
 

Spectrum of Mechanical Engineering and Operational Research, Volume 3, Issue 1 (2026) 42-64 

 

42 
 

 

 

Spectrum of Mechanical Engineering 

and Operational Research 

 

Journal homepage: www.smeor-journal.org     
eISSN: 3042-0288 

 

Sustainability and Smart Systems in Transportation Infrastructure: 
A Mini-Review 

 

Szabolcs Fischer1,*, Bálint Molnár1, Bence Hermán1, Klaudia Madarász1, Csaba Tóth2, 
Ádám Titrik1 

  
1 Central Campus Győr, Széchenyi István University, Győr, Hungary 
2 Department of Highway and Railway Engineering, Faculty of Civil Engineering, Budapest University of Technology and Economics, 

Budapest, Hungary 
  

ARTICLE INFO ABSTRACT 

Article history: 
Received 3 January 2026 
Received in revised form 6 March 2026 
Accepted 11 April 2026 
Available online 20 April 2026 

Road and railway systems are fundamental to modern mobility, yet they also 
generate considerable environmental impacts through fuel consumption, 
greenhouse gas emissions, material production, land use, and recurring 
maintenance needs. This mini-review examines recent advances in 
sustainable and smart transportation infrastructure, with particular 
emphasis on both road and rail applications. The analysis is organized into 
four thematic areas: sustainable materials, sustainable construction, 
sustainable power systems, and smart infrastructure technologies. For road 
transport, the review covers recycled and porous pavements, low-energy 
asphalt solutions, intelligent pavement structures, and the infrastructure 
implications of electric and hydrogen mobility. For railways, it discusses 
regenerative braking, renewable-energy integration, low-emission track-
related materials, energy storage solutions, and digital maintenance systems. 
The study also addresses intelligent transport systems that improve traffic 
efficiency, reduce energy demand, and mitigate emissions through 
monitoring, automation, and data-driven decision-making. The reviewed 
literature indicates that the most promising sustainable solutions are not 
always the most technologically advanced. In several cases, well-established 
approaches such as recycled asphalt, warm-mix asphalt, regenerative 
braking, and predictive digital maintenance currently show greater practical 
maturity than emerging smart infrastructure concepts, which remain largely 
experimental and are only selectively applied. Overall, the findings highlight 
the need for broader implementation of sustainable materials, cleaner energy 
systems, and smart operation and maintenance strategies. The review also 
emphasizes the importance of life-cycle assessment, effective deployment, 
and long-term field-performance monitoring to support the successful 
transition toward low-carbon and resource-efficient transportation 
infrastructure. 
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1. Introduction 
Transportation infrastructure is a key element in modern society and a basic component of its 

social and economic development. The main part of this infrastructure consists of roads and railways. 
In addition to being a technological system, transport infrastructure is an important infrastructure 
for regional and global access. The building, use, and maintenance of transport infrastructure are 
resource-intensive and have considerable environmental impacts, including CO2 emissions, energy 
and material consumption, land use, and waste generation. To assess the sustainability of transport 
infrastructure, one must consider the infrastructure's entire life cycle, not just the vehicle-use phase. 

Maintaining transport infrastructure designed for long-lasting performance has become an 
important challenge. The effects of design and construction choices throughout the lifetime of 
structures can be far-reaching for environmental and economic performance. Sustainable transport 
development is heavily dependent on structures, materials, maintenance and rehabilitation 
technologies used in transport infrastructure. Hence, it is important to develop designs, materials, 
and maintenance technologies that are efficient in terms of structural performance, resource use, 
and, therefore, greenhouse gas emissions and consumption. More efficient structural and 
maintenance technologies should be part of the overall strategy to reduce energy consumption and 
enhance the effectiveness of maintenance work. 

It is necessary to implement a range of complementary solutions, including new products, 
recycled products, low-carbon, energy-efficient construction methods, alternative propulsion and 
energy technologies, and digital technologies for remote monitoring and management of 
infrastructure. By limiting the environmental impact of transport infrastructure and improving the 
performance and durability of infrastructure networks, it is possible to implement a truly systemic 
approach to sustainability. Indeed, a sustainable approach requires analysis of the connections 
among materials, construction processes, energy consumption, and structural management. 

The majority of environmental effects from infrastructure occur before it is in use. In the 
production, transportation and maintenance of the structure, large quantities of materials and 
energy are consumed. Such materials include cement, steel, asphalt and aggregates. Future 
maintenance for heavily used structures should also be considered. It is not enough to consider only 
the efficiency of infrastructure use. In addition, the embodied environmental effects and the future 
maintenance needs should be taken into account. 

This article provides a mini-review of recent developments in sustainable road and railway 
infrastructure, covering four major areas: advanced materials; low-carbon technologies; alternative 
fuels and energy-generating technologies; and intelligent infrastructure technologies. It seeks to 
highlight the opportunities offered by recent developments in infrastructure technologies that are 
enabling advancements in sustainable transport systems. It also explores the environmental 
advantages of these developments, which contribute directly to improved safety, serviceability and 
reliability of transport infrastructure, which is the backbone of transport systems. This mini-review 
aims to summarize the opportunities and challenges of applying new materials and technologies to 
transport infrastructure. 

This study is based on the assumption that sustainable transport infrastructure can only be 
achieved if the entire value chain, from resource extraction to operation and maintenance, is 
optimized. Consequently, sustainable transport infrastructure development must be an integrated 
effort that combines material innovations, sustainable construction methodologies, and low-energy 
infrastructure solutions, with smart, data-driven infrastructure management throughout the whole 
life cycle, rather than a patchwork of individual actions. 
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As shown in Figure 1, all stages of the infrastructure lifecycle offer opportunities for sustainable 
solutions. Reviewed solutions can contribute to several sustainability targets, including resource 
efficiency, reduced greenhouse gas emissions, long-term performance, and closed-loop systems. This 
paper supports the assertion that the transport sector must adopt a holistic approach to transport 
systems that covers the full lifecycle, and that the scope for individual improvements and spot 
optimizations is very limited. 

