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Abstract.

Modern road freight transport faces increasing demands for speed and economic efficiency, rendering
traditional planning methods insufficient. Concurrently, growing transit flows in Kazakhstan necessitate an
urgent review of infrastructure and logistics strategies. The research niche of this article is the integration
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of digital platforms into existing logistics systems, specifically focusing on the interaction between different
participants under various management models in road freight transport. The primary aim of the study
was to justify the effectiveness of digital tools for optimising the management of logistics processes. The
central research question evaluated the effectiveness of centralised, decentralised, and hybrid logistics flow
management models under the implementation of digital solutions. The methodology relied on transport
flow modelling, big data analysis, and the simulation of logistics processes. Data spanning 2020-2025 from
official transport portals and meteorological resources in Kazakhstan were utilised to recreate authentic
logistics structures. The quantitative simulation results demonstrated that adopting a hybrid management
model integrated with geographic information systems and loT reduced average vehicle downtime by 18%
and improved peak-hour delivery reliability to 94%. Furthermore, pilot scenarios using a decentralised
strategy reduced peak-hour delivery times by 12% and unplanned stops by 17%. Concurrently, based on
the synthesis of secondary literature, the adoption of digital solutions within such models can potentially
reduce transportation costs by 15-25% and improve demand forecasting accuracy by 45%. In conclusion,
within the modelled Kazakhstan-specific road, climatic, and infrastructure conditions, the results suggest
that hybrid digital logistics management may improve selected operational indicators compared with
centralised and decentralised models, providing actionable directions for logistics policy specifically for
the analysed routes.
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Introduction

The efficiency of road freight logistics process management is critical for main-
taining transport infrastructure performance. Complex modern logistics systems
require speed, dependability, and cost efficiency. Fast-changing markets are difficult
for traditional planning and management. Thus, GIS, big data analytics, the IoT, and
AT are needed to increase supply chain transparency, transport route optimisation,
and customer service. Digitalisation affects road freight logistics management in sev-
eral ways. Globalisation and growing trade require adaptable logistics management.
Rising freight volumes, transport operations’ participation, and system interaction
require data integration and process automation. Digital technology may improve
productivity, delivery time, and cost, which is crucial for global competitiveness.

Road freight firms have poor information system integration, limited real-
time vehicle and road data, and high logistics optimisation costs. Route planning,
cargo monitoring, and traffic, accident, and weather forecasts are automated via
digitalisation (Bisenovna et al. 2024; Kairatkyzy et al. 2022; Smailov et al. 2025a).
Demand forecasting and commodity-flow analysis use analytics. Much research has
examined logistics management’s digital transformation between 2019 and 2025.
Aittoniemi (2022) showed that unmanned vehicles and drones might cut expenses
and enhance delivery accuracy. Artificial intelligence predicted road conditions
and optimised routes, reducing fuel usage and delivery time, according to Dikshit
(2023). Gorman (2023) examined how big data can track goods and detect logistics
bottlenecks. IoT devices help manage vehicles and goods, according to Farahpoor
(2023). Bansal (2020) stressed the relevance of GIS for route planning, whereas
Layaoen et al. (2023) showed that digital technologies reduce logistical costs and
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improve service quality. In 2019, Babar and Arif concentrated on data processing
approaches for accurate transport demand forecasts and real-time route optimisa-
tion. Logistics digitalisation has made progress, but centralised, decentralised, and
hybrid models still need to respond to real-time disturbances.

The research question was: Which logistics flow management model — cen-
tralised, decentralised or hybrid — provides the highest operational performance
in Kazakhstan-specific road freight transport conditions when supported by GIS,
IoT and data-driven digital tools?

The research hypothesis assumed that a hybrid logistics flow management model
combining centralised strategic planning with decentralised real-time route adapta-
tion, supported by GIS, IoT and blockchain-based data exchange, would outperform
purely centralised and decentralised models in terms of reaction time, delivery
reliability, route flexibility, weather resilience and vehicle downtime reduction.

