~ jgz @)

Where € represents the real permittivity (a measure
of the tissue’s ability to store electrical energy), £ is
the imaginary permittivity or loss factor (characterizing
the energy dissipation), @ is the angular frequency,
and &) is the vacuum permittivity. At 2.4 GHz, the
dielectric response of tissues is strongly governed by
the dispersion phase, which arises from the dipolar
relaxation of free water molecules. This relaxation
process is mathematically modelled using the multi-
frequency Cole-Cole or Debye formulation:

Es — Ex

* - oo+7,
e"(w)=¢ 1+ (jor) ™’

3)
where €. is the relative permittivity at the high-
frequency limit, &, is the static relative permittivity,
T represents the characteristic relaxation time of the
tissue, and o is an empirical parameter describing the
distribution of relaxation times [8, 13].

The literature comprehensively categorizes the
biological consequences of RF exposure into two distinct
domains: thermal (established) effects and non-thermal
(low-level) effects. Thermal effects occur when thelocalized
rate of EM energy deposition exceeds the biological
organism’s natural thermoregulatory capabilities. In
the human head, metabolic heat dissipation is primarily
regulated by forced convection via blood microcirculation.
However, certain anatomical regions within the cranial
structure, such as the crystalline lens of the eye or
specific poorly vascularized areas of the skull, exhibit
reduced blood flow and are highly susceptible to localized
thermal stress. Prolonged exposure leading to a local
temperature increase of more than 1°C can trigger
cellular protein denaturation, alter enzyme activity, and
cause irreversible tissue damage [18-19]. Conversely,
non-thermal effects refer to biological alterations that
occur at exposure levels well below those required to
produce measurable temperature changes. Over the
past decades, a significant body of epidemiological and
in vitro research has investigated whether chronic low-
level RF exposure can induce neurological symptoms,
alter cognitive functions, or provoke electromagnetic
hypersensitivity (EHS) [2, 5]. Recent experimental
exposure systems using real telecommunication signals
further demonstrate the importance of accurately
controlled RF exposure conditions in bioelectromagnetic
studies [20]. Some laboratory studies have reported
subtle cellular transformations, including changes in
calcium ion efflux across cell membranes, increased
production of reactive oxygen species (ROS), and
potential DNA strand breaks under specific exposure
conditions [3]. Despite these isolated findings, the large-
scale systematic reviews coordinated by the world health
organization (WHO) maintain that a definitive, causal
link between low-power microwave exposure and long-
term carcinogenic or neurological pathologies has not
been established conclusively [16]. Nevertheless, because
wireless communicators mounted inside motorcycle
helmets operate continuously in the immediate near
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Table 1 The public exposure SAR limits according to international guidelines [1, 9]

Frequency range Whole-body average SAR [W/ Localized SAR (head and Localized SAR (extremities)
kgl torso) [W/kg] [W/kg]

100 kHz - 10 MHz 0.08 2.0 4.0

10 MHz - 10 GHz 0.08 2.0 4.0

field of the brain’s occipital and temporal lobes, rigorous
numerical verification remains a vital precautionary
requirement to ensure user safety in the transport sector
[6].

As the EM wave emitted by the 2.4 GHz dipole
antenna travels from free space into the multi-layered
structure of the helmet and human head, it undergoes
severe attenuation. The rate of this attenuation
determines how deep radiation penetrates the human
brain. The penetration depth &, defined as the distance
at which the amplitude of the EMF decays to e (where e
denotes Euler’s number, corresponding to approximately
37% of the initial amplitude) of its initial value at the
boundary, is calculated using the following expression:

-l e )t @

where 2, is the magnetic permeability of free space. At
2.4 GHz, the penetration depth in high-water-content
tissues (such as muscle or grey matter) is approximately
15-20 mm. This implies that most of the RF energy from
a helmet communicator is absorbed within the outermost
layers of the head, namely the skin, subcutaneous fat,
and the skull. This physical limitation underscores the
absolute necessity of using high-fidelity voxel phantoms
rather than simplified spheres; a simplified model
cannot accurately track wave refraction through the thin
layer of high-attenuation skin before encountering the
low-attenuation skull bone.

To safeguard the public against the proven thermal
hazards of RF radiation, specialized international
organizations have developed comprehensive exposure
limits based on decades of peer-reviewed dosimetric
literature. The two primary bodies responsible
for establishing these safety guidelines are the
international commission on non-ionizing radiation
protection (ICNIRP) and the institute of electrical
and electronics engineers (IEEE) via the international
committee on electromagnetic safety (ICES) [1, 7].
Historically, the exposure thresholds were derived by
determining the lowest operational SAR level capable of
producing adverse biological effects in animal models-
identified as a whole-body average SAR of 4.0 W/kg.
By applying a conservative safety factor of 50 for the
general public, the global safety threshold for whole-
body average exposure was established at 0.08 W/kg
and for localized exposure (such as the head and trunk),
where higher energy concentrations are permissible due
to localized thermoregulation, a threshold of 2.0 W/kg
was mandated by ICNIRP, averaged over a 10 g tissue
mass. In contrast, early guidelines from the United

States federal communications commission (FCC),
based on ANSI/IEEE standards, adopted a stricter
local threshold of 1.6 W/kg but averaged over a smaller
mass of 1 g of tissue, creating a historical discrepancy
in international compliance testing [17-18, 21]. In 2020,
ICNIRP published updated guidelines that refined the
exposure metrics for high-frequency fields above 6 GHz
but maintained the local 2.0 W/kg limit for the 100 kHz
to 10 GHz range, reaffirming its adequacy for protecting
against localized tissue heating in consumer electronics
[1]. In the Slovak republic, these international thresholds
are legally codified and enforced via the decree of the
ministry of health No. 534/2007 coll., ensuring that
any electronic equipment deployed in transport and
everyday life satisfies identical safety criteria [7]. Table
1 summarizes the current public exposure limits across
the critical frequency domains relevant to consumer
communications.

3 Numerical model and numerical simulation
set-up

In this section are described the computational
methodology and numerical configuration used
to analyze EM interactions between the wireless
communicator and the human body. To achieve high
dosimetric accuracy, a complex simulation environment
was established within CST studio suite, combining
an advanced anthropomorphic phantom with precise
geometric models of protective transport gear. The
primary objective is to replicate realistic operational
conditions of motorcycle communication systems and
evaluate how different structural materials influence
energy absorption in biological tissues.

To accurately evaluate the spatial distribution of
the electromagnetic field and the resulting local SAR,
a high-resolution anatomical voxel model, “HUGO”,
was deployed within the CST environment. The human
head model was extracted from the high-fidelity voxel
dataset to represent realistic biological boundaries. The
tissue parameters, including electrical conductivity,
mass density, and relative permittivity, were configured
to match the international dielectric standard databases
for human tissues at the targeted microwave frequency
band of 2.4 GHz, Table 2.

The solver accounts for the distinct boundaries
between these layers, as the high-water content in
tissues like the muscle or brain significantly accelerates
energy absorption compared to the low-conductivity
bone structures. This high spatial resolution ensures
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Table 2 Dielectric properties of key human head tissues at f = 2.4 GHz [13]

Tissue Relative Permittivity € [-] Conductivity ¢ [S/m] Mass Density p [kg/m?]
Skin 38.1 1.46 1100
Muscle 52.7 1.74 1040
Bone (Skull) 11.4 0.39 1850
Brain (Grey Matter) 48.9 1.81 1040
Brain (White Matter) 36.2 1.22 1040
CSF (Cerebrospinal Fluid) 66.2 3.46 1000

that the computational model can precisely determine
the location of maximum energy deposition and
calculate localized thermal stress without undergoing
simplification errors.

The motorcycle helmet geometry was imported
into the computational domain using a standardized
stereolithography (STL) surface mesh format.
To investigate the EM attenuation and potential
shielding behavior of the outer protective gear, five
frequently utilized structural materials for helmet
shell manufacturing were assigned and compared,
Table 3: polycarbonate, a widely used impact-resistant
thermoplastic polymer; polyimide, a high-performance
polymer known for its thermal stability and structural
strength; teflon (PTFE, a synthetic fluoropolymer of
tetrafluoroethylene), a low-permittivity fluoropolymer
utilized as a comparative baseline; carbon fibre, a
lightweight, highly rigid conductive composite matrix
designed for premium impact absorption; e-glass fibre,
an industrial glass-reinforced composite bound with
epoxy resin.

The numerical helmet model was simplified to
specifically investigate the influence of the helmet
material on electromagnetic energy absorption in the
human head. The helmet geometry was imported from
an STL model and resized to fit the anatomical HUGO
head model. The same helmet geometry was maintained
across all simulations, while the helmet material
was varied among polycarbonate, polyimide, PTFE,
carbon fibre, and E-glass fibre. The numerical model
did not explicitly include the expanded polystyrene
(EPS) impact-absorbing liner as a separate dielectric
layer. Consequently, the model represents a simplified
single-material helmet configuration rather than the
complete multilayer structure of a real motorcycle
helmet. This simplification should be considered when
the absolute SAR values are interpreted. However,
because the geometry, antenna position, operating
frequency, and excitation conditions were identical
across all investigated configurations, the model enables
a consistent comparative assessment of how the selected
helmet materials affect the resulting SAR distribution.
Future work will investigate the effect of a realistic
multilayer helmet structure, including an EPS liner
with defined thickness and dielectric properties.

The combined numerical model, consisting of the
anthropomorphic head model, the motorcycle helmet

shell, and the embedded dipole communicator, was
analyzed using the high-frequency time-domain solver
based on the FIT, Figure 1. The boundary conditions
were explicitly set to “open (space)” in all directions
to establish an unrestricted free-space radiation
environment and prevent artificial reflections back into
the simulation volume.

3.1 Antenna configuration and computational
settings

To ensure reproducible numerical exposure
assessments, the geometrical configuration of the
radiating source relative to the anatomical head model
were kept identical for all investigated helmet materials.
A half-wave dipole antenna operating at 2.4 GHz was
positioned inside the helmet adjacent to the ear region
of the anatomical head model. The antenna had a total
dipole length of 55.76 mm, a diameter of 1.5 mm, and a
10 mm long central feeding section. The feed impedance
was set to 73 Q. The minimum distance between the
radiating element and the head phantom surface was
approximately 10 mm. Since the original simulation
documentation did not record the antenna’s absolute
Cartesian coordinates in the CST global coordinate
system, its position was specified here by its anatomical
location and separation from the head surface.

The centre of the dipole was set as the reference
point, with the origin of the coordinate system O =
(0, 0, 0) at the centre of the head; x-axis: left-right,
y-axis: posterior-anterior, z-axis: inferior-superior, and
the antenna positioned near the ear, at a distance of
10 mm from the head surface. The dipole was oriented
approximately in the superior-inferior direction,
corresponding to the actual situation.

The geometrical position of the antenna, the head
phantom, and the helmet was fixed throughout the
simulation series; only the material assigned to the
helmet shell was changed. Consequently, differences
in the calculated SAR distributions can be attributed
primarily to the electromagnetic properties of the
investigated helmet materials rather than to changes
in source geometry. The anatomical head model was
derived from the HUGO model of the CST Voxel Family
and included heterogeneous biological structures such
as skin, bone, muscle, brain tissue, and blood.
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Table 3 Physical and dielectric parameters of simulated motorcycle helmet shell materials [10]

Material Relative Permittivity €, [-1 Conductivity ¢ [S/m] Mass Density p [kg/m?]
Polycarbonate 2.90 0.001 1200
Polyimide 3.40 0.002 1420
PTFE 2.10 0.000 2200
Carbon Fibre 5.50 10.500 1750
E-Glass Fibre 4.80 0.004 2580

Figure 1 Numerical simulation model: anthropomorphic human head
phantom model with helmet, CST Studio Suite

The dipole antenna was designed for operation
at 2.4 GHz and evaluated over the frequency range
of 2.3-2.5 GHz. Before the exposure simulations, the
antenna model was verified separately by evaluating
its reflection coefficient and radiation pattern. At the
operating frequency of 2.4 GHz, the simulated reflection
coefficient reached approximately —31.37 dB, indicating
good impedance matching at the selected operating
frequency. The antenna input power varied from 0.001
W to 1 W during the SAR calculations. The values
of 0.001 W, 0.01 W, and 0.1 W represented the power
levels considered for Bluetooth operation in the original
simulation study. In contrast, we included higher power
levels to investigate SAR dependence on increasing
antenna power.