 

 
Fig. 1. Lifecycle framework of sustainability interventions in transportation infrastructure (own 

figure composed on the basis of the current entire paper) 

 
The structure of the paper is as follows. Sections 2 and 3 provide brief overviews of sustainable 

innovations in road and railway transportation, respectively, while Section 4 compares them in terms 
of sustainability. The main technological, economic, and regulatory obstacles to implementing these 
innovative sustainable transport solutions are discussed in Section 5. The main conclusions and 
recommendations for further research are summarized in Section 6. 
 
2. Sustainable innovations in road transportation 

Road transport is by far the most prevalent mode of transport for passengers and, to a significant 
degree, for freight. Even small improvements in the road network could deliver enormous cumulative 
benefits. Potential opportunities for improvement in the road sector reported in the literature 
include the use of recycled pavements, low-temperature asphalt mix production, connected vehicles, 
and smart lighting. Although many of the opportunities referred to above are becoming more 
prevalent, there is no reason to believe that their delivery would be unsustainable in the contexts in 
which they are required. 

Figure 2 illustrates a possible technological roadmap for materials, structure, propulsion, and 
intelligent systems, based on [1-8]. It is very useful to determine the maturity level of each 
technology. Figure 2 indicates that: 

i. Recycled asphalt, selected secondary additives and permeable pavements are widely 
used in several regions of the world. 
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ii. Warm-mix asphalt and cold in-situ recycling are under development to reduce energy 
consumption while maintaining the general structure of well-established road-building 
processes for hot-mix asphalt. 

iii. Smart lighting, connected mobility, and distributed roadway-energy systems are 
developing a new generation of smart, data-driven infrastructure, moving away from the 
passive infrastructure of traditional roads. 

 

 
Fig. 2. A technological roadmap of sustainable innovations in road transportation systems 

(own figure composed on the basis of Section 2) 

 
There is no parity in the volume of reliable information available for alternative fuels and 

technologies. Some have the advantage of a substantial body of accumulated engineering design and 
in-use performance information, whereas others are based on single feasibility studies, conceptual 
designs, and a few field trials or small-scale on-road demonstrations that have been reported as 
successful but have neither been replicated nor proven to be sustainable. Therefore, this review is 
intended to serve as a catalog of ideas proposed for the road transport sector, with notes on their 
maturity and potential for near-term development and application, as either improvements to 
existing conventional technology or more radical replacements. 
 
2.1 Recycled Materials and Pavement Engineering 

The growing awareness of environmental protection within sustainable development has made 
the use of recycled materials a priority, especially in pavement engineering. The use of Recycled 
Asphalt Pavement (RAP) provides an effective means of conserving natural resources, such as 
aggregates and bitumen, and reducing solid waste. The effectiveness of RAP use depends heavily on 
its application. While RAP is a good conservation tool, it is equally important to ensure the mix design 
is appropriate and that binder degradation, increased brittleness, and early thermal cracking are 
avoided. 
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The paper by Amakye et al., [1] focused on the surface course and subgrade performance. The 
paper discussed sustainable road pavements on clay subgrade stabilized with eco-friendly 
cementitious materials. The pavement foundation is where problems most often occur. Even with 
the best-designed and constructed surface layers, problems with the subgrade are almost inevitable. 
Premature pavement failure will always occur if the subgrade is weak, saturated, or unstable. So, the 
eco-friendly stabilization method, which helps reduce embodied carbon and costs, is often rewarded 
with structural improvements to pavements and their longer life [1]. 

Sharma et al., [2] applied a life-cycle perspective to study the use of recycled and secondary 
materials in road construction using LCA. This study is relevant because it goes beyond the common 
assumption that using recycled materials in road construction is inherently sustainable. The authors 
argue that the climate benefits of using recycled materials can vary depending on several factors, 
including energy consumption during processing and transportation, performance within the 
pavement structure, and the materials' reusability. Hence, recycled mix designs that require 
extensive processing and have a short pavement life will lose most of their embodied climate 
benefits. Use of recycled materials in pavement engineering is therefore recommended, but only 
under certain conditions, such as when a lifecycle assessment is carried out, the pavement structure 
is adapted to the expected traffic load, and the area's climate is known. Targets such as "reusing 80 
% of old materials in new pavements" are therefore not relevant in scientific literature. 

In practice, the most effective recycled mixes are usually those designed in the distress mode. 
That is rutting in one case and fatigue and cracking in the other. Mix design considerations in these 
cases involve the mix aggregate structure and the mix binder stiffness in the first instance, and, in 
the second, avoiding excessive stiffness and brittleness. It is increasingly recognized in literature that 
the performance of recycled materials can be viewed more positively, in an engineering-based 
manner rather than in a simplistic "downgrade and accept" mode. This trend is critical to considering 
sustainability beyond a mere marketing context, and hence in a more truly structural design context. 

Recent literature on reused pavement materials generally focuses on laboratory characteristics 
and short-term laboratory comparisons. There are no detailed long-term field studies of reused 
materials. This does not mean that reused materials cannot be sustainable, but only that new 
materials cannot be considered sustainable in an engineering sense if the reuse of old, often highly 
reliable, materials is ruled out a priori. 

 
2.2 Low-Energy Construction and Sequestration 

As discussed earlier, using recycled materials reduces the environmental impact of the road 
structure itself. Reducing energy consumption in the production of new materials is also important. 
Cold in-situ recycling (CIR) is an example of a low-energy approach to road construction. Tabaković et 
al., [3] also noted that CIR can have a lower environmental impact than hot-mix recycling due to 
lower energy consumption. CIR is a good method for rural roads far from asphalt plants. Transporting 
hot mix to the construction site is not only expensive but also harmful to the environment. 

This result may seem more important than it appears. Material transport is often considered a 
relatively minor factor in assessing the sustainability of materials and systems. However, in the 
context of distributed road networks, the impact of material transport can be significant, particularly 
when transportation costs and emissions account for a high proportion of total costs and impacts. 
In-place and near-place re-use of materials can also provide additional benefits beyond energy 
savings at the plant. Less trucking is required, site disruption is reduced, and work zones are on the 
road for a shorter time. These are important considerations in network rehabilitation projects where 
network access must be maintained for users. 
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Warm-mix asphalt (WMA) is an alternative that reduces the environmental impacts of asphalt 
pavement construction. In this study, Calabi-Floody et al., [4] assessed the environmental impact of 
five warm-mix asphalt mixes composed of natural zeolite and reclaimed asphalt pavement (RAP). The 
comparison baseline was a 155 °C hot-mix asphalt (HMA). The results revealed that using WMA 
significantly reduced fuel consumption and emissions while maintaining equivalent performance to 
hot-mix asphalt. Low carbon emissions, along with compatibility with current pavement 
infrastructure and processes in the asphalt pavement industry, are key factors influencing the 
adoption of sustainable materials and practices in pavement structures. 