This study’s quantitative comparison of AI, IoT, and GIS integration across
models is innovative. These findings give international researchers a flexible frame-
work to improve goods system resilience. The study investigated how digitisation
could improve road freight logistics management. The study examined how artificial
intelligence and the IoT affect route optimisation and goods transport management,
as well as the effectiveness of centralised, decentralised, and hybrid logistics flow
management models under digital solution implementation.

Materials and Methods

To assess how digital tools affect transport efficiency, the study employed trans-
port flow modelling, big data analysis, and logistics process simulation. The primary
dataset comprised historical operational metrics and real-time transit logs collected
over a 63-month period, from January 2020 to March 2025 (Bureau of National
Statistics 2023a; Chen et al. 2021; Government of the Republic of Kazakhstan 2022).
The analysis included 450 distinct delivery cases across 12 major transit corridors,
specifically focusing on the critical “Karaganda — Balkhash” and “Taldykorgan -
Ust-Kamenogorsk” highways connecting Astana, Almaty, and Shymkent. The model
incorporated independent variables such as traffic density (vehicles per hour), route
length (kilometres), frequency of extreme weather anomalies, and digital infra-
structure presence, alongside dependent variables like delivery time (hours) and
transportation costs (USD per tonne-kilometre). Logistics parameters and loading/
unloading node data were sourced from KazLogistics platforms (Association of
National Freight 2021), while meteorological delay multipliers were derived from
Kazhydromet anomaly reports (RSE “Kazhydromet” 2023).

Route networks were integrated with real-time IoT sensor data and meteoro-
logical inputs through a central digital logistics platform using a GIS-based model.
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Figure 1 illustrates the main transport routes modelled in the study, highlighting
the integration of real-time IoT sensor data and meteorological inputs into a central
digital logistics platform.

Central Digital
Digital Logistics
Platform

Taldykorgan -
Ust-Kamenogorsk

GIS-Integrated Digital Corrid k
Blue Lines: Smart Freight Routes
Icons: Real-time loT & Weather Data Inputs |,

Figure 1. GIS-integrated digital corridor network in Kazakhstan
Source: own study

The study simulated end-to-end supply chain operations by mathematically
optimising dynamic route selection and vehicle dispatch under simulated envi-
ronmental disturbances. The primary objective function was the minimisation of
total transport time and operational costs, subject to the constraint of maintaining
aminimum 95% on-time delivery rate and assuming a homogenous fleet of heavy-
duty vehicles operating within regulatory speed limits. The three logistics flow
management models were operationalised as follows: the centralised model was
programmed to route all dispatch decisions through a single master control system
prior to departure; the decentralised model empowered individual simulated vehicle
nodes to execute autonomous path corrections based strictly on local sensor inputs;
and the hybrid model integrated pre-departure centralised strategic planning with
real-time, local, en-route adaptations. GIS and IoT inputs were injected into these
scenarios to evaluate operating performance across varying traffic densities and
weather events.

Methodologically, an Ethereum-based private blockchain infrastructure con-
sisting of 50 distinct simulated network nodes (representing vehicles and ware-
houses) was deployed (Ethereum Foundation 2023). Smart contracts were coded
to autonomously execute and record re-routing decisions based on peer-to-peer
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data sharing, providing a verifiable mechanism to simulate trustless, decentralised
logistics management without central server latency. Concurrently, historical API
data extracted from Waze and Google Maps, specifically historical transit speeds
and bottleneck coordinates during parallel timeframes, were utilised to calibrate the
simulation’s baseline traffic flows and cross-verify the accuracy of the algorithm’s
chosen alternative routes. To establish a comparative pre-digital baseline, historical
performance metrics from 2020 were indexed as a base value of 100, allowing all
subsequent post-digitalisation indicators to be calculated and expressed as relative
percentage improvements. Finally, the model outputs were checked against a hold-out
sample of 200 recorded freight trips from 2024, with predictive deviations remaining
within the assumed error threshold. Efficiency was ultimately measured by traffic
change response time, route flexibility, peak demand delivery dependability, and
system stability. Data were processed and visualised using Python (Pandas, Seaborn),
QGIS, Excel, and Google Data Studio.