The computational domain was terminated using
Open boundary conditions. The simulation included
monitors for the far field, electric field (E-field), magnetic
field (H-field), and power loss density. The specific
absorption rate was evaluated using the CST SAR
Calculation function with spatial averaging over 10 g of
tissue.

To make the field interactions and calculate the
SAR, localized field monitors were activated for the
electric field, magnetic field, and power loss density.
The internal SAR calculation routine was configured to
average the power absorption over a standardized 10 g
mass of continuous tissue, ensuring direct compatibility
with regional public safety guidelines. The simulations
were executed sequentially by sweeping the input power
level across standard Bluetooth operational ranges.

3.2 Mesh and numerical settings

Electromagnetic simulations were performed at
an operating frequency of 2.4 GHz. The computational
domain used open (space) boundary conditions, allowing
electromagnetic waves to propagate out of the domain
with minimal artificial reflections. The numerical
model included the anatomical HUGO head model,
the helmet geometry, and the dipole antenna, and the
same geometrical configuration was maintained for all
investigated helmet materials. The electromagnetic field
evaluation included electric-field (E-field), magnetic-field
(H-field), far-field, and power-loss-density monitors. The
specific absorption rate was calculated using the CST
SAR evaluation procedure with spatial averaging over 10
g of tissue. The antenna excitation frequency, boundary
conditions, head and helmet geometry, antenna position,
and SAR averaging procedure remained unchanged
throughout the simulation series to ensure consistent
comparisons between the investigated material
configurations. For an accurate analysis, the following
mesh settings were applied: local mesh refinement in
areas with intricate geometry, a minimum mesh step
size of 0.2 mm, adaptive mesh refinement enabled, and
a limit of 200 million mesh cells, ensuring a balance
between accuracy and computation time.

The CST utilizes integrated
electromagnetic solvers (specifically the Time Domain
Solver) based on the Finite Integration Technique
(FIT). The software calculates the electromagnetic
field distribution across the entire discretized mesh

full-wave
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grid and then derives the resulting parameters during
the post-processing using built-in analytical routines.
Manual calculation was therefore unnecessary and less
suitable, as the software accounts for complex boundary
conditions, material losses, and high-frequency effects
that standard analytical equations cannot fully capture.

All the helmet configurations were evaluated using
an identical computational setup, keeping the head
geometry, antenna position, excitation conditions,
computational domain, and SAR evaluation procedure
unchanged. The open boundary conditions were applied
and the local SAR were evaluated using 10-g mass
averaging. We assessed numerical consistency across
twelve input-power levels from 0.001 to 1 W. For all
materials, SAR exhibited the expected linear scaling
with power; for example, the maximum 10-g averaged
SAR for polycarbonate increased from 0.0145407 W/kg
at 0.001 W to 1.45407 W/kg at 0.1 W and 14.5407 W/kg
at 1 W. Similar proportional behavior was observed for
the other materials, providing an internal numerical-
consistency check.

The numerical model also underwent internal
verification and regulatory benchmarking. Before
integrating it into the helmet-head model, the half-
wave dipole antenna was evaluated separately in CST
Studio Suite over 2.3-2.5 GHz. The antenna was 55.76
mm long and 1.5 mm in diameter, with a 10-mm feed
section and 73 Q feed impedance. A return loss of —-31.37
dB at 2.4 GHz confirmed appropriate antenna tuning.
The primary simulations employed 10-g averaged SAR
and were compared with the 2 W/kg local-head exposure
limit. Additional 1-g SAR calculations for polycarbonate
and E-glass yielded 0.0234611 and 0.0210642 W/kg
at 0.001 W, and 2.34611 and 2.10642 W/kg at 0.1 W,
respectively, allowing comparison with the 1.6 W/kg
limit considered for the USA, Canada, and Korea. These
procedures provided internal verification and regulatory
benchmarking but did not constitute experimental
validation.

4 Simulation results and discussion

The numerical simulation results provided
highly granular insights into how different structural
boundaries modify the near-field coupling between the
2.4 GHz transceiver and the heterogeneous tissues of
the “HUGO” anatomical head phantom. Each case was
analyzed independently across the designated input
power spectrum.

Case 1: Polycarbonate shell configuration

Polycarbonate is one of the most widely deployed
thermoplastics in the motorcycle helmet industry
due to its excellent impact resistance and economic
manufacturability. However, from an EM perspective,
its low relative permittivity (¢, = 2.90) and near-zero
electrical conductivity (o = 0.001 S/m) render it almost
entirely transparent to microwave radiation.

During the simulations, the wavefront emitted by
the half-wave dipole antenna passed through the 3.0 mm
Polycarbonate boundary layer with negligible insertion
loss or reflection. Since, the shell fails to attenuate the
reactive near-field, a massive portion of the radiated
energy couples directly into the high-permittivity
layers of the human scalp. At a standard high-power
transmission of 100 mW, this configuration yielded a
peak localized SAR of 10 g of 1.4520 W/kg, Figure 2. The
resulting EM hotspot was intensely concentrated in the
skin and underlying muscle tissues directly adjacent
to the antenna feed point, showing minimal spatial
dispersion.

Case 2: Polyimide shell configuration

The polyimide simulation case represents a high-
performance polymer matrix often utilized in premium
specialized headgear. Chemically and structurally
distinct from polycarbonate, its higher relative
permittivity ¢ = 3.40) and slightly elevated conductivity
(o = 0.002 S/m) introduce a subtle shift in the wave
propagation dynamics.

The numerical results indicate that polyimide

SAR (f=2.4) [1] (10g) a
Frequency: 2.4 GHz
Maximum (Solver): 0.0145407 W/kg
Minimum (Solver): 0 W/kg

W/kg

0.0145
0.001

0.0001
1e-05
le-06
1le-07

SAR (f=2.4) [1] (10g) S
Frequency: 2.4 GHz
Maximum (Solver): 1.45407 W/kg
Minimum (Solver): 0 W/kg

SAR (f=2.4) [1] (10g) A
Frequency: 2.4 GHz
Maximum (Solver): 7.27035 W/kg
Minimum (Solver): 0 W/kg

Figure 2 Numerical simulation results: polycarbonate helmet,
antenna power of 0.00IW, 0.1W, and 0.5W
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SAR (f=2.4) [1] (10g)
Frequency: 2.4 GHz
Maximum (Solver): 0.0147025 W/kg
Minimum (Solver): 0 W/kg

SAR (f=2.4) [1] (10g)
Frequency: 2.4 GHz
Maximum (Solver): 1.47025 W/kg
Minimum (Solver): 0 W/kg
"

SAR (f=2.4) [1] (10g)
Frequency: 2.4 GHz
Maximum (Solver): 7.35126 W/kg
Minimum (Solver): 0 W/kg

p ¢
Figure 3 Numerical simulation results: polyimide helmet,
antenna power of 0.001W, 0.1W, and 0.5W

presents the worst-case scenario for biological exposure
among all five tested materials. At 100 mW input power,
the peak localized SAR of 10g reached 1.4710 W/kg,
the highest absolute value recorded in the medium-
power tier, Figure 3. This phenomenon occurs because
the specific permittivity of polyimide creates a subtle
impedance matching effect between the free-space air
domain and the high-permittivity biological phantom.
Instead of reflecting the wave, the polyimide shell acts
as an anti-reflective transition layer, effectively “pulling”
more electromagnetic energy out of the antenna near-
field and steering it straight into the occipital region of
the head model.
Case 3: PTFE shell configuration

Teflon was introduced into the computational matrix
as a low-loss, low-permittivity baseline calibration
material (¢, = 2.10, 0 = 0.00 S/m). Since the teflon
possesses a permittivity extremely close to that of a free
space, it introduces virtually no dielectric loading to the
antenna structure. The simulations showed that the
dipole maintained its ideal free-space resonance and S11
reflection coefficient. The wave passed through the shell
without undergoing internal refraction or scattering.
At 100 mW, the peak SAR was stabilized at 1.3240 W/
kg, Figure 4. While this value is lower than that of
Polycarbonate and Polyimide, the shape of the internal
hotspot within the grey matter was found to be more
deeply penetrated, as the lack of any material-induced
scattering allowed the primary radiation beam to travel
further into the cranial cavity before undergoing natural
biological attenuation.
Case 4: Carbon fibre composite configuration

The carbon fibre simulation case introduced
a radical shift in the EM environment due to the
material’s high macro-conductivity (o = 10.5 S/m) and
elevated permittivity (¢ = 5.50). Unlike the transparent
thermoplastics, the conductive carbon fibre matrix
behaves as a lossy, reflective EM shield.

When the 2.4 GHz field vectors encountered the

W/kg
0.0136
0.001
0.0001
le-05
1e-06
SAR (f=2.4) [1] (10g) el le-07
Frequency 2.4 GHz 0
Maximum (Solver): 0.0137334 W/kg y v
Minimum (Solver): 0 W/kg = | xo—l z
W/kg
0.0136
0.001
0.0001
1e-05
1e-06
SAR (f=2.4) [1] (10g) = 1e-07
Frequency 2.4 GHz 0
Maximum (Solver): 1.37334 W/kg y
Minimum (Solver): 0 W/kg x<—1 z
W/kg |
0.0136
0.001
SAR (f=2.4) [1] (10g)  * e
Frequency 2.4 GHz 1e-06
Maximum (Solver): 6.8667 W/kg 1e-07
Minimum (Solver): 0 W/kg g

Figure 4 Numerical simulation results: PTFE helmet,
antenna power of 0.001W, 0.1W, and 0.5W

Carbon Fiber shell, intense surface eddy currents were
instantaneously induced within the shell mesh. These
currents generated a powerful secondary magnetic field
that actively opposed the incoming waves, triggering
a massive back-reflection away from the human head.
Consequently, at 100 mW, the peak localized SAR
plummeted to just 0.9410 W/kg, an exceptional 35.3%
reduction compared to polyimide, Figure 5. The visual
hotspot analysis showed that the energy was successfully
blocked from entering the deeper brain structures, with
the remaining fraction being dissipated harmlessly as
ohmic losses within the structural composite material
itself. This pronounced EM shielding effectiveness
highlights the role of skin-depth attenuation within the
carbon fibre-reinforced polymer lattice. The high density
of the interwoven conductive fibres creates an effective
Faraday cage approximation, which severely restricts
the reactive near-field components from capacitively
coupling with the lossy skin phantom.
Case 5: E-glass fibre composite configuration

The E-glass fibre represents a standard non-
conductive fiberglass composite structural material (¢, =
4.80, o = 0.004 S/m). While it lacks the high electrical
conductivity of carbon fibre, its remarkably high relative
permittivity slows the electromagnetic wave significantly
as it passes through the shell. This reduction in phase
velocity causes severe wave refraction and localized
scattering at the material-tissue interface. Instead of a
single, sharp energy beam piercing the head phantom,
the E-glass shell diffused the incoming wavefront over a
significantly larger geometric surface area. This spatial
defocusing successfully reduced the hotspot’s peak
intensity. At 100 mW, the peak localized SAR remained
at a highly safe level of 1.0130 W/kg, demonstrating that
high-permittivity dielectric scattering is an extremely
effective passive method for reducing human dosimetric
exposure without the expense of conductive shields,
Figure 6.

The acquired results indicate a direct linear
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Figure 5 Numerical simulation results: carbon fibre,
helmet, antenna power of 0.001W, 0.1W, and 0.5W
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Figure 6 Numerical simulation results: E-glass fibre
helmet, antenna power of 0.001W, 0.1W, and 0.5W
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Figure 7 Comparison of the peak localized SAR as a function of antenna input power for the investigated helmet shell materials

correlation between the antenna input power and the
peak SAR values across all investigated configurations.
However, the dielectric and conductive properties of the
helmet outer shell play a decisive role in modifying the
electromagnetic near-field distribution. As shown in the
data, carbon fibre and E-glass fibre exhibit the greatest
EM attenuation. At a standard high-power transmission
of 100 mW, the carbon fibre helmet structure reduced
the peak SAR to 0.941 W/kg, approximately 35% lower
than the polyimide shell (1.471 W/kg). This phenomenon
is attributed to the relatively high electrical conductivity
(o = 10.5 S/m) of the carbon composite matrix, which
acts as a partial EM shield, reflecting and absorbing a
portion of the radiated energy within the shell structure
itself before it penetrates the biological phantom.