Wörner and Stöckert [5] present an operational perspective, demonstrating how data analytics 
can improve processes in asphalt road construction. They think that, in addition to using new 
materials and binders, sustainability should also mean less waste, less variation between processes, 
less rework, and less inefficiency. So, even "theoretically" sustainable roads can lose much of their 
potential in practice due to inadequate control of compaction, construction instability, and 
unnecessary maintenance [5]. 

The use of permeable pavements and carbonation-related materials is another way to further 
enhance sustainability in the built environment. Permeable pavement refers to a pavement or 
surface that allows stormwater to pass through and filter out sediment and other debris. Uses of 
permeable pavements include reducing stormwater runoff, allowing stormwater to percolate into 
the soil and aiding in stormwater management. There is increasing interest in using materials that 
undergo carbonation and waste materials derived from industrial processes. The purpose of using 
these materials is either to reduce net greenhouse gas emissions or to increase carbon storage in the 
material. However, these claims also require verification. There are several issues associated with 
permeable pavement materials, including clogging, maintenance and severe weather. Similarly, the 
potential for carbonation to result in carbon storage has not yet been proven, and performance and 
actual environmental benefits require validation. Nonetheless, the most reliable information 
currently suggests that low-carbon construction can be comparable across a variety of metrics, 
including lifecycle analysis, cost, and process performance [2-5]. 
 
2.3 Future Powertrains and Grid Integration 

An environmentally friendly pavement alone does not make a road system sustainable. The 
development of new types of vehicle power-trains, including electric and possibly hydrogen, is also 
important. According to Liu et al., [6], the transition toward a more intelligent energy system in the 
transport sector will affect not only vehicle energy consumption but also the broader management 
and coordination of transport systems. For electric vehicles in particular, this shift involves multiple 
challenges, including powertrain design, charging infrastructure deployment, smart grid 
management, battery integration, and the operation of transport network management systems. 

If the emissions from charging an electric vehicle are not managed, they will simply be shifted 
from the tailpipe to the power station. This system's perspective is a recurring theme in our literature 
review. A clean vehicle is not necessarily clean transport if the transport and energy systems are not 
aligned. 

Song et al., [7] analyzed the relationships between the propulsion and traffic. The study of L2 
CAVs found that they could reduce average travel time and individual fuel consumption in most cases, 
except in cases with negative energy effects due to increased effective road capacity, which may lead 
to rebound effects. 

The prevailing view is that hydrogen will be used as an auxiliary fuel alongside battery-electric 
powertrains. Typically, the advantages of hydrogen are described in scenarios where battery 
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performance is a hurdle for battery-electric long-range heavy-duty vehicles. e.g., due to high battery 
weights, slow charging times, or long vehicle travel routes. This issue has already been noted in 
numerous literature sources: the environmental impact of hydrogen depends heavily on production, 
compression/liquefaction, gas transport, and the corresponding storage and refueling infrastructure. 
Thus, hydrogen itself is not a clean energy carrier, as the production methods and their impacts are 
neither fully transparent nor well understood. Therefore, in most scenarios, rather than battery-
electric or hydrogen vehicles, different vehicles and energy carriers will be needed for various heavy-
duty applications. This means there is no single technology that would suit all road applications. Still, 
the right technology mix for the application will be determined by the composition of the future 
energy system for transport, depending on the vehicle class, the operating profile, and the possible 
fuel and energy carrier options, as well as the technology mixes that can be chosen for each 
application [6,7]. 

Above all, one thing needs to be said: the technology of the future cars is being discussed almost 
exclusively in isolation from the infrastructure on which they will operate. This is not right. Just as 
important as the vehicles' technology will be the charging grid, the energy mix, motorists' driving 
behavior, logistics structures, and traffic management systems. 
 
2.4 Intelligent Infrastructure Systems (ITS) 

The term smart infrastructure is frequently met in the context of transport. However, what is 
"smart" and who will benefit from it? Sensors are installed on the roads to monitor traffic and 
environmental conditions. The data they collect is sent via wireless communication technologies to 
other vehicles, smart roadside units, and central management stations. Ultimately, the control 
system makes the necessary decisions to respond optimally to the current situation through 
measures such as smart traffic lights, traffic lane management, and speed adjustments. 

An interesting example in [8] illustrates the potentially dramatic effect of a very simple act of 
intelligence. The subject of this paper is the intelligent control of road lighting. Bozorg and Bullough 
[8] describe several static, semi-dynamic, and dynamic lighting regimes that can be used to save 
energy without compromising road safety. Again, the actual savings appear modest compared with 
some of the more far-reaching ideas for smart roads. Nevertheless, the potential benefit is real and 
non-trivial. An everyday roadside asset can be made more efficient through control and control 
systems, with a perfectly intelligible control mechanism, without the need for more exotic or 
visionary designs of road infrastructure, as illustrated in [8]. 

Optimizing real-time traffic signal control can benefit from a network-wide operational strategy 
that leverages Smart Corridors' network-wide connectivity and sensor infrastructure. This strategy 
can also be applied to other intelligent transportation systems (ITS) devices and infrastructure, such 
as adaptive signal control, variable speed-limit signage, dynamic lane management, and vehicle-to-
infrastructure communications, to reduce acceleration and braking, improve signal coordination 
across the network, and maximize infrastructure use. Reducing stop-and-go driving and idling also 
provides a range of sustainable transport benefits, such as reducing driver and passenger energy 
consumption, improving travel reliability and reducing individual trip emissions [7,8]. 