Results

Road freight transport in Kazakhstan rose 13.9% to 269.6 million tonnes in the
first quarter of 2025. Freight turnover rose 14.3% to 137.5 billion tonne-kilometres
from the first quarter of 2024. Road transit transport in Kazakhstan rose to 5 million
tonnes in 2025, a 39% increase from 2024 (Bureau of National Statistics... 2023b).
These numbers show Kazakhstan’s logistics system’s rising reliance on road transport
and the need for digital technology to increase efficiency and sustainability.

Operational flexibility distinguishes road freight transit from rail, sea and
air. Unlike rail or maritime systems, it does not have defined routes or schedules,
allowing rapid delivery route alterations and supporting “just-in-time” supply
chains (Yusupova et al. 2024). Road transport serves food, construction, and auto-
motive industries with small to large loads. Road freight operations require good
infrastructure despite their benefits. Delays and higher operational expenses might
result from poor road conditions, capacity, and traffic management (Cullen et al.
2021; Jakubik et al. 2017). Weather, accidents, congestion, fuel price changes, and
regulatory changes can threaten the sector. For sustainable road freight transport
development, safety, vehicle, and environmental rules must be followed (Khayesi
2020; Voloshina et al. 2019). For a more detailed understanding of the differences
between informatisation and digitalisation, as well as the impact on logistics process
management, Table 1 is provided, which clearly demonstrated the main aspects of
these concepts.
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Table 1. Comparative analysis of informatisation and digitalisation
Process/Differ- Automation Digitalisation

ence

Integration of
processes and
data

Processes transferred to
electronic form; routine
tasks automated

Unified information space using Big Data and
Al (e.g., SAP, Oracle, IBM, Microsoft Azure) for
real-time integration and logistics automation

Virtualisation of
processes

Modelling in software
without real-time updates

Digital twins enabling real-time tracking and
adjustments

Data manage-
ment

Solves individual tasks;
limited reuse

Continuous life-cycle management: automatic
collection, analysis, and generation of new data

Process manage-
ment

Handles standard cases
post factum

Proactive management via Big Data and ma-
chine learning

Flexibility

Existing models digitised
without adaptation

Real-time collaboration across locations, allow-
ing rapid adjustment to changes

Source: developed by the authors based on Novytska (2022), Raevneva et al. (2021), Tkachenko and Hlushchenko
(2020)

Only particular corporate procedures were covered by informatisation, which
mostly involved automation and electronic transfer. Digitalisation, which includes
data integration, big data analytics, and artificial intelligence, increased managerial
flexibility and efficiency. Digitalisation allowed companies to adapt and innovate
on a larger scale. These discrepancies highlighted the shift from simple automated
management to integrated and adaptive digital systems, enabling business process
improvements and efficiency. In logistics and transport, geographic information
systems (GIS) were essential for gathering, processing, analysing, and visualising
spatial data (Smailov et al. 2025b).

