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	The article explores eco-efficient road infrastructure in the context of U.S. freight logistics. It analyzes both digital and traditional strategies for reducing the carbon footprint of road freight, including AI- and IoT-based intelligent routing, telematics and traffic prediction, load and trip optimization, deployment of alternative fuels (CNG, biodiesel, hydrogen, electric trucks), as well as vehicle design improvements and organizational practices. Practical examples from major logistics companies are presented to demonstrate measurable reductions in CO₂ emissions. The study concludes that only a comprehensive integration of digital technologies, fleet modernization, and organizational measures can ensure sustainable emission reductions and help the industry achieve its climate targets.
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1. INTRODUCTION
[bookmark: Xd4cad1499bd088c5004f6db1a9d20b22e24d161][bookmark: content]In 2024, US road freight transport carried approximately 11.5 billion tons of freight, accounting for over 70% of the country's total freight turnover. Trucks also generate a significant amount of pollution, accounting for approximately 22% of all US greenhouse gas emissions. Furthermore, global forecasts indicate that without drastic changes, CO₂ emissions from truck transport could double by 2050. Under these circumstances, US authorities are setting strict targets. For example, EPA Phase 3 standards require heavy-duty truck emissions to be reduced by 40–60% from 2027 levels by 2032 [1].
The concept of "eco-efficient road infrastructure" encompasses a range of measures to minimize the carbon footprint of transportation. This includes smart route planning , fleet modernization, infrastructure development (highways, charging stations, etc.), and the transition to clean fuels. In this article, we focus on US road freight logistics, examining digital innovations (AI route planning, IoT sensors) and traditional strategies (load optimization, eco-friendly fuels and water, driver training, etc.). These measures complement each other and, together, enable a greener transportation system [2].
[bookmark: X63510d51586bdd3366eeb36f44366995e3f842c]Route optimization is one of the key areas for reducing emissions. Intelligent routing systems combine two elements: powerful optimization algorithms and real-time data. The classic routing problem ( Vehicle Routing The VRP problem is already NP-hard, and a modern version incorporates dual- and multi-criteria objectives— cost minimization and emissions reduction. In such systems, the objective function can take into account distance, travel time, fuel consumption, and CO₂ emissions . For example, a recent study showed that adding a CO₂ cost to the routing model ( Green VRP) reduced total emissions by ~4.7% while increasing the total transportation cost by only ~0.5%. These results support the principle of "a small premium for a significant environmental benefit."
The eco-efficiency of freight logistics is closely tied to the regulatory framework in place. In the United States, the key benchmark is the Environmental Protection Agency’s (EPA) Phase 3 standards, which require a 40–60% reduction in heavy-duty truck CO₂ emissions by 2032 compared to 2027 levels. In parallel, the Heavy-Duty GHG Program aims to tighten fuel economy requirements and promote the adoption of hybrid and electric trucks. These initiatives are reinforced by federal grants and tax incentives: the U.S. Department of Transportation (DOT) funds the expansion of charging stations for electric trucks and fueling points for CNG/LNG vehicles, while also supporting pilot projects involving hydrogen fuel cells. The European Union demonstrates an even stricter approach. Under the “Green Deal” strategy and the “Fit for 55” package, the EU has set a goal to reduce transport sector emissions by 90% by 2050 [3].
The Euro VI standard and the upcoming Euro VII regulation impose limits not only on CO₂ but also on particulate matter, nitrogen oxides, and sulfur emissions. At the same time, transnational projects are underway to build a pan-European charging network and hydrogen infrastructure. As a result, companies operating in Europe are being compelled to accelerate the adoption of alternative fuels and intelligent transport management systems. A comparison of U.S. and EU practices shows that the United States relies more on market incentives and voluntary business initiatives, while Europe builds its strategy on strict regulatory enforcement. For global logistics operators, this means adapting to different regimes: in the U.S., the main driver remains economic efficiency, whereas in Europe compliance with legally binding climate targets is paramount. Thus, the regulatory environment emerges as a critical factor shaping the pace and depth of “green” technology adoption in road infrastructure [4].
Modern optimization systems utilize artificial intelligence (AI) and machine learning (ML) . For example, neural network algorithms predict traffic congestion and adapt routes in real time. The system analyzes historical GPS data and current traffic flows, predicts traffic for the next few hours, and proactively reroutes vehicles to less congested roads. This reduces congestion and overall travel time. On average, such route adjustments result in an additional 5-15% fuel savings and reduced mileage by avoiding congestion. AI is also used for order distribution: when demand forecasts are known by region and time, the system can flexibly redistribute orders among drivers or change depots to optimally load vehicles and minimize empty runs [5].