This paper is not an endorsement of Intelligent Transport Systems (ITS), but rather an attempt to 
analyze the sustainability of ITS in a more critical manner. The prevalent view that transport 
management and technology can do a great deal to promote sustainable transport is not always valid, 
and it has been shown that the expected benefits of improved traffic management and control can 
be readily undermined by increased travel activity, which often arises as a consequence of the 
improved conditions. Some of the innovative ideas proposed for the intelligent road are perhaps 
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more sensational than they are technically or economically sound. Problems with structural integrity, 
skid resistance, and high cost have plagued some first-generation experiments with solar roads, and 
new versions of the technology are currently being tested on low-traffic roads, such as bike paths 
and entrance roads to parking lots. The potential for ITS to contribute to sustainable transport is 
therefore limited and is currently realized mainly through the more established technologies of 
dynamic traffic management and operations in transport networks, rather than through some of the 
more ambitious and perhaps less feasible ideas for creating the "smart pavement". 
 
3. Sustainable innovations in railway transportation 

Low rolling resistance and high transport capacity make rail transport more sustainable than road 
transport for two physical reasons. The high mechanical efficiency of a steel wheel on a steel rail 
allows the transport of large numbers of passengers and freight over short distances. However, 
building the infrastructure is carbon- and resource-intensive and expensive to maintain, especially in 
tunnels, stations, structures, and electrification. The literature is large and aims to prevent the 
simplification that rail transport is always sustainable. 

Railway papers and publications within the scope dealt with the following five topics: 
i. regenerative braking and energy recovery; 

ii. sustainable materials and structures; 
iii. electrification and alternatives to hydrogen; 
iv. new concepts for energy storage; 
v. digitalized life cycle management. 

The broad scope of topics clearly shows that the development of railway sustainability does not 
merely concern the more efficient operation of the traction system. 

 

 
Fig. 3. A technological roadmap of sustainable innovations in railway transportation systems 

(own figure composed on the basis of Section 3) 

 



Spectrum of Mechanical Engineering and Operational Research 

Volume 3, Issue 1 (2026) 42-64 

50 
 

 

Figure 3 presents the materials, construction technologies, propulsion technologies, 
electrification systems, and infrastructure technologies that enable sustainable railway 
transportation. 

It is important to note that this figure organizes the main innovation fields into interlinked 
domains that significantly impact the environmental performance of railways. For example, recycled 
ballast, low-noise and vibration-reducing materials, and recycled or composite sleepers have already 
enabled more resource-efficient railway track construction. On the other hand, hydrogen-fueled 
propulsion and renewable-energy-powered rail are considered technologies in the transition phase 
toward sustainable railways, with the understanding that the use of fossil fuels for traction will be 
reduced, especially on lines where electrification is not yet established or is only partially established. 
In the same way, intelligent transport systems and predictive maintenance are considered part of the 
transformation of conventional railway management toward more intelligent, digitalized and 
resource-efficient infrastructures. 

 
3.1 Energy Recovery and Thermal Protection 

Regenerative braking is one of the many environmental benefits of rail. On electrified lines, during 
braking, the train converts part of its kinetic energy into electric current. This current can be used by 
other trains passing through the section, injected into the grid, or simply stored in batteries. In 
particular, regenerative braking is highly effective in urban and suburban mass transit systems with 
frequent stops [9]. 

In the Addis Ababa Light Rail study by Nkurunziza et al., [10], the regenerative braking effect is 
quantified rather than just discussed in theoretical terms. The main objective of this study was to 
assess the amount of regenerative energy that is recovered as a percentage of the total train energy 
consumption for both east-west and west-east directions. Although the percentages vary with line 
characteristics and the timetable, regenerative braking is not a marginal improvement but plays a 
significant role in traction and energy management in urban rail systems with high stopping 
frequency [10]. 

The recovered energy in the traction power system has economic value only when there are 
corresponding use systems, such as smart substations, near-train demand, and wayside storage. As 
Zhou [11] shows, technologies and institutions need to be improved to achieve energy efficiency in 
the railway system. If there is no corresponding system in the power network, the recovered energy 
will be wasted if the train is equipped with a regenerative braking system. 

The advantages of smart rail microgrid management are remarkable. Thus, it is possible to 
achieve reductions in energy consumption along the entire railway infrastructure of up to 30%. The 
quantitative assessment by Nkurunziza et al., [10] of the Addis Ababa Light Rail Transit demonstrates, 
by its own evidence, that regenerative braking is a fundamental energy management function and 
not merely an insignificant improvement. 

One of the significant elements of the sustainable rail track structure is thermal protection. 
Although thermal protection systems on rail track structure are not energy recovery systems, they 
are very important. Ižvolt et al., [12] conducted experiments and simulations on new thermal 
insulation materials for railway track structures and showed that sensitive structures at risk of ground 
frost can be better protected through optimization. The main reasons for the high amount of 
maintenance work, material and resource consumption, and train disruptions are damage caused by 
freeze-thaw processes, track structure instability due to deviations from design dimensions, and 
failures in the substructure. Stable temperature in the rail track structure also means a more 
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sustainable rail track system, since it does not require the resource-intensive maintenance work from 
time to time [12]. 

Tang et al., [13] discuss the green degree of railway engineering from a system perspective using 
a dynamic strategic framework. The authors point out that rail sustainability cannot be achieved 
through a single technology. Instead, it has to be achieved through a series of decisions made 
throughout the processes of material, design, construction, operation, and management of the rail. 
 
3.2 Sustainable Binders and Recycled Components 

The track structure is a major opportunity to reduce the railway system's carbon footprint. The 
current structure of the track is largely based on high-carbon-content products, such as cement, 
concrete, steel, and quarried materials. The use of recycled ballast materials, perhaps with lower-
carbon binders, and alternative sub-ballast materials is becoming increasingly topical. 

The papers considered dealt with the structural behavior of the rail track. These papers dealt with 
various sub-ballast alternatives in relation to track loading and sustainability. Castro et al., [14] have 
related sub-ballast behavior to drainage, load distribution, deformation-zone behavior, and long-
term structural stability. The paper confirms that the study investigated the materials and quantities 
used in a maintenance train with a ballast recycling system, and concluded that soils stabilized with 
fouled recycled ballast can be used as a sustainable sub-ballast for heavy-haul tracks. 

Huang et al., [15] studied the life cycle of construction and demolition waste (CDW) from railway 
engineering activities. Although the rail sector has not been thoroughly investigated for sustainability 
assessment, which mainly focuses on the operational stage, the management of CDW resulting from 
ground excavation, the dismantling of railway facilities, and the demolition of auxiliary buildings and 
other infrastructure has not yet been effectively addressed. As the authors indicate, excavated 
materials, dismantled railway structures, and demolition products will increasingly be considered 
secondary resources. Given the long asset lifetimes and the extensive maintenance and renovation 
work in the rail sector, life-cycle thinking is highly relevant. Material-flow management is therefore 
crucial for implementing the principles of the circular economy. 