The linear relationship between the antenna input
powerandtheresultingtissueexposurehighlightsacritical

engineering constraint for transport communication
hardware, Figure 7. The SAR progression showed the
expected approximately linear dependence on antenna
input power under unchanged geometrical and material
conditions, providing an internal numerical consistency
check of the simulation results. The divergence in
the material becomes increasingly pronounced as the
system transitions into higher power brackets. At the
critical 500 mW tier, the shielding delta between the
conductive carbon fibre mesh (4.705 W/kg) and the
transparent polyimide polymer (7.355 W/kg) stretches
to an absolute value of 2.650 W/kg. This massive gap
emphasizes that under the extreme operating states,
proper material selection alone can eliminate nearly a
third of the thermal stress imposed on the user’s cranial
tissues, providing a critical baseline for the design of bio-
compatible smart transport accessories.
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5 Conclusion

In this study was numerically investigated the
electromagnetic exposure of an anatomically realistic
human head model caused by a 2.4 GHz wireless
communication system integrated into a motorcycle
helmet. Using the FIT-based time-domain solver in CST
Studio Suite, we evaluated the influence of five helmet
shell materials: polycarbonate, polyimide, PTFE, carbon
fibre, and E-glass fibre on localized SAR averaged over
10 g of tissue under identical geometrical and excitation
conditions.

The results demonstrate a strong dependence
of SAR on both the transmitter input power and
the electromagnetic properties of the helmet shell.
At 100 mW, polyimide produced the highest peak of
approximately 1.47 W/kg, whereas carbon fibre reduced
the value to approximately 0.94 W/kg. Carbon fibre and
E-glass fibre therefore provided the greatest reduction
in the peak tissue exposure among the investigated
materials. As expected for a linear electromagnetic model
with unchanged geometry and material properties, SAR
increased approximately proportionally with the applied
antenna input power.

For the transmitter powers up to 100 mW, all
investigated configurations remained below the ICNIRP
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1 Introduction

Modern cities face numerous challenges related to
transport infrastructure, air quality, and the comfort of
the urban environment. With increasing urbanisation
and a rise in the number of vehicles, urban road networks
are becoming increasingly congested. This leads not
only to longer delays at intersections, higher fuel
consumption and greater air pollution, but to increased
traffic noise as well, which is one of the most disturbing
effects of road transport in built-up urban areas. In
this context, the road-traffic optimisation should be
considered not only as a means of improving mobility
and reducing emissions, but also as a measure that
can indirectly reduce acoustic pressure by decreasing
stop-and-go movement, unnecessary acceleration and
idling near intersections. Decky et al. [1] have also
emphasised the importance of assessing the traffic
noise as a part of the wider environmental impact of
road infrastructure, including in relation to roundabout
traffic and urban intersection design. These problems

require the implementation of innovative approaches to
traffic management, aimed at improving its efficiency
and reducing the negative impact on the environment.

The transport sector remains one of the largest
sources of greenhouse gas emissions, including
carbon dioxide (CO,), nitrogen oxides (NOx), and
particulate matter (PM). According to the World Health
Organization [2], the level of air pollution in cities has
a serious impact on public health, increasing the risk
of respiratory and cardiovascular diseases. This is
particularly relevant for densely populated metropolises,
where the traffic congestion exacerbates environmental
and social problems.

The city of Baku, as the capital of Azerbaijan, faces
a number of specific transport problems. Academician
Zarifa Aliyeva Street, being one of the city’s key
thoroughfares, frequently experiences congestion caused
by the irregular operation of traffic lights and high
traffic density. The low capacity of the road during peak
hours leads to the formation of traffic jams, increased
journey times, and a rise in environmental pollution.

© 2026 THE AUTHORS
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The introduction of an adapted system of coordinated
traffic flow on this thoroughfare could be an effective
solution, allowing for the improvement of the transport
situation and a reduction in the environmental burden.

One of the most promising methods of traffic
management is the implementation of a “green wave”
mode, based on the coordinated operation of traffic
lights. This approach allows vehicles to travel along a
route without stopping, provided that they maintain an
optimal speed, which helps to reduce delays and lower
emissions of pollutants.

Particular attention is being paid to the integration
of cloud technologies into traffic management. Li et al. [3]
proposed a strategy for global ecological speed planning
of vehicles using “vehicle-road-cloud” technologies. This
approach not only reduces delays but also minimises CO,
emissions, which is particularly important in the context
of modern environmental challenges. The application of
adaptive evolutionary strategies also occupies a central
place in modern research. Zheng et al. [4] proposed
methods for coordinating traffic light phases that allow
for effective responses to changes in traffic intensity.
These approaches provide management flexibility and
help to reduce congestion.

The use of artificial intelligence (AI) in transport
infrastructure opens new perspectives. Santhiya et al.
[5] showed that the application of AI not only optimises
traffic flow but also addresses issues related to climate
change by reducing the carbon footprint of the transport
sector. In conditions of high traffic density, adaptive
traffic light systems demonstrate their significance.
Ashokkumar et al. [6] emphasised that such systems
play an important role in improving air quality and
reducing CO, emissions, making them an integral part
of the sustainable development of urban infrastructure.

Zhang et al. [7] investigated the possibilities of
coordinating traffic light operation taking into account
pedestrian crossing times, which is particularly relevant
for complex urban networks. This solution helps to
minimise conflicts between traffic flows and pedestrians,
increasing road safety. Selvapriya et al. [8] considered
how the application of Al can contribute to mitigating
the effects of climate change. Their research showed that
the implementation of Al in traffic management makes
it possible to significantly reduce CO, emissions while
simultaneously increasing the efficiency of traffic flows.

Yang et al. [9] focused on energy-saving management
strategies for intelligently connected vehicles. Such
approaches help to minimise the impact of transport
infrastructure on the environment, reducing both fuel
consumption and pollutant emissions. For the city
of Baku, where the transport infrastructure faces
problems of congestion and insufficient traffic light
synchronisation, the implementation of a “green wave”
system is particularly relevant. Academician Zarifa
Aliyeva Street, as one of the main thoroughfares, is
characterised by high traffic intensity and significant
delays at intersections. The application of coordinated

traffic light operation on this street could not only reduce
delays but decrease pollutant emissions as well, which
is important for improving the ecological situation in
the city.

It is also important to emphasise that the study
of the “green wave” effect should take into account the
characteristics of both daytime and night-time. For
example, at night, when traffic intensity decreases, the
effectiveness of traffic light synchronisation may be even
higher, as highlighted in the work of El-Hameed [10].

Analysis of previous works show that despite
successes in optimising traffic flows, certain gaps remain
in the research. Firstly, more data is needed on the
long-term impact of coordinated traffic flow systems
on air quality in urban environments. Secondly, the
night period, characterised by low traffic intensity,
remains insufficiently studied in terms of “green
wave” implementation. Finally, the influence of local
characteristics, such as building density and road
network configuration, requires further study to ensure
the successful adaptation of such systems in various
conditions.

The aim of this research was to evaluate the
effectiveness of coordinated traffic-light control in
improving traffic flow, reducing intersection delays,
increasing road capacity, and lowering vehicle-related
emissions on an urban road corridor in Baku.

2 Materials and methods

The study was conducted in Baku, the capital of
Azerbaijan, in preparation for the 29th meeting of the
Conference of the Parties to the United Nations Framework
Convention on Climate Change (COP29), hosted in Baku
in 2024. COP29 was a major international climate-policy
event focused on strengthening global responses to climate
change, including mitigation, adaptation, climate finance,
and the development of sustainable urban solutions. In
this context, the optimisation of traffic flows in Baku was
considered not only as a trafficcmanagement task but also
as a practical measure aimed at reducing urban transport
emissions and improving the environmental performance of
the city’s road infrastructure.

The object of the analysis was a 4.4 km section
of Academician Zarifa Aliyeva Street, one of the key
transport corridors in central Baku. The analysed corridor
included three major signalised intersections: with R.
Behbudov Avenue, Bulbul Avenue, and S. Vurgun Street.
This thoroughfare was selected because of its strategic role
in distributing traffic in the city centre and its influence on
the operational performance of adjacent roads.

For temporal classification, the study considered both
the national time-period definitions applied in Azerbaijan
and the framework commonly used in international
environmental-noise assessment. In Azerbaijan,
permissible noise levels are generally differentiated
between the daytime period (07:00-23:00) and the night-
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time period (23:00-07:00). Consequently, the observation
interval analysed in this study (00:00-07:00) falls entirely
within the nationally defined night-time period. The night-
time and early-morning period was selected not to exclude
traffic demand, but to analyse the corridor under off-peak
and transition-to-peak conditions that are relevant for both
road users and residents living near the local road network.
From a traffic-engineering perspective, this time horizon
made it possible to examine how the signal coordination
performs under lower but still variable traffic intensities,
when unnecessary stops and delays are mainly caused by
signal desynchronisation rather than oversaturation. From
an environmental perspective, night-time emissions are
also important because reduced atmospheric dispersion
and the proximity of residential buildings can increase the
local impact of idling vehicles, especially near intersections
and bus-stop areas.

During the observation period from 00:00 to 07:00 on
weekdays in 2024, more than 7,200 vehicle movements
were recorded across the corridor and its intersection
approaches, corresponding to an average all-approach
intensity of approximately 1,029 vehicles/hour. For the
main observed traffic stream, hourly intensity varied from
150 vehicles/hour during the lowest-load period between
03:00 and 04:00 to 300 vehicles/hour between 06:00 and
07:00.

A video-detection system was used for data collection.
The system recorded vehicle volumes, vehicle categories,
movement directions, average speed, delay time, queue
formation, traffic-light phase durations, and general traffic
dynamics. The infrastructure inventory included the length
of road sections, number of lanes, unregulated intersections,
parking zones, bus stops, traffic lights, pedestrian crossings,
and side-arm approaches. These data provided the basis
for reconstructing the existing operating conditions of the
corridor and for calibrating the traffic simulation model.

The traffic composition of the study corridor was
classified into five vehicle categories: passenger cars, taxis,
light commercial vehicles (LCVs), heavy goods vehicles
(HGVs), and buses. During the observation period,
passenger cars accounted for 58.0% of the total flow, taxis
for 18.0%, LCVs for 12.0%, HGVs for 7.0%, and buses
for 5.0%. Thus, the modelled traffic stream consisted
of approximately 4,176 passenger cars, 1,296 taxis, 864
LCVs, 504 HGVs, and 360 buses. This classification was
necessary since the vehicle categories differ in length,
acceleration, deceleration, lane-changing behaviour, road-
space occupancy, and emission intensity. For passenger cars
and taxis, the average desired speed was set at 50 km/h; for
LCVs, at 45 km/h; and for HGVs and buses, at 40 km/h.
Vehicle lengths were specified as 4.5 m for passenger cars
and taxis, 6.0 m for LCVs, 12.0 m for buses, and 12.5 m for
HGVs.

The influence of public transport was incorporated
through the explicit modelling of bus movements and bus-
stop areas along the corridor. Three bus-stop zones were
represented in the VISSIM network: one near the section
between R. Behbudov Avenue and Bulbul Avenue, one

near Bulbul Avenue, and one close to S. Vurgun Street.
Bus dwell time was modelled as a stochastic parameter
ranging from 12 to 35 s, with an average value of 22 s.
This parameter was important because buses stopping in
the outer lane temporarily reduced the effective capacity of
the adjacent lane and affected vehicle discharge during the
green phase. Where a bus stop was located within 60-80 m
of an intersection, the model additionally accounted for the
interaction between departing buses and through traffic.

Traffic behaviour was simulated in VISSIM using a
microscopic traffic-flow approach. The car-following logic
was based on the Wiedemann 74 model, which is suitable
for representing individual driver responses to the speed
and spacing of leading vehicles in urban arterial conditions.
The calibrated average standstill distance was 1.8 m for
passenger cars and taxis, 2.3 m for LCVs, and 2.8 m for
buses and HGVs. The additive part of the desired safety
distance was set at 2.2, while the multiplicative part was
set at 3.0. Maximum acceleration was specified as 2.6 m/s?
for passenger cars and taxis, 2.0 m/s? for LCVs, 1.3 m/s? for
HGVs, and 1.2 m/s? for buses. Normal deceleration was set
between —2.5 and -3.5 m/s? depending on vehicle category.
Lane-changing behaviour was calibrated using a minimum
headway of 1.2 s, a minimum lateral clearance of 0.6 m at
low speed, and a lane-changing distance of 150 m before
intersections.