GIS enabled efficient decision-making and transport process optimisation
in road freight transport planning. Such systems used real-time data on location,
infrastructure, road networks, weather, traffic congestion, and accidents to improve
route planning and reduce time and fuel expenditures (Lyu et al., 2021). GIS helped
analyse alternate routes depending on road conditions, traffic density, distance, and
travel time, enhancing efficiency and decreasing vehicle wear (Albalawneh and
Afendee Mohamed 2022). Using GPS tracking, GIS allowed dispatchers to change
routes and respond to unexpected circumstances in real time (Li et al. 2020). These
skills optimised fuel use and resource allocation, reducing environmental effect
(Yin et al. 2021). The systemic modernization of Kazakhstan’s road infrastructure
provides a vital baseline for assessing digital logistics solutions. Recent macro-level
upgrades, which encompass the restoration of nearly 12,000 km of highways to
increase capacity and safety, act as the physical foundation for integrating advanced
transport technologies (The Steppe 2023; Modernization of the country’s... 2024).
Specifically, recent infrastructure upgrades along the “Karaganda — Balkhash” and
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“Taldykorgan — Ust-Kamenogorsk” corridors served directly as the established
capacity parameters and spatial variables for the route networks modelled in this
study. Embedding these updated infrastructural constraints into the methodology
allowed for a controlled evaluation of centralised, decentralised, and hybrid logistics
management systems under currently realistic, modernized physical conditions.
Transport logistics enhanced with digital route optimisation. Geographic infor-
mation systems improved planning by integrating traffic, congestion, and weather
data (Bulgakov et al. 2020, Dolzhenko et al. 2021; 2025; Gan 2022). DHL employed
TMS and ITS to analyse congestion, weather, and accidents in real time to reduce
delivery time and fuel costs (Droj et al. 2021). ITS applications in Almaty Trans-
port and Kazakhstan Temir Zholy provided network-wide traffic control, incident
response, and optimisation under excessive demand (Soori et al. 2023). DHL delivery
time dropped 10-15%, fuel expenses dropped 12%, while Kazakhstan Temir Zholy
cut maintenance costs by 8-10% (Verma et al. 2024). Real-time updates from Waze
and Google Maps improved dispatch efficiency and route compliance.
Digitalisation enabled dynamic route optimisation and forecasting, lowering
delivery time and costs, improving efficiency, and improving demand forecasting
accuracy, increasing transport resilience. A review of the existing literature regard-
ing road freight logistics before and after digitalisation shows significant gains in
delivery, cost effectiveness, dependability, productivity, and inventory management,
establishing a benchmark that digital technologies alter logistics operations. Table 2
presents this literature-based background synthesis, which is derived entirely from
secondary aggregated data sourced from existing industry case studies in the liter-
ature, rather than our own direct primary empirical testing or simulation results.

Table 2. Comparison of key logistics indicators before and after the introduction
of digital technologies

Indicator Beforet(ii(l)iltahsa- After digitalisation | Change (%)
Order delivery time 5 days 1 day -80%
Transportation costs 100% 75-85% -15-25%
Number of supply failures 100% 80% -20%
Productivity of logistics opera- 100% 110% +10%
tions
Accuracy of demand forecasting 100% 145% +45%
Reduction of the volume of illig- 100% 50% -50%
uid stocks

Source: developed by the authors based on Wang and Sarkis (2021), Herold et al. (2021) and Lumenspei (2023)
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Table 2 quantified changes in important logistics variables before and after digital
technologies, allowing assessment of scale and type. This benchmark comparison
was compiled by synthesising typical logistical situations with different digitalisation
levels, aggregated case data, empirical observations, and expert opinions directly
from the cited literature. Indicator normalisation (100% = baseline before digital-
isation) was applied to these external literature findings to show relative changes
across these secondary sources without revealing confidential data.

The literature-based benchmarks indicated that digitalisation could improve
logistics processes by potentially reducing delivery times by up to 80% and decreas-
ing transport expenses by 15-25% through the use of GIS and digital monitoring.
Based strictly on this secondary data, real-time tracking and risk forecasting reduced
supply failures by 20% and improved logistics productivity by 10%. Furthermore,
these external industry case studies report that improved demand forecasting
accuracy (45%) may contribute to reduced stock levels and halved illiquid stocks
(-50%), indicating adaptive inventory management within the assumptions of the
simulation. Digital logistics must address traffic response speed, delivery reliability,
flexibility, weather, and vehicle downtime. Modern technologies like GIS, IoT, and
blockchain improve real-time decision-making. Hybrid centralised—decentralised
models improve routes for traffic, time, weather, and other factors, enhancing effi-
ciency. Table 3 shows own simulated indicators comparing reaction time, delivery
reliability, and adaptability across different management models. To generate these
precise operational values, baseline parameters representing foundational reaction
times, delivery reliabilities, and general weather impacts were first extracted from the
empirical findings of Chen et al. (2021) and Gao et al. (2025). These literature-de-
rived parameters were then utilised as base inputs in our GIS and Ethereum-based
simulation models to actively project and generate the operational performance of
each management model under the specific infrastructural, traffic, and meteoro-
logical conditions of Kazakhstan.
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Table 3. Comparative analysis of key logistics indicators before and after the introduction of digital
technologies in road freight transport management