Also, in the Korean urban railway assessment [9], the choice of material is of significant 
importance. A life-cycle analysis of different alternatives, such as asphalt and cement concrete tracks, 
showed that an asphalt concrete track results in around 2.65 times lower CO2 emissions and around 
EUR 29,000 per kilometer less. High material consumption of rail structures explains this. The 
amounts of different materials in rail structures can vary widely, but, for example, [9] reports that up 
to 1,998 tons of asphalt mixture, 1,820 m³ of cement concrete, and 59 tons of reinforcing steel are 
needed per kilometer. 

Krishankumar et al., [16] have attempted to broaden the material selection process by 
demonstrating the feasibility of ranking zero-carbon structural materials for construction 
applications. The paper has no relation to the railway sector. Still, it is important to recognize that 
material selection for low-carbon products must consider several parameters. Parameters such as 
durability, availability, cost, safety, compatibility with maintenance materials, and design 
performance are equally important [16]. 

This is an important aspect. Materials cannot be chosen solely based on their environmental 
characteristics. Railway infrastructure is a safety structure under high loading conditions and must 
provide long-term structural performance. Low-carbon or recycled railway materials will therefore 
require more thorough, longer-term validation than is currently provided in the initial stages of 
sustainability discussions. A few promising developments are underway, but the engineering criteria 
for the use of such products on the railways remain sufficiently high. 
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3.3 Electrification and Hydrogen Rail 
Electrification of railways is considered one of the most efficient measures to reduce operational 

emissions in the transport sector. As mentioned earlier, electrified tracks provide high performance, 
enable the use of large amounts of renewable energy, and are free of local air pollution. However, 
full electrification of railway lines is not economically viable in many cases, especially on low-density 
regional rail lines, light rail networks with fragmented routes, and in situations where topography 
and infrastructure conditions are poor. In this context, there has been significant interest in battery-
electric and hydrogen-fueled trains in recent years. 

Battery Electric Multiple Units (BEMUs) are intended for routes where catenary-supplied electric 
traction is used on electrified sections and battery-electric traction on non-electrified sections [17]. 
So, full electrification of the corridor is not required, and diesel is not needed. Battery trains can 
therefore be used where electrification is not economical for conventional trains, thereby creating 
significant decarbonization potential [17]. 

In addition to battery-powered trains, hydrogen fuel-cell trains can also be zero-tailpipe-emission 
[17]. Hydrogen trains will be an alternative when battery technology is not suitable. For example, 
when the route lacks charging points or is longer, and the refueling stations are in urban centers. Just 
like with transport, the carbon sustainability of hydrogen will also be a determining factor. So that 
hydrogen trains are low-carbon if the hydrogen is produced and supplied in a low-carbon way [17]. 

Zhang et al., [17] aim to investigate carbon emissions across various stages of the life cycle of 
urban railways. The authors examine emissions generated during the construction and operation of 
rail-transit infrastructure, identifying the various stages in the life cycle of urban rail transport and 
their effects on carbon emissions [17,18]. They further add that the propulsion systems of rail transit 
vehicles account for only a small proportion of the entire railway system, and that emissions from 
structures such as stations, depots, power distribution rooms, and civil construction cannot be 
ignored. The study's findings confirm those of a previous study on carbon emissions from Korean 
urban railways: the type of trackbed material can significantly affect carbon dioxide emissions and 
costs. 

The choice between batteries and hydrogen in rail transport is not absolute and will depend on 
local conditions. Several parameters will have to be taken into account, such as the length, slope, and 
layout of the lines; the organization of railway stations (depots); the schedules and frequencies of 
trains; and access to the network. The majority of the literature suggests that this is not a question 
of a single solution for the railways. 
 
3.4 Advanced Energy Storage and Storage Physics 

Regenerative braking performance can be improved by efficiently storing and reusing braking 
energy. Energy storage is currently a hot topic in the railway sector. Nkurunziza et al., [10] indicated 
that assessing the recoverable braking energy in urban railway operations is important. Fischer and 
Kocsis Szürke [19] introduced a method for identifying energy losses in electric railway vehicles. The 
main aim of this work is to investigate the conversion, transmission, and other onboard energy losses 
to enhance braking energy recovery. 

Khodaparastan and Mohamed [20] compared flywheels and supercapacitors as wayside storage 
for electric rail transit. The choice of energy storage technology depends on cycling characteristics, 
power requirements, the system's time constant, and overall performance criteria. The 
supercapacitor is suitable for high-cycle charge/discharge applications, such as frequent station-to-
station stops in electric rail transit. The flywheel may apply to some high-power, repetitive 
applications. This work advances the discussion of energy storage in rail transit from general concepts 
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to an engineering level by identifying the appropriate energy storage technology for the required 
applications. 

Allen and Chien [21] have also validated that regenerative braking performance can be improved 
by adjusting the speed curve, showing that storage is not the main factor and that train control is 
also important. Li et al., [22] have further advanced research on the application of superconducting 
energy storage technology in urban rail transit, indicating that this field is now developing toward 
technology improvement and innovation [21,22]. 

Many of the proposed energy-efficiency storage solutions are now being implemented. However, 
it is important to remember that there are costs and material consumption associated with energy 
storage systems (ESS), as well as increased complexity in control, operation, and maintenance. 
Therefore, the sustainability value of storage systems should not be taken for granted, but evaluated 
on a net lifecycle basis. Research in this area is strongest when storage, control and system losses are 
considered as a system rather than as assumed benefits of storage. 
 
3.5 Digitalization and the "Digital Twin" Framework 

The buzzword in the field of infrastructure management for sustainable structures is 
digitalization. Predictive maintenance, smart operations, digital twins, and lifecycle management of 
structures are examples of digitalization in the railway sector. The purpose of digitalization is to 
prevent unnecessary maintenance stops, ensure operational reliability, and support long-term 
decision-making. The true sustainability effects of digitalization, however, are achieved only when 
operations are based on it. A highly developed model does not contribute to sustainability if it is not 
utilized in maintenance practices. 