The modelling workflow consisted of five consecutive
stages. First, the geometry of Academician Zarifa Aliyeva
Street was coded in VISSIM, including the number of lanes,
link lengths between intersections, pedestrian crossings,
parking zones, bus stops, parking areas, and side-arm
approaches. Second, traffic inputs were introduced by
direction and vehicle class using video-detection data
collected for each hourly interval between 00:00 and 07:00.
Third, the existing signal-control plans were reproduced for
the intersections with R. Behbudov Avenue, Bulbul Avenue,
and S. Vurgun Street. Fourth, the baseline model was
calibrated against observed traffic volumes, speeds, delays,
and queue lengths. Fifth, the optimised “green wave”
scenario was tested using a recommended corridor speed of
50 km/h, a 60 s signal cycle, and coordination offsets of 36
s for R. Behbudov Avenue, 22 s for Bulbul Avenue, and 11 s
for S. Vurgun Street.

The software workflow was organised as an integrated
modelling chain. First, video-detection data were exported
as hourly traffic records containing vehicle counts, vehicle
categories, directions of movement, observed speed, delay
time, and queue formation. Second, MATLAB was used to
clean the dataset, aggregate hourly indicators, calculate
traffic density, estimate travel time, and determine
preliminary signal offsets for the green-wave mode. Third,
the geometric and operational structure of the corridor was
reproduced in VISSIM, including the main road, side arms,
bus stops, pedestrian crossings, parking zones, and signal-
control logic. Fourth, the observed traffic volumes and
modal shares were introduced into VISSIM by vehicle class
and direction. Fifth, the baseline scenario was calibrated
against observed speeds, delays, queue lengths, and traffic
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volumes. Finally, the optimised signal-control plan was
tested using the 60 s cycle, the recommended progression
speed of 50 km/h, and the calculated coordination offsets.

Scikit-learn and TensorFlow were used as supporting
analytical tools rather than as substitutes for microscopic
simulation. Scikit-learn was wused for traffic-state
classification and short-term demand estimation based
on time interval, vehicle volume, vehicle composition,
approach direction, speed, and delay. TensorFlow was used
to test the stability of the predicted traffic states under
different demand scenarios and to support the selection of
signal-control parameters. The outputs of these algorithms
were then compared to the VISSIM simulation results and
field observations.

The machine-learning component was evaluated using
numerical indicators. For traffic-volume estimation, the
calibrated model achieved a coefficient of determination of
R%=0.93 and a mean absolute percentage error of 6.4%. For
average speed estimation, the mean absolute error was 2.8
km/h, while the difference between observed and simulated
average speed was 5.8%. For intersection delay estimation,
the root mean square error was 1.2 s, and the difference
between observed and simulated delay values was 8.6%.

The signal-control parameters were calibrated
separately for each intersection. For R. Behbudov Avenue,
the optimised effective green time was 22 s, the red interval
was 38 s, and the yellow interval was 4 s. For Bulbul
Avenue, the green and red intervals were both 30 s, with a
4 s yellow interval. For S. Vurgun Street, the green interval
was 27 s, the red interval was 33 s, and the yellow interval
was 4 s. In the simulation, the 60 s cycle was treated as the
basic red-green control cycle, while the yellow interval was
represented as an intergreen transition within the signal-
control logic.

The main calibrated parameters included vehicle input
volumes, desired speed distributions, acceleration and
deceleration profiles, standstill distance, safety-distance
parameters, lane-changing distance, minimum headway,
queue discharge rate, bus dwell time, green time, red time,
yellow interval, and offsets between adjacent intersections.
The data used for calibration included video-based vehicle
counts, directional turning volumes, vehicle-type shares,
observed speeds, delay times, queue lengths, traffic-light
phase durations, bus-stop locations, and road geometry. The
dataset was divided into calibration and validation subsets:
70% of the observations were used for calibration and 30%
for validation. Calibration was performed iteratively until
the simulated traffic volumes, travel times, average speeds,
and queue lengths corresponded closely to the observed
values.

Model validity was assessed by comparing simulated
and observed traffic volumes, travel times, speeds, and
delay values. The Geoffrey E. Havers (GEH) statistic was
used to compare the modelled and observed traffic volumes
for the main approaches and side arms of the intersections.
The final model achieved GEH < 5 for 91.7% of the analysed
movements and GEH < 10 for 100% of the movements, with
an average GEH value of 2.1. The mean absolute percentage

error between the observed and simulated traffic volumes
was 6.4%. The difference between observed and simulated
travel time along the corridor was 7.2%, while the difference
in average speed was 5.8%. The simulated average delay
differed from the observed delay by 8.6%.

The traffic behaviour on the side arms of the
intersections was modelled separately because cross-street
demand directly affected the efficiency of the coordinated
“green wave” on the main corridor. At the intersection
with R. Behbudov Avenue, side-arm traffic accounted
for approximately 31% of total intersection demand and
produced the highest risk of short queue spillback. At Bulbul
Avenue, side-arm traffic accounted for approximately 27%
of total demand, but its hourly variability was higher,
especially between 05:00 and 07:00. At S. Vurgun Street,
side-arm demand was lower and more stable, accounting
for approximately 22% of total intersection demand. For
this reason, R. Behbudov Avenue was treated as the most
critical intersection in terms of cross-flow interaction,
while S. Vurgun Street allowed more stable progression
along the main corridor. Including side-arm traffic in the
model prevented overestimation of the green-wave effect
and made the simulation more representative of real
intersection operation.

To evaluate the operational effect of signal coordination,
three additional performance indicators were calculated:
traffic density, average corridor speed, and travel time.
Traffic density was calculated as the ratio between
hourly traffic intensity and average speed, average speed
was obtained from video-detection records and VISSIM
simulation outputs, and travel time was calculated for
the 4.4 km corridor between the first and last analysed
intersections. These indicators were selected because they
reflect the operational effect of signal coordination more
directly than total traffic volume alone. The corresponding
density, speed, and travel-time values are presented in the
Results section.

The environmental effect of the system was evaluated
by analysing the reduction in delays and the associated
changes in fuel consumption, CO,, NOx, and particulate
matter emissions. Emission changes were estimated based
on the traffic intensity, average speed, stop frequency,
and delay time before and after implementation of the
optimised signal-control scenario.

Traffic density was expressed in vehicles per
kilometre, speed in km/h, and travel time in seconds.
Figures 5-8 generated from the model were used not only
for visualisation but also for quantitative comparison of
density, speed, travel time, delay, and environmental effects
before and after implementation of the “green wave” mode.

To compare the operational and environmental effects
of different traffic-control approaches, three modelling
scenarios were defined. The baseline scenario represented
the existing traffic-light operation before optimisation,
with non-coordinated signal phases at the analysed
intersections. The first alternative scenario represented
fixed-time “green wave” coordination, in which the traffic
lights were synchronised using a 60 s cycle, a recommended
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Table 1 Definition of baseline and alternative modelling scenarios

Scenario Description Signal-control Main parameters included Purpose of comparison
principle
S0 - Baseline Existing traffic-light operation Non-coordinated Observed signal phases, To reproduce actual
before optimisation signal operation observed traffic volumes, pre-optimisation traffic
existing delays, side-arm conditions
traffic, bus stops
S1 - Fixed-time Coordinated traffic-light operation  Fixed-time signal 60 s cycle, 50 km/h To estimate the
green wave along the corridor coordination progression speed, offsets of effect of basic signal
36s,22sand 11 s synchronisation
S2 - Adaptive Coordinated traffic-light Adaptive signal 60 s base cycle, 50 km/h To test whether adaptive
Al-supported operation supported by traffic- coordination progression speed, vehicle-  adjustment improves the
green wave state classification and demand class shares, side-arm fixed green-wave scenario

estimation

demand, bus dwell time,
traffic-state prediction

progression speed of 50 km/h, and fixed offsets between
intersections. The second alternative scenario represented
an adaptive Al-supported “green wave” mode, in which the
same coordination principle was retained but traffic-flow
classification, short-term demand estimation, and public-
transport effects were incorporated into the adjustment of
signal-control parameters. The scenarios were compared
using the same road geometry, traffic composition,
observation period, and vehicle-demand input to ensure
methodological consistency (Table 1).

3 Results

In this section are described the baseline traffic
conditions on the analyzed corridor and the operational
effects of green-wave coordination on delays, speed
and travel time. Additionally, the optimized signal-
control parameters, the resulting environmental and

Figure 1 Phases of traffic lights and actual traffic intensity
by direction at intersections with R. Behbudova Street

fuel-consumption effects, and the wider social, economic
and scalability implications of the proposed approach,
are presented as well.

3.1 Baseline traffic-flow characteristics
and justification of the study interval

Analysis of traffic-flow intensity was one of the key
stages of the study because it made it possible to identify
the operational characteristics of traffic on Academician
Zarifa Aliyeva Street and at the adjacent intersections.
The characteristics of the traffic flow were determined
using video-detection data collected for each hourly
interval from 00:00 to 07:00. The analysis included
vehicle counts by direction, vehicle-category distribution,
average speed, delay time at signalised intersections,
queue formation, and the relationship between traffic
volume and signal phases. The recorded data were then

Figure 2 Phases of traffic lights and actual traffic intensity
by direction at intersections with Bulbul Avenue

R

—
-—

Figure 3 Phases of traffic lights and actual traffic intensity
by direction at intersections with S. Vurgun Street
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grouped by time interval and intersection approach,
which allowed the identification of periods with stable
flow, reduced flow, and emerging congestion.

The “green wave” mode was tested on Academician
Zarifa Aliyeva Street during the weekday interval from
00:00 to 07:00. This time interval was selected because
it combines two analytically important traffic conditions:
the night-time off-peak period, when the traffic volumes
are lower and delays are mainly caused by signal
desynchronisation, and the early-morning transition
period, when the traffic intensity begins to increase
towards the daytime peak. Therefore, the selected
interval made it possible to assess whether coordinated
signal control could improve traffic progression under
both low-volume and gradually increasing demand
conditions. The weekday period was chosen to ensure
comparability of traffic patterns and to avoid irregular
fluctuations associated with weekends, holidays, and
special events. In addition, the interval from 00:00 to
07:00 is relevant from an environmental and urban-
comfort perspective, as unnecessary stops, idling,
acceleration, and braking near intersections may affect
nearby residential areas even when total traffic volume
is lower than during the daytime peak. Figures 1-3 show
the phases of traffic lights and actual traffic intensity
by direction at the intersections of Academician Zarifa
Aliyeva Street.

3.2 Green-wave coordination and modelled
operational effects

The green wave graph shows that the critical
intersection is the second intersection, the
first intersection has an offset of 36 seconds and
the last intersection has an offset of 11 seconds
(Figure 4).

The highest traffic intensity was recorded from
06:00 to 07:00, reaching 300 vehicles/hour, including

A

passenger cars, taxis, light commercial vehicles, heavy
goods vehicles and buses, rather than passenger cars
only. This value exceeded the average figure for the
night period by 20%. The lowest congestion within the
analysed night-time interval was recorded from 03:00 to
04:00, when traffic intensity decreased to 150 vehicles/
hour; according to 24-hour monitoring, the daily traffic
intensity on the main corridor was approximately 18,000
vehicles/day. Analysis of these data showed that traffic
intensity increased during the early-morning transition
period from 06:00 to 07:00; however, since the study
covered only 00:00-07:00, this interval should not be
interpreted as the full morning peak of the 24-hour
traffic cycle, but as the transition from night-time traffic
to the beginning of daytime demand.

Time delays at the intersections varied significantly
with traffic volume. During the peak hours, the average
waiting time at traffic lights reached 14 seconds, while
during the period of minimum congestion it decreased
to 8 seconds. The difference is explained by the uneven
distribution of traffic flow as well as insufficient
synchronisation of the traffic lights phases.

Additionally, the change in the average speed of
traffic was analysed. During the peak hours the speed
decreased to 48 km/h due to increased traffic density,
while during less busy periods it increased to 53 km/h.
These data indicate the need to implement a “green
wave” mode that can smooth out traffic flow fluctuations
and provide a more uniform traffic flow.

A detailed analysis of the flow distribution at the
intersections showed that the intersection with R.
Behbudov Avenue was the busiest. This is explained by
its complex configuration and high number of vehicles
crossing this zone. For comparison, the intersection
with S. Vurgun Avenue showed more stable traffic due
to efficient organisation of traffic lights phases. At the
Bulbul Avenue intersection, there was a high variability
in traffic volume, which required a special approach to
system tuning.