Indicator Centralised Decentralised Hybrid
model model model
Reaction time to changing situation ~5 minutes ~3.5 minutes <2 minutes
Reliability of delivery during peak hours 82% 88% 94%
Flexibility of route reconfiguration Low Medium High
Impact of weather conditions on delivery +I_31;)%2 gga;[;)) Aver;g;()ﬂS— Low (<10%)
Average reduction in downtime 6% 11% 18%
Integration with IoT and GIS Partial Limited Full
Possibility of using blockchain Limited Difficult High
Efficiency in multi-level logistics Low Medium High

Source: developed by the authors based on literature-derived baseline parameters from Chen et al. (2021) and Gao
etal. (2025), calibrated to Kazakhstan-specific infrastructure, traffic and meteorological conditions

The analysis presented in Table 3 made it possible to compare three logistics
management models (centralised, decentralised, and hybrid) according to key
efficiency indicators. In Kazakhstan, the centralised model, typical for large state
operators such as JSC “KazAutoTrans”, demonstrated limited flexibility and high
sensitivity to weather and infrastructural conditions. Decentralised approaches,
applied by several regional carriers, ensured faster reaction to local changes but
were inferior in technological integration. The hybrid model, implemented by pri-
vate digital platforms (for example, Wolt, Glovo, MyFreight), showed the highest
results in flexibility, resilience, and adaptability. These findings suggest the potential
expediency of transitioning to hybrid management formats to help enhance overall
logistics sustainability in the country.

It was particularly worth noting that the introduction of digital tools not only
improved indicators in terms of planning and delivery but also improved the accu-
racy of demand forecasting, which allowed reduction of illiquid inventories and
improvement of overall logistics productivity. These results underlined that the
use of hybrid management models integrated with modern technological solutions
contributed to the improvement of both internal and external factors influencing
logistics. In addition, the results showed that blockchain technologies also played
an important role in ensuring transparency and reliability of logistics operations,
although deeper study was required to fully understand the impact.

The comparison between the literature-based benchmarks in Table 2 and the
scenario-modelling outputs in Table 3 suggests that the introduction of digital solu-
tions may contribute to reduced vehicle downtime, increased demand forecasting
accuracy, and fewer supply failures under the modelled conditions. The greatest effect
was recorded with the use of hybrid management models combining centralised
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planning with operational adaptation to external influences (traffic jams, weather
conditions). The integration of IoT monitoring, GPS navigation, GIS analytics, and
blockchain registers contributed to increased transparency of operations, reduced
operating costs, and improved routing. The results were compared with selected
industry indicators and literature-based evidence, which supports the plausibility
of the modelled tendencies (Verma et al. 2024; Wang and Sarkis 2021; Herold et
al. 2021; Lumenspei 2023; Gao et al. 2025). The modelled results indicated that the
integration of digital solutions, including IoT, GIS, and blockchain, may contribute
to reducing logistics costs, improving forecasting accuracy, and accelerating deliv-
ery. The modelled scenarios projected a sustainable improvement in key indicators
compared with the pre-digitalised baselines.

Discussion

The results showed that road freight transit’s mobility and flexibility for short-
and medium-distance deliveries are crucial to modern transport. Road infrastruc-
ture quality, automation, and digital technology determine its efficiency. The study
found that weather, traffic, accidents, economic volatility, and fuel prices strongly
affect road transport. These problems demand logistics businesses to be flexible.
Nikitas et al. (2020) noted that Al and IoT improve adaptability through predictive
analytics that reduce traffic and weather delays. This study likewise uses digital tools
but emphasises Big Data and blockchain for logistics cost forecasts and operational
transparency.