Kaewunruen et al., [23] reported that, through a digital-twin-aided lifecycle assessment of a 
downtown subway station in Bangkok, 78% of the structure's total cost is incurred during 
construction. Also, 67% of the structure's total carbon footprint results from the operational and 
maintenance stage. They also calculated the carbon footprint of each material: 43.66% of the total 
carbon footprint is attributed to concrete, 29.73% to steel bars, 17.64% to aluminum alloy, etc. This 
study uses the digital twin approach to determine which lifecycle stage of a structure requires greater 
attention for sustainable performance. 

Kaewunruen et al., [24] is another study on the cost and life-cycle assessment of tunnels for a 
high-speed railway in China, which includes calculations of CO2 emissions and energy consumption 
throughout the tunnel's life. This work also points out that the infrastructure of low-carbon transport 
systems has a significant environmental impact due to the large amount of resources required for its 
maintenance and, above all, for its design and construction, a fact that is particularly striking in the 
case of long infrastructure works such as tunnels. 

The work by Wu et al., [25] and Mohamed Fadzil et al., [26] supports the view that structural 
behavior and materials are very significant for sustainable railways. A digital system can be efficient 
and productive only if it accurately and fully reflects the physical aspects of engineering. 
Consequently, the use of digital twins is recommended to connect structural knowledge with lifecycle 
costs, maintenance activities, and carbon audits [23-26]. 

One of the many factors to consider is the perception that digitalization is a sustainable tool. 
Although data quality, interoperability, calibration and organizational capacity may be obstacles to 
digitalization, they are not the only challenges. The use of technology does not guarantee a 
sustainable solution; a high level of understanding is therefore required. 
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4. Comparative analysis of sustainable technologies 
A more detailed examination of road and rail transport sustainability than the "rail is greener" 

soundbite reveals several structural advantages for rail, including lower rolling resistance, a higher 
payload, and greater opportunities for electrification. However, rail transport sustainability also 
depends heavily on a range of other factors, including transport volume, load factor, average 
passenger occupancy, infrastructure utilization, energy mix, and transport corridor characteristics. 

 

 
Fig. 4. Indicative positioning of reviewed sustainable transportation technologies by 

implementation maturity and sustainability benefit (own figure composed using Section 4) 

 
Figure 4 presents a comparative synthesis of sustainable transportation technologies by 

technology maturity and environmental benefits. As shown, recycled asphalt, warm mix asphalt, and 
regenerative braking are close to practical maturity and offer significant environmental benefits. On 
the other hand, hydrogen-based transport technologies, energy storage, and smart infrastructure are 
less mature but have significant long-term potential. Therefore, sustainable transportation 
technologies vary in their technology readiness levels (TRLs), and the implementation of sustainable 
transport infrastructure will depend on environmental benefits, technology maturity, cost-
effectiveness, and site-specificity. 
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4.1 Environmental efficiency comparison 
The environmental impact of railways is lower for high-density freight and passenger transport 

than for road transport, especially on electrified lines. Other studies on the sustainability of railways 
can also be found, including the review by Ézsiás et al., [27] and the review on the integration of 
railways with renewable energy by Alshoufi et al., [28]. The latter mentions that sources of renewable 
energy suitable for railways include solar, wind, bioenergy, and kinetic energy harvested from rail 
tracks. Furthermore, intelligent multi-agent control of rail microgrids can lead to energy savings of 
up to 30%, a tangible, real-world effect rather than a purely symbolic one. 

Studies on the sustainability and competitiveness of rail freight [29-31] also confirm that it must 
be part of a comprehensive, corridor-based infrastructure approach. Li et al., [30] and Liu et al., [31] 
have confirmed that the environmental and economic benefits of rail freight are greater when rail 
infrastructure is integrated into a corridor. 

The environmental advantage of rail does not apply under all circumstances. The conditions for 
applying this advantage are not always fulfilled. In cases of low utilization of railway infrastructure or 
major infrastructure works combined with low train frequency, the disadvantages of rail are no 
longer offset by its advantages. In an optimized road network with alternative fuels, the use of rail in 
exceptional cases is also not rational [32]. The reasonable conclusion is not that one mode of 
transport is permanently the low-carbon transport mode. Rather, rail will, in many cases, be the low-
carbon transport mode for heavy traffic under appropriate conditions for transport volumes, 
distances, and infrastructure. 
 
4.2 Economic performance and logistics integration 

One of the major challenges in increasing awareness of the economic benefits of railways is that 
significant rail infrastructure investments are required and are therefore not immediately visible. The 
positive environmental effects and the reduction of congestion, which are important to the long-
term success of railways, are not always considered in cost-benefit analyses. When external effects 
and corridor performance are taken into account, the economics of railways improve. In research 
literature, many studies examine the external effects of road transport and evaluate the pros and 
cons of railways in achieving the intended modal shift. An example of this is a bilevel planning model 
for assigning freight transport to railways, proposed by Liu et al. [33] to shift freight from roads to 
railways. The model considers the costs of road congestion, railway capacity, and freight station 
capacity, as well as handling and transfer costs. EU targets include replacing at least 30% of road 
freight transport over 300 kilometers with alternative modes such as railways or waterways by 2030, 
and at least 50% by 2050 [33]. 

Morihladko and Dolinayová [34] provide an excellent contribution to the field of freight transport 
when they show, with proper coordination of transportation, that the transportation of one-off single 
wagon consignments is possible. Therefore, using the rail for block trains or oversized cargo is not 
always necessary. This can also be confirmed through further reading of other corridor studies, such 
as those by van Staden et al., [35] and Li and Hilmola [36]. Introducing intermodal and synchromodal 
transport solutions leads to lower costs and reduced environmental impact; therefore, the most 
sustainable freight transport system is not on the road or on the railways, but in the combination of 
both. 

The basis for comparison may change depending on the boundary conditions assumed. Based 
solely on capital costs, rail appears to be the most expensive option. However, when lifecycle costs 
are included alongside costs of congestion, air quality, land use, and the potential for future-proofing, 
the relative merits and disadvantages of transport infrastructure may be very different. 
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4.3 Scalability, regional development, and spatial effects 
Scalability is a long-term rail advantage. A rail corridor can carry large volumes of activity in a 

small area of land. On the surface of the road network, it is often difficult to achieve a significant 
increase in capacity because the road must be widened repeatedly, and large areas of land must be 
cleared and set aside for the new lanes. Shabani and Safaie [37], Fageda and Olivieri [38], and Lin et 
al., [39] and others, provide several arguments about how transport infrastructure can influence the 
development, accessibility and convergence of regions, so that the short-term conditions of transport 
in a place, are not as important as the long-term impacts on sustainable transport and spatial 
development. 