Distance along corridor, km

Time, s

Figure 4 Green wave graph on Zarifa Aliyeva Street

VOLUME 28

COMMUNICATIONS 4/2026



D76

BAGHIROV, AHMEDOV

7 . : -9
15 —o- Before implementation 2P
—&— After implementation -~

14 2 -

13 -
~
4
g 12 -
o]
5]
Z
~ 11 al
)
g
> 10 1
=
5]
A g

8
7
0 1 2 3 4 5 6 7
Time of day (hours)
Figure 5 Changing delay times at intersections
—8— Before optimisation
604 After optimisation
5.5 4

bk
o
Il

Traffic density, veh/km
-y
[#1]

4.0
3.5 -

3.0

o 9 o Q o o 9
£ O a2 9 5O o 6O o
S S 9 o o o S
Q .00 .QQ _Q,Qt Q _QQ Q
P N3 ¥ > Na I\zh e

Time interval

Figure 6 Modelled traffic density before and after implementation of the “green wave” mode

In addition to textual analysis, data visualisation
allows the effects of optimisation to be clearly
demonstrated. For example, the plotted graph illustrates
the changing average delay times at intersections
as a function of time of day before and after the
implementation of the “green wave” mode (Figure 5).
The graph shows that at the conditionally recommended
speed of 50 km/h the delay time decreases, which
confirms the effectiveness of the system.

The optimisation of traffic lights has significantly

reduced the delay time, which contributes to smoother
and more uniform traffic flow. Reduced waiting
time has a positive impact not only on the street
capacity, but on environmental performance, as
well: reduced idling leads to lower fuel consumption
and, as a consequence, lower CO,, NOx and PM
emissions.

To complement the analysis of delay reduction,
the next stage assessed changes in modelled traffic
density along the studied corridor. Density was
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Figure 8. Travel time along the 4.4 km corridor before and after implementation of the “green wave” mode

used as an additional indicator since it reflects how
compactly vehicles move through the road section and
whether signal coordination reduces local accumulation
near intersections. The comparison before and after
implementation of the “green wave” mode is shown in
Figure 6.

Changes in average corridor speed were then
analysed to determine whether the reduction in delays
was accompanied by smoother and more continuous
vehicle progression. Unlike isolated delay values at
intersections, average speed characterises the overall

operational performance of the 4.4 km corridor and
shows how effectively vehicles move between consecutive
signalised intersections. The corresponding before-and-
after comparison is presented in Figure 7.

Finally, the travel time along the full analysed
corridor was calculated to evaluate the practical effect
of signal coordination from the road-user perspective.
This indicator integrates the influence of speed, stops,
and delays and therefore provides a direct measure
of the time savings produced by the optimised traffic-
light regime. The modelled travel-time dynamics
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Table 2 Comparison of baseline and alternative traffic-control scenarios

Indicator S0 - Baseline  S1 - Fixed-time green S2 - Adaptive Al-supported green
wave wave
Average intersection delay, s 12.0 9.6 9.0
Delay reduction compared with baseline, % - 20.0 25.0
Average corridor speed, km/h 51.0 53.0 54.0
Average travel time along 4.4 km corridor, s 309.4 296.7 292.0
Average traffic density, veh/km 4.2 4.0 3.9
CO, reduction compared with baseline, % - 12.0 15.0
NOx reduction compared with baseline, % - 9.0 12.0
PM reduction compared with baseline, % - 6.0 8.0
Fuel-consumption reduction for passenger - 8.0 10.0
cars, %
Fuel-consumption reduction for HGVs, % - 12.0 15.0

before and after implementation are presented in
Figure 8.

In the next stage the baseline and alternative
modelling scenarios were compared. The comparison
was conducted to determine whether the observed
improvements resulted only from fixed signal
synchronisation or whether additional benefits could
be obtained when the adaptive traffic-state estimation
and public-transport effects were incorporated into the
control logic. The same traffic-demand input and road
geometry were used in all scenarios, which made it
possible to isolate the effect of the traffic-control strategy
(Table 2).

Both alternative scenarios improved the traffic and
environmental indicators compared to the baseline.
The fixed-time green-wave scenario reduced average
intersection delay from 12.0 s to 9.6 s, corresponding to
a 20.0% reduction. The adaptive Al-supported scenario
produced a stronger effect, reducing average delay to
9.0 s, or by 25.0% compared with the baseline. Average
corridor speed increased from 51.0 km/h in the baseline
scenario to 53.0 km/h under fixed-time coordination and
54.0 km/h under adaptive coordination. Travel time
along the 4.4 km corridor decreased from 309.4 s to
296.7 s in S1 and to 292.0 s in S2. The environmental
indicators followed the same pattern: the adaptive
scenario achieved the greatest reductions in CO,, NOx,
PM emissions and fuel consumption. This confirms that
coordinated signal control is effective per se, while the
adaptive adjustment based on traffic-state estimation
provides additional operational and environmental
benefits.

3.3 Traffic-light phase optimisation
and implementation parameters

The next stage of the study was the optimisation of
traffic-light phases to address the main deficiencies of
the baseline system: insufficient coordination between
adjacent intersections, uneven green-time distribution,

short green phases on loaded approaches, unnecessary
stops between intersections, queue formation near R.
Behbudov Avenue, and increased delays during the
06:00-07:00 early-morning transition period. Data from
video detection and machine learning algorithms were
used to calculate the optimal traffic light operation
parameters. Individual settings of green, yellow and red
signal durations were proposed for each intersection,
taking into account traffic intensity at different time
intervals.

At the intersection with R. Behbudov Avenue,
the duration of the green phase in the morning hours
was increased, which significantly reduced delays.
At the intersection with Bulbul Avenue, additional
synchronisation with neighbouring
was introduced, which improved the capacity of the
section. For the intersection with S. Vurgun Avenue,
the operating phases were adapted to the variable load
characteristic of the night hours.

The optimisation results showed that the average
delay time was reduced by 20-25%. This, in turn, reduced
CO, emissions by 15%, as well as NOx emissions by 12%
and PM emissions by 8%. In addition, a reduction in
fuel consumption of 10% for cars and 15% for lorries was
recorded.

The optimisation of traffic lights not only improved
the traffic situation, but it had a positive impact
on environmental performance, as well. A more even
flow distribution reduced the number of stops, which
improved the smoothness of traffic flow and reduced
stress for drivers. The introduction of the “green wave”
mode ensured that vehicles travelled through the
study area without stopping at a red light, which also
contributed to an increase in average speed.

The results emphasise the importance of integrating
the modern technology into traffic management. In the
future, the system can be adapted to other parts of
the urban network, including areas with higher daily
traffic volumes. The application of Al and inter-vehicle
communication such as inter-vehicle communication
(V2V) and road infrastructure (V2X) systems will offer

intersections
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Table 3 Optimised parameters of traffic light phases

Intersection Red phase duration (s) Green phase duration (s) Yellow phase duration (s)
R. Behbudov Avenue 38 22 4
Bulbul Avenue 30 30 4
S. Vurgun Avenue 33 27 4

additional opportunities to improve the efficiency of the
system.

Thus, the detailed traffic flow analysis and
subsequent traffic light optimisation proved that the
implementation of “green wave” mode contributes
to a more sustainable and environmentally friendly
urban transport environment. As shown in Table 3,
adjusting the phases of traffic lights at key intersections
such as R. Behbudov, Bulbul and S. Vurgun avenues
has balanced the traffic flow and minimised delays,
providing smoother movement of vehicles.

Phase optimisation allowed for a 15% reduction
in the average delay experienced by vehicles at
intersections. This is particularly important during the
morning and evening rush hours, when the load on the
road network reaches its peak. For each intersection,
numerous factors were taken into account, such as
traffic flow density, the number of lanes, the presence
of pedestrian crossings, and other infrastructure
elements.

In addition to the basic parameters of the traffic
light phases, an analysis of their synchronisation was
conducted. One of the problems with the existing control
system was the insufficient coordination of traffic lights
between adjacent intersections, which led to vehicles
stopping immediately after passing through one set of
lights. During the optimisation, it was possible to achieve
coordinated operation of all three key intersections,
creating the conditions for the implementation of the
“green wave” mode.

An important aspect of the optimisation was the
introduction of dynamic control that takes into account
changes in traffic flow throughout the day. For example,
at night, when traffic intensity is minimal, the traffic
lights were switched to longer operating cycles, which
reduced energy consumption. During peak hours, the
control became more frequent, which sped up the
passage of traffic flow.

The optimisation of traffic light phases also had
a positive impact on the environmental situation.
Reducing waiting times at intersections led to decreased
fuel consumption and lower CO, emissions. According
to calculations, the implementation of new traffic light
operating parameters made it possible to reduce CO,
emissions by 12-15%, depending on the time of day and
traffic intensity.

Thus, the conducted optimisation of traffic light
phases ensured a significant improvement in the
transport situation on Academician Zarifa Aliyeva
Street. The implementation of the “green wave” mode
made it possible to increase the road’s capacity, reduce

delays, and improve environmental indicators. The
simulation results confirmed that this approach is an
effective solution for optimising traffic flows in urban
infrastructure conditions.

The implementation of the “green wave” mode
became a key element of the research aimed at
improving the efficiency of traffic flow management
on Academician Zarifa Aliyeva Street. This method
significantly improved the coordination of traffic light
operation, ensured the smooth movement of vehicles
through the main intersections, and reduced delays that
had previously caused congestion and increased CO,
emissions.

The basic principle of the “green wave” mode lies
in the coordinated setting of traffic light operation,
allowing vehicles travelling at the recommended speed
to pass through several consecutive intersections on a
green light [11]. Such a mode minimises the need for
stops, reduces waiting times at intersections, and lowers
fuel consumption, which has a positive impact on both
the traffic situation and the environmental conditions.

The implementation of the system began with
an analysis of the current operation of traffic lights
on Academician Zarifa Aliyeva Street. It was found
that the existing traffic control system did not ensure
coordination in the operation of the traffic lights. At
each of the key intersections - with R. Behbudov Avenue,
Bulbul Avenue, and S. Vurgun Street - a significant
disproportion in the duration of the traffic light phases
was observed, which led to the build-up of vehicles. For
example, at the intersection located at the intersection
of Academician Zarifa Aliyeva Street and R. Behbudov
Avenue, the green light lasted only 20 seconds, while
traffic travelling towards the intersection with Bulbul
Avenue faced a red light, leading to additional delays. A
similar situation was observed at the intersection with
S. Vurgun Street, where inefficient synchronisation
of traffic light phases meant that the traffic flow
could not move smoothly from one intersection to
another, which exacerbated congestion and increased
waiting times. These examples demonstrate the need
for more precise adjustment of time intervals for each
specific intersection, depending on its location and the
characteristics of the traffic flow.

To solve this problem, the duration of the traffic
light phases was adjusted taking into account the
distance between intersections, traffic intensity, and
the average speed of traffic. Based on video detection
data and traffic flow analysis, the optimal operating
parameters for the traffic lights were calculated. For
each intersection, the necessary delay between signal
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Table 4 “Green wave” mode parameters for key intersections

Intersection Cycle duration (s) Delay for synchronisation (s)
R. Behbudov Avenue 36
BulbulAvenue 22
S. Vurgun Avenue 11

changes was determined, ensuring the synchronisation
of all traffic lights on the street.

The recommended travel speed in the “green wave”
mode was 50 km/h. This speed was chosen based on
an analysis of the traffic flow, which showed that most
vehicles travel within this range at night, when traffic
intensity is lower. At this speed, vehicles could pass
through the entire section of the street without stopping
at ared light. As shown in Table 4, the parameters of the
“green wave” mode were optimised for the key junctions,
which allowed for the synchronisation of traffic light
operation and ensured a smooth flow of traffic.

For the analysis of movement dynamics, a space-
time scale was used: time was plotted on the horizontal
axis (10 mm corresponds to 10 seconds), and distance
along the route on the vertical axis (each step equals 100
metres). Setting up the system involved the following
stages: Determining the timing parameters of the
traffic lights for each intersection. Based on traffic
analysis, the duration of green and red-light phases, as
well as intermediate delays ensuring the traffic light
synchronisation, were calculated, creating a unified
traffic flow chart within the “green wave” mode. This
chart allowed for the modelling of vehicle movement,
taking into account the specified speed and delay time
at each of the intersections.

To verify the effectiveness of the system, test runs
were conducted in the real-world conditions, primarily
at night when traffic intensity was minimal. This
allowed for a focus on adjusting the system parameters
and revealed its high efficiency: the average delay
time at intersections decreased by 20%, and at the
intersection with R. Behbudov Avenue, where significant
vehicle build-up had previously been observed, delays
were reduced by 25%. These improvements contributed
to increasing the road’s capacity and raising the average
speed of traffic flow. The economic impact of implementing
the “green wave” mode proved to be one of the significant
results of the research. The reduction in delay times at
intersections led to lower fuel consumption, allowing
drivers to save considerably. According to the analysis,
passenger cars reduced fuel consumption by 10%, and
lorries by 15%. Given the average fuel cost in the region,
this signifies a noticeable decrease in vehicle operating
costs, which is particularly important for commercial
transport regularly traversing busy sections of the urban
network.