Millonig and Haustein (2020) explored human factors in transport digitalisation.
They found that digital literacy and change resistance often hinder technological
breakthroughs. The previous research concentrated on socio-organizational impedi-
ments and staff training, but this study focused on technological and infrastructural
aspects of digital transformation. The studies also showed that modern logistics
systems need more than basic automation. Digitalisation through Big Data, IoT, and
Al is necessary for effective management. Intelligent transport systems and transport
management systems provide dynamic route design, traffic prediction, and cost
reduction (Wojcik et al. 2022). Xia et al. (2020) also recognised Al-based platforms
and ITS as logistics digitalisation components. The recent study also highlighted
blockchain technologies for data openness and security. Because they combine
road infrastructure, traffic intensity, weather, and accident risks, GIS technologies
are crucial for route optimisation. Pavard et al. (2023) demonstrated GIS-based
route planning’s efficacy. These methods are especially useful in Kazakhstan due to
regional road infrastructure quality disparities.

Transport businesses are prioritising environmental and economic sustainabil-
ity. Centobelli et al. (2020) stressed the growing relevance of green logistics. Digital
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tools increase route optimisation and resource efficiency, reducing emissions. The
findings suggest digitalisation and infrastructure modernisation are needed to
address economic and environmental issues. Data-driven logistics and intelligent
route management technologies boost efficiency and reduce environmental impact.
These findings agree with Duggal et al. (2021) and He et al. (2024), who stressed
the need of technical innovation and integrated logistics systems for road freight
transport sustainability.

Conclusion

The research hypothesis was supported within the simulated Kazakhstan-spe-
cific conditions: the hybrid model achieved the best overall performance compared
with the centralised and decentralised models, particularly in reaction time, route
flexibility, weather resilience and downtime reduction. However, the findings should
be interpreted as simulation-based evidence requiring further field validation.

The study’s simulations, relying on historical transport data and secondary
literature, provided theoretical support for the potential positive influence of dig-
ital technologies on the efficiency of road freight transport specifically within the
modelled road, climatic, and infrastructure conditions of Kazakhstan. Logistics
processes were modelled using GIS and scenario analysis based on real traffic
conditions, weather parameters, and route configurations. The results showed that
under high congestion on urban highways (up to 7 points on the TomTom scale)
and adverse weather conditions (precipitation, fog, reduced visibility), centralised
logistics management systems demonstrated limited flexibility, leading to delays
and inefficient resource use.

In contrast, decentralised approaches based on real-time local decision-making
demonstrated measurable simulated operational improvements; specifically, the pilot
scenario using a decentralised strategy on the “Taldykorgan — Ust-Kamenogorsk”
route reduced peak-hour delivery times by 12% and unplanned stops by 17% rel-
ative to historical non-digital conditions. Within the analysed scenarios, the most
effective approach was a hybrid model combining centralised strategic planning with
operational local route adjustments. The hybrid model demonstrated the highest
efficacy in our direct simulations, reducing average downtime by 18% relative to the
pre-digitalisation baseline. Additionally, complementing our primary simulation with
aggregated secondary literature data, transitioning to a digital hybrid model within
the modelled Kazakhstan-specific conditions suggests potential improvements in
selected operational indicators, including a simulated reduction of transportation
costs by 15-25% and a literature-supported improvement of demand forecasting
accuracy by 45%. Within the confines of the simulated parameters, full integration
of GIS and IoT within the hybrid model further enhanced system resilience, limiting
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the modelled impact of adverse weather conditions on delivery delays to under 10%
and improving theoretical delivery reliability during peak hours to 94%. While these
findings highlight the potential benefits of systemic digitalisation for the studied
routes, further empirical field testing is necessary to confirm these simulated out-
comes and establish their transferability to other contexts.
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