Rail transport is appropriate for concentrated demand and offers opportunities for land-use 
planning in the surrounding area. While roads are required to serve isolated demand points and 
provide the flexibility needed in the distribution network, they also cause urban problems and 
increased travel. While energy efficiency is not a major factor for an individual trip, the benefits of 
rail transport can be realized by creating dense, land-efficient forms of urbanization at the landscape 
level, provided that the planning, demand, and institutional frameworks are appropriate. 
 
4.4 International examples and modal-shift evidence 

A brief survey of some international examples may provide some perspective for our discussion. 
For instance, the success of China's Belt and Road rail projects, achieved through high productivity 
using a network approach, shows that long-distance freight transport need not be uneconomic 
[30,32]. Similar issues of intermodality and service network design arise in freight transport planning 
in Europe [31,35,36]. This can also be illustrated with respect to electrification and rail development 
in Southern Africa; in these cases, railways have a clear advantage in terms of environmental and 
economic sustainability for long-distance, high-volume heavy transport [40]. An example of high-
capacity, low-carbon transport at a very large scale is also provided by Japan's high-speed rail 
network [41]. 

There is a lot of scope for misunderstanding in the transport debate, and foreign examples are 
often cited without proper regard for the differing conditions in other countries. Thus, a successful 
fast bus system in a concentrated, highly coordinated, and demand-responsive urban artery in Brazil 
is no guarantee of success in a more fragmented, demand-responsive urban environment with 
weaker institutions. Case studies do not provide blueprints for action, but can only illustrate what is 
possible when transport policy, infrastructure, services and demand are all brought into a compatible 
relationship. 
 
5. Challenges and barriers to implementation 

Sustainable transport innovation is not a "frictionless activity". One of its roles is to identify the 
technological, economic, and regulatory barriers likely to impede the adoption of sustainable 
transport technologies and systems [42-58]. These barriers are interdependent: the more technical 
obstacles there are, the higher the costs of technologies and services are likely to be, the more 
uncertain the policy framework for investment is, the greater the obstacles to harmonized standards, 
etc. Sustainable transport innovation is therefore both a technological and a societal challenge. 

Please see Figure 5 for the relevant categories of barriers identified for the deployment of 
innovative sustainable transport infrastructure solutions, interlinked and including technical and 
legacy system barriers, as well as economic and institutional barriers. 
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For the transport infrastructure itself, the relevant barriers are identified as being: 
i. complex to retrofit into existing infrastructure; 

ii. non-compatible with other forms of transport infrastructure; 
iii. old, and; 
iv. high capital cost with low expected returns. 

 
The deployment of sustainable transport infrastructure solutions is, however, not simply a matter 

of the technology itself, but also a question of the institutional, economic and operational context. 

 
Fig. 5. Interacting barriers to the implementation of sustainable transportation infrastructure 

innovations (own figure composed on the basis of Section 5) 

 
5.1 Technological and Legacy Issues 

Legacy infrastructure is one obstacle to modernizing infrastructure and services through new 
technologies and systems. The infrastructure has evolved over the years, and the current state of 
roads, railways, bridges, tunnels, depots, and control systems was not designed for electrification, 
smart sensors, connected automation, or the digital twin. Adapting legacy structures to new systems 
and technologies through retrofits is often technically and economically complex. The rail-damper 
studies by Kuchak et al., [42,43] demonstrate that even local improvements require a good 
understanding of the current structural behavior. Therefore, reliable, sustainable maintenance and 
upgrading can only be expected if the current state of the infrastructure is properly assessed. 

Gui et al., [44] and Salim and Husain [50] both believe that the development of the modern digital 
and autonomous mobility systems is becoming increasingly complicated. Ma et al., [45] also point 
out that technological innovation in smart transport will lead to unbalanced development across 
regions and cannot fundamentally solve transportation problems in all regions. Girma et al., [46], Shu 
[47], and Zhao [48] believe that the efficiency of construction technology, green innovation, and 
smart transportation is closely related to enterprises' organizational capacity and the actual 
conditions of the demand area. 

The core argument is that sustainable technologies fail more often due to ease of use and 
integration than to actual technological failure. Technology can be a fantastic sustainable innovation, 
but it may have associated issues that make it difficult to deploy, commission, maintain, and control. 
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5.2 Economic and Fiscal Constraints 
The economics of the situation have not yet changed. Low-carbon technologies such as 

electrification of rail, energy storage, smart technologies, and materials are more expensive than 
their high-carbon alternatives, even though the variable and perhaps the total lifetime costs are 
lower [49,50]. Our current accounting, budgeting, and procurement practices tend to favor the 
lowest initial cost and discriminate against higher-cost, lower-lifetime-cost, low-carbon alternatives. 

In recent studies, Zhao and Tang [51] conclude that economic policy uncertainty negatively 
affects green technology innovation in new-energy vehicle enterprises. Apruzzese et al., [52] find that 
5G and related technologies open up new opportunities for new business models in logistics and the 
supply chain. For this, companies must have confidence in future returns, and investors must act 
accordingly. Finally, regarding communication, Scholten et al., [53] and Jha [54] find that attitudes 
toward innovation and ICT capability are also important for the conditions surrounding the adoption 
of sustainable transport. In other words, the economic feasibility of sustainable transport is not 
simply a matter of bookkeeping; rather, it also depends on incentives, governance and trust in 
institutions [51-54]. 

The distribution of costs and benefits from sustainable innovation among stakeholders is often 
uneven. High costs are borne by one group, while the main benefits accrue to another. Without 
appropriate mechanisms to balance the interests of different stakeholders, even highly advanced 
products will not be adopted. 
 