Based on the analysis conducted, practical
recommendations were formulated for scaling the system.
In particular, it was proposed to adapt the traffic light
operating parameters taking into account the specific

features of each road section, including length, number
of lanes, traffic density, and intersection configuration.
It is also recommended to consider seasonal traffic
variations, which may be caused by weather conditions,
public holidays, or roadworks.

The implementation of the “green wave” mode
demonstrated high potential for optimising traffic flow
in the urban environment. The results obtained indicate
that the system can be successfully implemented on
other sections of Baku's road network, as well as
in other cities with similar transport problems. In
addition to improving the traffic situation, this will
make a significant contribution to solving environmental
issues by reducing CO, emissions and decreasing fuel
consumption.

3.4 Environmental effects and fuel-consumption
reduction

The environmental impact of the “green wave”
mode became one of the key themes of the research.
The transport sector remains a significant source of
greenhouse gas emissions, especially CO,, which are
exacerbated during idling at intersections [12]. Vehicles
idling continue to burn fuel, which increases the carbon
footprint and overall atmospheric pollution. Given
Baku’s high level of urbanisation, reducing emissions on
busy thoroughfares such as Academician Zarifa Aliyeva
Street is a primary task.

The collected data on CO, emissions before and
after the implementation of the system demonstrated a
significant reduction in pollution. Using a methodology
for calculating fuel consumption based on idling time
and average speed showed that CO, emissions decreased
by an average of 15%. Additionally, NOx emissions levels
decreased by 12%, and PM by 8%. These values confirm
the importance of implementing the “green wave” mode
as an effective environmental solution.

Further analysis of the environmental impact
revealed that the reduction in emissions is also linked
to a decrease in the number of sharp braking and
acceleration events, characteristic of traffic in congested
conditions. A smoother flow of traffic not only reduces
the strain on vehicles but also decreases the level of
pollution associated with tyre and brake system wear.
This is particularly important for densely populated
urban areas, where air quality is critical for public
health.

The prospects for the development of the
“green wave” mode include its integration with new
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Table 5 Change in CO, emissions before and after implementation of the “green wave” mode

Time interval Before (g/km) After (g/km) Reduction (%)
00:00-01:00 280 240 14
01:00-02:00 260 220 15
02:00-03:00 250 210 16
03:00-04:00 240 200 17
04:00-05:00 245 205 16
05:00-06:00 260 220 15
06:00-07:00 300 260 13

technologies. The use of more sophisticated machine
learning algorithms, which can take into account real-
time data, will improve the accuracy and flexibility of the
system. Integration with V2V and V2X communication
will provide an additional boost to the efficiency of traffic
flow management.

As shown in Table 5, the implementation of the
“green wave” mode led to a significant reduction in
CO, emissions, which confirms its environmental
effectiveness. Optimising the operation of traffic
lights reduced the vehicle idling time at intersections,
decreasing the amount of fuel burned and, consequently,
the volume of harmful emissions. In the long term, the
development of adaptive traffic light control systems
could become the basis for creating a sustainable and
environmentally friendly transport environment. The
results obtained confirm that the implementation of the
“green wave” is not only economically viable but also an
important step in addressing air pollution problems and
improving the quality of life in cities.

According to this data, the average reduction in CO,
emissions was 15%. The largest decrease was observed
between 03:00 and 04:00, when the traffic intensity was
low, and the synchronisation of traffic lights allowed for
the minimisation of vehicle idling time. The reduction in
delays at intersections also had a positive impact on fuel
consumption. Drivers were able to reduce the number
of stops and instances of idling, which contributed to
fuel economy. This effect was particularly significant
for freight transport, which consumes more fuel when
stopping and starting.

To assess the fuel savings, a series of calculations
were carried out based on data on traffic intensity,
average speed, and delay times at intersections. The
results showed that the overall reduction in fuel
consumption was around 10% for passenger cars and up
to 15% for freight transport.

The transport system of Baku, like many other
metropolises, faces challenges related to road congestion,
high emissions of pollutants, and low environmental
sustainability. The study conducted on Academician
Zarifa Aliyeva Street demonstrated the effectiveness of
the “green wave” mode as a tool for addressing these
problems.

The “green wave” mode has proven its effectiveness
in reducing CO, and other harmful substances, such as

NOx, carbon monoxide (CO), and PM. These substances
are the main air pollutants in urban environments
and have a negative impact on public health. The
implementation of the system made it possible to reduce
NOx emissions by 12%, PM by 8%, and the level of
CO decreased by 10%. These results are particularly
significant for densely populated areas where air
pollution reaches critical levels.

The reduction in delay times at intersections,
as the study showed, also led to a decrease in the
total idling time of vehicles. This reduced the carbon
footprint of transport, contributing to smoother traffic
flow and lower fuel costs. Passenger cars reduced fuel
consumption by 10%, and freight vehicles by 15%, which
became an important factor for economic sustainability
and reducing dependence on fossil fuels.

Air quality in the area of Academician Zarifa Aliyeva
Street noticeably improved after the implementation of
the system. Measurements taken confirmed that the
concentration of pollutants in the air decreased, which is
particularly important at night when limited pollutant
dispersion makes emissions more noticeable. As a result,
residents of the area experienced a cleaner and more
comfortable environment, which reduced the risks of
diseases associated with air pollution, such as asthma,
chronic bronchitis, and cardiovascular diseases.

3.5 Social, economic and scalability effects

The system also had a positive impact on the social
aspect of urban life. Drivers noted a significant reduction
in stress levels due to fewer stops and smoother traffic
flow. The improvement in the transport situation
enhanced the overall perception of urban infrastructure
and made travelling along the thoroughfare more
comfortable.

The economic effect of implementing the “green
wave” mode was no less significant. The reduction in
delay times of 20-25% led to an increase in the road
capacity and a decrease in travel times, which positively
affected the time spent by residents commuting. This is
particularly relevant for commercial transport, where
a reduction in downtime directly translates into lower
costs and increased productivity.

Additionally, modelling carried out under daytime
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traffic intensity conditions showed that the system
retains its effectiveness even under high loads, reducing
delays by 10-15% during peak hours. This proves that
the “green wave” mode can be adapted for different
time intervals and traffic levels, providing a universal
solution for the urban transport system.

Based on the data obtained, recommendations have
been developed for scaling the system to other sections of
Baku’s road network. Sections with high traffic intensity
and complex intersection configurations, such as main
thoroughfares, could significantly benefit from the
implementation of synchronised traffic light operation.
It is also recommended to take into account seasonal
traffic variations and temporary restrictions caused by
roadworks.

Integrating the system with new technologies, such
as Al and machine learning, will further enhance the
accuracy of traffic management. Adaptive algorithms
will be able to take into account real-time changes in
traffic intensity, ensuring the flexibility and resilience of
the system. Furthermore, connection with V2V and V2X
systems will open up new opportunities for inter-vehicle
communication and more efficient flow distribution.

International experience also shows the promise
of such solutions. For example, Zhang et al. [13] noted
that the successful implementation of “green wave”
modes in the metropolises of Europe and Asia has
significantly improved environmental indicators and
the traffic situation. The mutual exchange of data and
technologies with these regions could accelerate the
adaptation of the system in Baku.

In the long term, the implementation of the “green
wave” creates a basis for the transition to sustainable
transport systems. Reducing pollutant emissions,
lowering the fuel costs, decreasing traffic noise from stop-
and-go movement, and increasing road capacity make
this system an important element of environmental and
social policy.

The results obtained prove that the integration of
the “green wave” into urban transport infrastructure is
a significant step towards improving the quality of life
and enhancing the environmental situation. Scaling
and further developing this system can make urban
transport in Baku safer, more comfortable, and more
environmentally friendly.

4 Discussion

The conducted research confirmed that the
implementation of the “green wave” mode contributes
to traffic-flow optimisation, delay reduction, improved
environmental indicators, and the mitigation of traffic
noise associated with stop-and-go movement near
signalised intersections. The results of this research
have confirmed that the optimisation of traffic light
operation in the “green wave” mode contributes to a
20% reduction in delay times at intersections and a

15% reduction in CO, emissions. These figures correlate
with the data of Chou et al. [14], who used virtual traffic
lights to reduce delays and increase traffic resilience.

The results obtained also align with the findings
of De Coensel et al. [15], who showed that signal
coordination can significantly reduce the level of air
pollution in the urban environment. Additionally,
the use of decentralised control algorithms, as noted
in the study by Zhang et al. [13], allows for the
optimisation of traffic at multiple junctions, which is
reflected in an increase in speed and a reduction in
delay times. The integration of Al, as discussed by Joshi
and Sharma [16], should be regarded as a supporting
instrument rather than a necessary condition for
effective traffic optimisation. Reductions in delays, fuel
consumption and vehicle-related emissions can also
be achieved through professionally designed signal
coordination, systematic monitoring and competent
long-term traffic management by public administration
bodies.

The analysis of the combination of signal group
coordination and the “green wave” mode, presented
in the research by Blokpoel and Turksma [17],
demonstrates a noticeable reduction in waiting times at
intersections. Signal coordination algorithms for multi-
node intersections, developed by Shi et al. [18], allow for
the maximisation of the green band, which is particularly
important for V2X networks, and fully corresponds to
the obtained data on improving the efficiency of traffic
light synchronisation. Data on reduction of the effects
of climate change are also supported by the research of
Mitsakis and Kotsi [19], demonstrating that cooperative
intelligent transport systems can mitigate the negative
impact of transport emissions.

Additional data, presented in the study by Lavanya
et al. [20], show that smart traffic light control systems
using Al significantly improve traffic flows and reduce
pollution. The results of sustainable mobility, reflected
in the research of Ziyad et al. [21] and De Coensel
et al. [15], are consistent with the goal of reducing
emissions and optimising traffic flows, and the concept
Finally, the data of Choudhary et al. [22] indicate the
significant potential of cities with Al-managed traffic
light systems to reduce congestion and improve the
environmental situation, and the approach of Li et
al. [23], based on reinforcement learning methods for
signal planning, successfully minimises the impact of
congestion on transport networks. Thus, the results of
this study demonstrate broad prospects for the further
adaptation and scaling of “green wave” system in
urban infrastructure conditions, which allows for the
creation of a more sustainable, environmentally safe,
and comfortable transport environment.

The research by Mariano de Souza et al. [24]
demonstrated that the wuse of vehicle-to-vehicle
communication systems not only improves traffic
coordination but also reduces greenhouse gas
emissions. This highlights the potential of V2V and
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V2X technologies, which could further enhance the
effects of the green wave. The work of Ali et al. [25]
focused on creating integrated transport networks that
combine sustainability and efficiency. They showed
that such systems can effectively reduce congestion
and improve the overall quality of urban transport
infrastructure. Shaikh et al. [26] proposed innovative
methods of traffic management using Al and blockchain
technologies. Their approaches open up prospects for
increasing the transparency and accuracy of traffic
flow management, which is particularly relevant
for scalable “green wave” systems.

The results obtained confirm that the “green wave”
systems are capable of not only optimising traffic
on busy sections but also significantly improving
environmental indicators. For example, a 15% reduction
in CO, emissions and a 20% reduction in delay times
demonstrate the significance of such solutions for the
sustainable development of urban infrastructure.

The integration of V2X technologies, as proposed
by Shi et al. [18] and Saleh et al. [27], can enhance
coordination between vehicles and traffic lights, creating
more efficient systems. Furthermore, the application of
multi-agent approaches, as indicated in the work of Li
[23], can be expanded to manage not only the movement
of cars but the pedestrian flows as well, which will
increase the overall safety and comfort of road users.

Another direction for further work is the
development of intelligent control systems that will
take into account seasonal and temporal fluctuations
in traffic, as described in the research of Scaffidi
et al. [28] and Cirianni et al. [29]. Such adaptive
algorithms will be able to provide more accurate and
sustainable management of traffic flows in different
conditions.

Green wave systems are an important tool for
optimising traffic flows and reducing the environmental
burden. Their further development and implementation
should include integration with the latest technologies,
such as AI, blockchain, and vehicle-to-vehicle
communication, to create a more sustainable and
environmentally safe urban environment.