5.3 Regulatory and Legal Hurdles 

Regulation is mainly seen as a tool for restriction. However, it also plays a crucial role in 
sustainable transport, ensuring road safety, interoperability between infrastructure and vehicles, 
cybersecurity, and accountability of transport service providers. The main obstacle to regulation, as 
with prices, is the lack of coordination and obsolete legislation. Tsakalidis et al., [55] pointed out that, 
with adequate policy support and monitoring, as those referred to in TRIMIS and European Green 
Deal, the promotion of sustainable transport technologies can be achieved. Shi et al., [56] showed 
that the effect of transport innovations on carbon emissions is not uniform across regions and that 
regulatory differentiation should therefore be implemented. 

A large number of new legal problems have arisen in the digital age. Babu [57] thinks that the 
transport innovations are closely related to transport security and accident prevention. As 
infrastructure becomes more connected, it is also important to consider data protection, privacy, 
terms of use, related liabilities, and cybersecurity. Kurushina et al. [58] suggest conducting 
technology audits to assess innovation within portfolios. It is particularly relevant for transport 
infrastructure owners, who need to assess the technology's maturity, its compatibility with existing 
systems, and the risks and impacts on the transport system before making any decisions [57,58]. 

Future-ready governance is a key component of sustainable transport engineering. The absence 
of future-ready governance will limit the adoption of technologies, keeping them confined to 
successful pilot projects and preventing them from scaling. 
 
6. Conclusions 

A significant step forward in the development of sustainable transport infrastructure is expected 
to result from the cumulative effects of new materials, low-energy construction, low-emission 
traction technologies, and digital lifecycle management, rather than from a few major innovations. 
Several quantitative analyses highlight the potential for such developments. Transport infrastructure 
is responsible for about 24% of direct CO2 emissions from burning fossil fuels. Road transport is 
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responsible for some 75% of these direct emissions. Consequently, even modest improvements to 
transport infrastructure can have a very significant impact on reducing transport infrastructure's 
environmental impacts. 

Resource-efficient, sustainable road transport technologies are already mature and proven. The 
use of secondary materials (recycled materials) to reduce the use of primary materials, such as 
aggregates and binders, has not been fully explored, and existing research has not provided clear-cut 
conclusions on their substitution due to the complexity of their life-cycle assessment. Cold-in-situ 
recycling of asphalt pavement has been shown to reduce fuel consumption and emissions, 
particularly on rural roads far from production plants. Warm-mix asphalt (WMA) is considered a low-
carbon technology for the transition period. The study presented here assesses the performance of 
five different warm-mix additives when used to produce mixtures at temperatures below the 
standard 155 °C hot-mix asphalt temperature. The results show clear potential to reduce fuel 
consumption, greenhouse gas emissions, and local air pollutants while maintaining structural and 
surface performance compared to hot-mix asphalt. Hence, without any changes to current road 
construction and maintenance practices, it is possible to reduce greenhouse gas emissions. 

The purpose of this article is to present the findings related to the material efficiency of the 
structures in the railway sector. The literature on rail transport indicates that the operational 
efficiency of the structures cannot be the decisive factor in this sector. Instead, the design stage and 
the structures' lifetimes are more important. To confirm this, the material efficiency of the Korean 
urban rail was studied. The study revealed that an asphalt-concrete track has 2.65 times lower CO2 
emissions than a cement-concrete track, and the total cost savings for the whole structure were 
about EUR 29,000 per kilometer. The material consumption for the rail track structure was 1,998 tons 
of asphalt concrete mixture, 1,820 m³ of cement concrete and 59 tons of reinforcing steel per 
kilometer. It is clear from the information provided that the material efficiency of structures must 
also be considered in rail transport to achieve sustainability in train operations. This is because 
material efficiency not only reduces CO2 emissions but also decreases costs. In addition, the study 
applied the digital twin method for assessing the material efficiency of a subway station. The findings 
confirmed that the construction stage accounted for up to 78% of the structure's total lifecycle cost. 
In addition, the operation and maintenance of the structure formed 67% of the lifecycle CO2 
emissions. The material breakdown of the CO2 emissions was 43.66% concrete, 29.73% steel bars 
and 17.64% aluminum alloy. 

Figure 6 presents the main conclusion of this paper. That is, creating sustainable transport 
infrastructure is not technically feasible. The creation of transport infrastructure is a dynamic process 
that involves key technologies throughout the life cycle, numerous policy frameworks, financial 
mechanisms and incentives, and the coordination of many sectors and processes for disseminating 
knowledge and best practices. Figure 6 highlights that the long-term sustainability of technological, 
financial, institutional, and managerial measures for transport infrastructure will only be possible 
within a comprehensive system that enables the creation of a resource-efficient, low-carbon, and 
safe transport system. 

Railway energy systems have begun to be investigated in scientific literature, with many works 
on renewable energy. It has been shown that power consumption in the railway system can be 
reduced by up to 30% through the smart, intelligent management system of the rail microgrid, 
including renewable energy resources. In addition, the Addis Ababa light rail study indicated that 
regenerative braking under high-stop-frequency conditions, such as those in urban tramways, is a 
fundamental energy management principle rather than an option. Therefore, railways are more 
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sustainable when traction, braking, energy storage, and grid connection are integrated into a single 
system rather than as stand-alone technologies. 

 
Fig. 6. Integrated pathway toward sustainable transportation infrastructure through 

coordinated material, construction, energy, digital, and governance interventions (own figure 
composed on the basis of Conclusions) 

 
Evidence was found for the following three conclusions: 

i. The most sustainable transport solutions are those for which lifecycle or operational 
evidence is available, for example, warm-mix asphalt, cold in-situ recycling, regenerative 
braking and renewable-energy-supported railway power systems, and digital lifecycle 
assessment. 

ii. That promotional material describing the environmental benefits of new infrastructure 
and transport technologies should be based on quantitative evidence of reductions in 
emissions, energy consumption, and costs, and should not be based on the promotion of 
technology's unique features. 

iii. There is consensus in the road and rail infrastructure sector that sustainability is a system 
property that depends on a large number of factors, including infrastructure construction, 
materials, energy and resource consumption in processes, and asset management. 

 
Recommendations for future research are: to develop more harmonized and standardized life 

cycle analysis (LCA) methodologies and tools for assessment of the sustainability of infrastructure 
and transport solutions; to proceed with the field testing of innovative sustainable infrastructure and 
transport solutions; and to develop integrative assessment frameworks covering environmental, 
technical and economic aspects to enable a holistic performance assessment of sustainable solutions. 
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