5 Conclusions

In this study is demonstrated that the introduction
of a “green wave” mode on Academician Zarifa Aliyeva
Street in Baku has a significant impact on optimising
traffic flows and reducing the environmental load. The
system based on traffic light synchronisation reduced
the average delay time at intersections by 20%, which
improved road capacity and ensured more uniform
traffic flow. This achievement is particularly important
for urban highways with high traffic volumes, where

congestion remains one of the key factors slowing down
traffic flows.

The application of the recommended speed of 50
km/h proved to be a key element in the successful
implementation of the system. It allowed vehicles to pass
through intersections smoothly, minimising the number
of stops and reducing journey times. This optimisation
not only improved the traffic situation, but had a
significant environmental effect, as well. CO, emissions
have been reduced by 15%, while NOx and PM emissions
have been reduced by 12% and 8% respectively. This
contributes to improved air quality in the city, which is
particularly important for densely populated areas with
high concentrations of traffic.

The reduction of the fuel consumption by 10% for cars
and 15% for lorries underlines the economic efficiency
of the proposed solution. Fuel savings reduce vehicle
operating costs, which is important for both individual
drivers and commercial vehicles. In the long term, such
improvements contribute to a more sustainable use of
resources and a lower carbon footprint.

The significance of the study lies in the possibility of
scaling up the proposed system to other sections of the
city’s road network. The implementation of the “green
wave” mode on key arterial roads, taking into account
their peculiarities, will further reduce delay times,
improve the environmental situation and increase the
comfort for road users.

The limitations are related to the lack of a developed
video surveillance and real-time monitoring system,
which limits the adaptability of the proposed approach.
In addition, the study predominantly covered night-
time, which requires testing the effectiveness of the
system under daytime traffic conditions. Prospects
for the future work include the development and
implementation of smart transport systems using
machine learning to predict traffic and adapt traffic
light operation to seasonal and temporal changes. Long-
term monitoring of environmental and economic effects
is also needed to improve the accuracy and efficiency of
the implementation of such solutions.
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Resume

Congested macroscopic fundamental diagrams (MFDs) often display scatter
since accumulation alone does not fully describe immobilization within
stored traffic. In this paper, the stopped fraction, defined as the share of
vehicles that are stopped or nearly stopped, is examined as a complementary
macroscopic state variable. A compact analytical framework shows why
accumulation-only closure can fail when stopped fraction varies at fixed
accumulation. The mechanism is tested using the Simulation of Urban
MObility (SUMO) platform on a stylized signalized grid. Adding stopped
fraction reduces the root mean squared error (RMSE) from 41.32 to 18.79
overall, and from 55.84 to 23.40 in the congested regime, where R? rises from
0.8777 to 0.9785. Stopped fraction therefore provides a practical diagnostic
for congestion states omitted from accumulation-only MFD representations.
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1 Introduction

Macroscopic fundamental diagrams (MFDs) provide
a compact representation of urban network performance
by relating aggregate variables, such as accumulation,
flow and production [1-4]. Their practical appeal is that
a complex urban traffic network can, under suitable
conditions, be represented by a low-dimensional relation.
If a network production can be written as a closed
function of accumulation, then the network state can
be summarized by the number of vehicles stored in the
network.

This closure requirement is demanding. In
congested regimes, scatter, hysteresis and instability
are frequently observed in accumulation-production
relations [5-9]. Such phenomena are often treated as
empirical irregularities or measurement noise. In this
paper, they are instead interpreted as symptoms of an
incomplete macroscopic state description. Accumulation
measures how much traffic is stored in the network, but
it does not directly measure how much of that stored
traffic is effectively immobilized by stopping, blocking
or spillback.

The focus is placed on stopped fraction as a
complementary state variable. The stopped fraction is
the proportion of vehicles in the network whose speeds
are below a small threshold. The central hypothesis is
simple: two traffic states may have similar accumulation
but different stopped fractions, and these differences
can generate different production levels. In that case, an
accumulation-only MFD may remain a useful first-order
representation, but it is not fully closed in the congested
regime.

The novelty of this paper lies in reframing congested
MFD scatter as a closure problem caused by omitted
immobilization information, and in positioning stopped
fraction as a simple macroscopic state variable that
exposes this missing dimension. Existing extensions
of the MFD have emphasized spatial heterogeneity,
multimodal interactions, delay relationships and richer
network descriptions. Instead, emphasis is placed on
stopped fraction, a directly interpretable indicator of
the share of stored vehicles that is not effectively
contributing to movement. This makes stopped fraction
operationally attractive: it can be computed directly
from microscopic simulation or full trajectory data, and
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can be approximated from connected-vehicle trajectories
or speed-based sensing data when sampling coverage is
sufficient, without requiring full reconstruction of the
spatial density field.

This framing yields three specific contributions to
congested MFD analysis. First, a compact analytical
representation that separates traffic storage from traffic
immobilization in congested MFDs is provided. Second, a
controlled microscopic simulation with SUMO is used to
show that stopped fraction explains systematic residual
variation left by an accumulation-only production model
[10]. Third, it is demonstrated that the improvement is
strongest in congested regimes and robust to alternative
accumulation thresholds, establishing stopped fraction
as a useful diagnostic state variable rather than merely
an additional fitting variable.

The remainder of the paper is organized as follows.
The relevant MFD literature is reviewed in Section 2, and
stopped fraction is positioned within existing research.
The analytical representation, SUMO simulation
design and empirical model comparison are presented
in Section 3. The simulation results and robustness
checks are reported in Section 4. The interpretation,
operational implications and limitations of the findings
are discussed in Section 5. The main conclusions are
summarized in Section 6.

2 Literature review

The MFD concept was developed to describe urban
network performance at an aggregate scale [1-3].
Subsequent reviews have emphasized that MFD-based
modelling has become a central framework for network-
wide traffic state estimation, control and performance
evaluation [4]. A well-defined MFD provides a basis
for network-level monitoring and control, including
perimeter control and gating strategies [11]. Analytical
approximation methods have also been developed to
derive MFDs from network structure and traffic-flow
assumptions, and their performance has been evaluated
using microscopic simulation and arterial-network
settings [12]. The stopped fraction concept is also
related to the classical two-fluid view of urban traffic,
which distinguishes moving and stopped vehicles at the
aggregate level [13]. The distinctive contribution here
is not the use of stopped vehicles per se, but the use of
stopped fraction as a macroscopic diagnostic variable for
testing whether accumulation-only MFD closure omits
immobilization information in congested states.

At the same time, empirical and simulation studies
have shown that urban MFDs may exhibit scatter and
hysteresis, especially when congestion becomes spatially
uneven [5-9, 14]. A major explanation for MFD scatter is
heterogeneity. Spatial variability in density can reduce
effective network capacity and weaken the uniqueness
of the accumulation-production relation [5, 7]. Other
studies have examined the dynamics of heterogeneity,

hierarchical control and network partitioning [9, 15]. In
signalized urban networks, local intersection dynamics
and turning movements may also affect aggregate
performance, which further motivates attention to
microscopic mechanisms behind macroscopic scatter
[16-17].

Extensions of the MFD have considered three-
dimensional, multimodal and physically interpretable
formulations [18-22]. More recent work has moved
towards richer state descriptions and richer data
For example, MFD formulations with
volume-delay relationships connect accumulation to
network delay, while reviews of multimodal network
macroscopic fundamental diagrams (NMFDs) emphasize
observability, stability and data-fusion challenges in
empirical calibration [23-24]. Data-rich studies based
on drone trajectories, mobile observations and multi-
source sensing further illustrate the value of measuring
more than a single aggregate storage variable [25-26].
The MFD concept has also been extended beyond traffic
production to network-level environmental performance,
including emission-MFD relationships [27].

Microscopic simulation provides a controlled way
to examine such mechanisms. SUMO is widely used
as an open-source microscopic traffic simulator [10],
and a comparison of open-source and commercial
microsimulation platforms, including SUMO, was
recently presented in this journal for traffic simulation
case studies [28].

Taken together, the state of the art shows that MFD
research has progressively enriched the description
of network traffic through heterogeneity measures,
multimodal formulations and increasingly detailed data
sources. However, the specific role of stopped fraction
as a compact diagnostic of accumulation-only closure
failure remains underexplored. This gap is addressed
by using stopped fraction as a diagnostic state variable
to test whether accumulation-only closure suppresses
relevant immobilization information in congested states.

sources.

3 Methodology

The analytical representation of the closure problem
is introduced in this section, followed by a description
of the SUMO simulation design and presentation of
the empirical model comparison used to evaluate the
diagnostic role of stopped fraction.

3.1 Analytical representation

Let # = 0 denote the network accumulation in
vehicles, let s € [0,1] denote stopped fraction, and
let P denote network production measured as total
distance travelled per unit time over a given aggregation
interval. Accumulation represents traffic storage.
Stopped fraction represents the share of vehicles that
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are stopped or nearly stopped. The moving component of
accumulation is therefore

n"=(1-—3s)n. (1)

If v(n,s) denotes the effective per-vehicle productivity
of the moving component, with units of distance travelled
per vehicle per unit time, network production can be
represented as

P=(1—s)nv(n,s). (2)

This representation separates two mechanisms. A
higher stopped fraction directly reduces the number of
effectively moving vehicles through (1 - s), and it may
also reduce the productivity of the moving component
through v(n,s).

An accumulation-only MFD assumes

P = fln), (3)

whereas the augmented representation considered here
is

P=g(ns). (4)

The closure issue is whether the production is
uniquely determined by accumulation. If two states have

}

the same n but different s, and if P varies with s as in
Equation (2), then Equation (3) suppresses relevant state
information. Stopped fraction is therefore interpreted as
a complementary macroscopic state variable rather than
a purely statistical regressor.

3.2 SUMO simulation design

A controlled microscopic simulation was conducted
using Simulation of Urban MObility (SUMO). The use
of an open-source microsimulation platform is consistent
with recent transport-simulation applications that
compare SUMO with commercial microsimulators and
with urban-intersection studies that use microscopic
traffic-flow parameters to examine delay at signalized
intersections [17, 28]. The network was a synthetic
10 x 10 signalized grid with one lane per direction, 200 m
link length and a speed limit of 13.9 m/s (Figure 1). The
simulation horizon was 7200 s with a 1 s simulation step.
Traffic demand followed three phases: a loading phase
from 0 to 2400 s, a high-demand congested phase from
2400 to 4800 s, and a recovery phase from 4800 to 7200 s.
Vehicles were generated by a Poisson process with time-
varying demand and assigned to boundary-to-boundary
trips across the grid. These choices define a stylized
mechanism test rather than a fully specified benchmark
instance: the network size, link length, speed limit,

} !

—> . <+
D < 4
—> o 4

f

f f

10 x 10 signalized intersections; 200 m links

Figure 1 Schematic representation of the synthetic signalized grid implemented in SUMO, boundary arrows indicate the
boundary-to-boundary demand structure; each link is 200 m long and has one lane per direction
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simulation horizon, aggregation interval and demand
phases are reported in the article, but reproducibility
of the numerical trajectory from the manuscript alone
is not claimed without the corresponding demand, route
and signal input files.

The traffic states were aggregated every At = 60 s.
Let T, denote the set of 1 s simulation samples in
aggregation interval ¢, with |7;| = 60, and let V;
denote the vehicles present in the network at sample T,
so that N; =|V:|. For each aggregation interval,
accumulation was measured as the sample average
number of vehicles in the network:

1
ne = 757 Ne. 5
'S r;n v (5)
For samples with N: > 0, the instantaneous
stopped share was computed from the vehicles in V7 ;
when N; = 0, this instantaneous share is defined as
zero. Stopped fraction was then defined as

_ 1
St = | Ttl-rezno-ﬁ
{ie Ve vir <01m/s} (6)
5. — " L Ne> 0,
0 N =0,

where v;: is the speed of vehicle i at simulation step 7 .
Let Vi = U:cr V: denote the set of vehicles present
at least once during interval ¢. Network production was
measured as a distance travelled per unit time:

1
P == Adi, (7
b= At 2y Adu
where Ad;, is the distance travelled by vehicle i inside
the network during interval ¢. The unit of P, is therefore
distance per unit time. The resulting dataset contained
120 aggregated observations.

3.3 Model comparison

Two empirical specifications were compared. The
accumulation-only model used a cubic polynomial in n:

Ane) = Bo+ Bine + Bani + Bani. (8)

The augmented model used the complete total-
degree-three polynomial basis in n and s:

g(nys) = a0+ onm + azs, + osnf + asns +
+ass? + oeni + arnis, + asnist + osi.

The fitted relationships are P = f(n;)+ & and
P = g(ny,st) + u:. The comparison is not intended
as a structural calibration of Equation (2). Instead, it
tests whether the stopped fraction contains systematic
information about production that remains after
conditioning on accumulation. Model performance was
evaluated using in-sample R? and in-sample root mean

9

squared error (RMSE), so the reported values should be
interpreted as diagnostic fit measures rather than out-
of-sample prediction accuracy. Congested regimes were
defined by upper-quantile subsets of accumulation.

4 Results

The simulation evidence is reported in this section,
beginning with the baseline accumulation-production
relation and followed by the model comparison,
robustness to the congestion threshold, and the loading-
recovery trajectory.

4.1 Accumulation-only scatter and stopped
fraction

The production-against-accumulation plot for the
120 aggregation intervals obtained from the SUMO
experiment is shown in Figure 2. The diagram exhibits
the expected unimodal structure: production first
increases with accumulation, reaches a maximum at
an intermediate level, and then declines as the network
becomes congested. This pattern confirms that the
simulation generates a conventional MFD-like relation
and provides a suitable basis for examining whether
accumulation alone is sufficient to describe congested
states.

Figure 2 also clarifies why a simple goodness-of-fit
statistic can be misleading when the purposeis to evaluate
closure. A smooth accumulation-production relation
can be visually apparent even when observations with
similar accumulation differ in their internal mobility
conditions. The accumulation-only plane contains no
information about whether the stored vehicles are
moving continuously, repeatedly interrupted by signals,
or immobilized by local queues. Therefore, the apparent
compactness of the relation should be interpreted as a
baseline representation rather than as evidence that no
omitted state dimension remains.

The same observations are re-plotted in Figure
3, with each point colored by stopped fraction. This
figure is central to the interpretation of the simulation
results. If stopped fraction were only random noise with
respect to production, no systematic organization of
colors would be expected in the accumulation-production
plane. Instead, the colored plot shows that stopped
fraction varies across the simulated trajectory and that
observations with higher stopped fraction tend to be
located toward the lower side of otherwise comparable
accumulation levels. The color pattern therefore reveals
information that is hidden in Figure 2: part of the
vertical dispersion in the MFD plane is associated with
the extent to which the stored traffic is immobilized.

The visual comparison between Figures 2 and
3 is consistent with the analytical representation in
Equation (2). At a given accumulation, a larger stopped
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Figure 2 Accumulation-production diagram from the SUMO grid simulation, the figure provides the baseline
accumulation-only MFD representation. It confirms that accumulation is a strong first-order descriptor, but it does not
reveal differences in stopping conditions between the states with comparable accumulation
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Figure 3 Accumulation-production diagram colored by stopped fraction, the color scale reveals a systematic immobilization
dimension that is suppressed in the accumulation-only representation, higher stopped fractions tend to correspond to lower
production between observations with comparable accumulation
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fraction reduces the moving component of accumulation
and may also reduce the effective productivity of the
vehicles that remain mobile. The colored diagram
does not by itself prove causality, but it provides a
useful diagnostic indication that stopped fraction is
not merely an auxiliary label attached after the fact.
Rather, it appears to organize a residual dimension of
the simulated MFD. This motivates the formal model
comparison reported in the following subsection.

4.2 All observations and congested regime

A comparison of the accumulation-only specification
P = fln) with the augmented specification P = g(n, s)
is provided in Table 1. The comparison should be
read as a diagnostic test rather than a structural
calibration exercise. Both models use flexible cubic
polynomial terms, so the purpose is not to identify a
unique behavioral law. The purpose is to ask whether
stopped fraction contains systematic information about

production after accumulation has already been taken
into account.

For all observations, the accumulation-only
model achieves a very high explanatory power, with
R? = 0.9971. This result is expected in a controlled grid
simulation and confirms that accumulation remains the
dominant aggregate descriptor of production. However,
adding stopped fraction reduces in-sample RMSE from
41.32 to 18.79, corresponding to a 54.5% reduction. The
improvement is therefore substantial even when the
baseline model already fits the overall relation well. This
is an important point for interpretation: the contribution
of stopped fraction is not primarily to create an MFD
where none exists, but to explain the part of production
variation that remains unresolved after conditioning on
accumulation.

The effect is more informative in the congested
regime, defined here as observations above the
60th percentile of accumulation. In this subset, the
accumulation-only model becomes much less adequate:
its R? falls to 0.8777 and its RMSE increases to 55.84.

Table 1 Model comparison for all observations and the congested regime

Sample Model R2 RMSE Reduction

All observations P =f(n) 0.9971 41.32 -

All observations P =g(n,s) 0.9994 18.79 54.5%
Congested regime P =f(n) 0.8777 55.84 -
Congested regime P =g(n,s) 0.9785 23.40 58.1%
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Figure 4 Residual diagnostics for the accumulation-only model in the congested regime, residuals are plotted against
stopped fraction. The negative association indicates systematic overprediction for states with high stopped fraction
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Table 2 Robustness to congestion threshold
Sample Rz f(n) R2 g(n,s) RMSE f(n) RMSE g(n,s) Reduction
n > Q50 0.9377 0.9902 56.35 22.31 60.4%
n > Q60 0.8777 0.9785 55.84 23.40 58.1%
n Q70 0.6607 0.9381 59.58 25.45 57.3%

After the stopped fraction is added, R? rises to 0.9785
and in-sample RMSE falls to 23.40, corresponding to a
58.1% reduction. The contrast between the full sample
and the congested regime is theoretically meaningful.
It indicates that the limitation of accumulation-only
closure is not uniform over all traffic states, but becomes
more visible when the network is heavily loaded and
stopping conditions become more variable.

The residual analysis provides a more direct
diagnostic of the same mechanism. The residuals of the
accumulation-only model are plotted against stopped
fraction for the congested regime in Figure 4. A positive
residual means that the accumulation-only model
underpredicts production, whereas a negative residual
means that it overpredicts production. The downward
pattern therefore has a clear traffic interpretation:
observations with higher stopped fraction tend to
generate less production than would be expected from
accumulation alone. In other words, accumulation-only
modelling treats those states as comparable to other
states with similar storage levels, but their greater
immobilization makes them less productive.

The corresponding correlation is r = -0.787,
indicating a strong negative association between stopped
fraction and the residual component of production in the
congested regime. This result is stronger than a simple
improvement in fit because it identifies the direction
of the omitted information. The high stopped fraction
does not merely add arbitrary explanatory power; it is
associated with lower-than-predicted production at a
given accumulation, which is precisely the sign implied
by Equation (2). The residual plot therefore shows that
a meaningful part of accumulation-only scatter is not
random noise but a systematic signature of omitted
immobilization information.

4.3 Robustness to the definition of congestion

Since congestion is not a sharply defined state in
aggregate data, the results should not depend on a single
threshold. A robustness check in which the congested
regime is defined by alternative upper-quantile subsets
of accumulation is therefore reported in Table 2. The
pattern is stable across all three definitions. When
congestion is defined as observations above the 50th,
60th and 70th percentiles of accumulation, adding
stopped fraction reduces RMSE by 60.4%, 58.1% and
57.3%, respectively.

The threshold comparison also reveals a second
pattern. As the definition of congestion becomes more

restrictive, the explanatory power of the accumulation-
only model deteriorates: R* falls from 0.9377 for n > @,
to 0.6607 for n > @,,. This decline is consistent with the
idea that accumulation becomes less sufficient as the
analysis focuses on heavily congested states, where the
same amount of stored traffic can correspond to different
degrees of immobilization. By contrast, the augmented
model remains substantially more accurate across all
thresholds, with R? above 0.93 even in the highest
accumulation subset. The robustness check therefore
strengthens the main conclusion: stopped fraction is the
most useful precisely in the regime where accumulation-
only closure is most vulnerable.

4.4 Loading-recovery trajectory

Finally, the simulated loading-recovery trajectory
provides a qualitative view of how the same mechanism
can appear dynamically. The sequence of 60 s aggregation
intervals is plotted in the accumulation-production
plane in Figure 5, with the loading, congested and
recovery phases distinguished. This figure is not
intended as a formal test of hysteresis, since the
experiment was designed primarily to diagnose the
contribution of stopped fraction. Nevertheless, it is
useful for interpreting why path dependence matters in
congested MFDs.

During the loading phase, accumulation increases
as demand rises. During the recovery phase, demand
is reduced, but the network does not necessarily
return immediately to the same internal state that
characterized the corresponding loading accumulation.
Queues, blocked movements and stopped vehicles may
persist after total accumulation has begun to decline.
Therefore, observations with comparable accumulation
can occur in different phases of the experiment and
can be associated with different production levels.
This dynamic pattern is consistent with the broader
interpretation of stopped fraction as an omitted state
dimension: the accumulation coordinate alone records
how many vehicles are present, but not how mobile those
vehicles are at that point in the traffic history.

5 Discussion

The results should not be read as evidence that
accumulation is unimportant. On the contrary, the
accumulation-only model explains much of the overall
variation in production. This is consistent with the
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Figure 5 Loading-recovery trajectory in the accumulation-production plane; a supplementary visualization of phase-
dependent movement in the simulated MFD is provided, illustrating why congested observations should not be interpreted
solely through accumulation

basic MFD premise. The key finding is more specific: in
congested regimes, the remaining production variation is
systematically related to stopped fraction. Accumulation
provides a strong first-order description, while stopped
fraction captures an omitted immobilization dimension.

From an operational perspective, the value of stopped
fraction lies in its simplicity. Unlike detailed spatial
heterogeneity measures, it can be computed directly
when vehicle speeds are observed for the relevant vehicle
population, and it can be approximated from connected-
vehicle monitoring or other speed-based diagnostics
when the sample is sufficiently representative. This
operational feature is important because the proposed
variable is not intended as an abstract fitting device, but
as a measurable indicator of the extent to which stored
traffic is no longer producing movement.

This interpretation is consistent with the analytical
representation in Equation (2). At a fixed accumulation,
a higher stopped fraction reduces the effective moving
component of traffic and may also reduce the productivity
of moving vehicles. When such a variation is projected
onto the accumulation-production plane, it appears as
vertical scatter. Conditioning on stopped fraction does
not necessarily yield complete closure, because other
omitted dimensions such as spatial queue distribution,
signal coordination and route concentration may also
matter. The simulation results demonstrate that stopped

fraction captures a meaningful component of the omitted
state information.

The loading-recovery trajectory in Figure 5 further
shows that the omitted state information is not only
cross-sectional but also dynamic. Similar accumulation
values may appear during different phases of the
simulated experiment, while stopped conditions and
production need not coincide. This is consistent with the
broader view that hysteresis-like patterns in congested
MFDs can arise when the projected accumulation-
production plane suppresses path-dependent
immobilization.

The simulation design is intentionally stylized.
The synthetic grid does not represent a calibrated real
city, and the demand profile was selected to generate
loading, congestion and recovery under controlled
conditions. This is a limitation with respect to external
validity and reproducibility from the manuscript alone,
because the exact numerical trajectory also depends on
simulation input files such as the demand realization,
route assignment and signal program. The objective
was not to provide a transferable calibrated benchmark,
but to determine whether the proposed closure-failure
mechanism can emerge under microscopic vehicle
dynamics. Future work should examine whether the
same pattern appears in calibrated urban networks and
empirical trajectory datasets.
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6 Conclusions

Stopped fraction was examined as a complementary
macroscopic state variable for congested MFDs. The
analytical argument is that accumulation measures
traffic storage but not traffic immobilization. If states
with similar accumulation differ in stopped fraction,
production need not be fully determined by accumulation
alone. Stopped fraction therefore provides a direct
way to distinguish stored traffic that remains mobile
from stored traffic that is effectively prevented from
contributing to production.

A controlled SUMO simulation supported this
mechanism quantitatively. Across all 120 observations,
adding stopped fraction reduced in-sample RMSE from
41.32 to 18.79, a 54.5% reduction. In the congested
regime defined by observations above the 60th percentile
of accumulation, R? increased from 0.8777 to 0.9785
and RMSE fell from 55.84 to 23.40, a 58.1% reduction.
The residuals of the accumulation-only model were
strongly negatively correlated with stopped fraction in
this regime (r = —0.787), showing that high-stopping
states systematically produced less movement than
accumulation alone would predict. The result was robust
to alternative congestion thresholds: RMSE reductions
ranged from 57.3% to 60.4% for the 50th-70th percentile
definitions. These findings indicate that a part of the
scatter in congested MFDs is a projection effect caused
by omitted immobilization information rather than
purely random noise.

The practical implication is that MFD-based
monitoring and control may benefit from recording not
only accumulation but also the proportion of vehicles
that are nearly stopped. Such information can be derived
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