The Internet of Things ( IoT ) is a key element . Modern trucks are equipped with telematics sensors that collect data on the vehicle's position, speed, engine speed, fuel consumption, tire pressure, and more. This data is continuously transmitted to cloud-based analytics platforms. Software detects anomalies (such as a drop in pressure or a rise in temperature) in real time and alerts dispatchers to the need for maintenance, preventing unplanned downtime. Telematics systems also analyze driving style and provide prompts to drivers ( e.g., environmentally friendly) . mode, optimal speed). All this together increases fleet efficiency, reducing unproductive delays and fuel consumption.
Data integration is also extending to infrastructure . Intelligent transportation technologies (ITS) are being implemented in some regions. For example, as part of C-ITS projects, trucks and the road network exchange information about traffic conditions. Adaptive traffic lights adjust their cycles to match traffic flow, and navigation apps suggest "eco-routes" that minimize fuel consumption. Experience shows that such systems do reduce emissions: pilot implementations in Singapore and Beijing using AI-based traffic management reduced peak CO₂ emissions by 20–25%. Even modest "smart" measures—such as limiting stopping at red lights—have significant environmental benefits [6].
[bookmark: неицифровые-стратегии-снижения-выбросов]Practical examples confirm the effectiveness of AI/ IoT solutions. For example, UPS, a transportation business, implemented the ORION system to optimize small delivery routes. Thanks to ORION algorithms, UPS was able to reduce the annual mileage of its U.S. fleet by approximately 29 million miles (≈46.7 million km). This saved 3.3 million gallons of diesel fuel and reduced CO₂ emissions by more than 31,000 tons. Furthermore, UPS telemetry reduced average idling by 15 minutes per day per vehicle—a saving of approximately 1.4 million gallons of fuel per year. These examples demonstrate that investments in digital telematics and routing quickly pay for themselves through fuel savings and reduced emissions. Global companies ( FedEx , Amazon , and others) are also investing in similar platforms, making AI an industry standard [7].
Digital innovations complement traditional approaches to greening road transport. One of the most important simple solutions remains optimization of loading and trip planning . Cargo consolidation (combining small shipments into full trucks) and planning full loads allow the same volume of cargo to be delivered in fewer trips. This directly reduces fuel consumption per ton of cargo: the fewer underloaded trips, the more efficient each kilometer. Experience shows that by fully utilizing a fleet's capacity, the total number of trips (and emissions) can be reduced by tens of percent compared to naive estimates [8].
Alternative fuels are also worth mentioning . The US is actively developing CNG and LNG networks for trucks. Compressed natural gas (CNG) engines are already used in Waste fleets. Management , NFI, etc. With proper leak control, these vehicles emit approximately 15–20% less CO₂ than similar diesel trucks. Biofuels provide even greater benefits . Blends of biodiesel or hydrotreated vegetable oil ( renewable diesel ) can reduce CO₂ emissions by up to 68–75% compared to conventional diesel. For example, GREET analysis indicates a CO₂ reduction of up to -68% ( renewable Diesel ) and -75% (vegetable biodiesel ) compared to gasoline. Further electrification with hydrogen fuel cells (especially with "green" H₂ ) promises even greater benefits: when using renewable hydrogen, fuel cells provide up to an 85% reduction in emissions [9].
In addition to fuel consumption, design innovations in the trucks themselves reduce fuel consumption. Aerodynamic trailers with spoilers and side skirts reduce air drag, while alloy wheels and low-rolling-resistance tires minimize losses. These features are standard on all new trucks and deliver several percent fuel savings per 100 km. Electronic assistance systems are also becoming more common: adaptive cruise control and intelligent engine traction control adjust engine performance to maintain a consistent speed, while start-stop systems automatically shut off the engine during long stops (for example, at railroad crossings), further saving fuel. These "soft" technologies collectively deliver a noticeable reduction in fuel consumption without requiring capital expenditure [10].
Organizational optimization offers significant potential. Many carriers plan their schedules to avoid morning and evening traffic jams: nighttime deliveries and toll "freight" lanes relieve congestion on highways. Training drivers in "eco - driving" is also effective: adjusting driving style—smooth starts, earlier gear shifts, and less idling—reduces fuel consumption by 5–10% , according to estimates. Companies are introducing policies such as en-route fuel metering and bonuses for reduced consumption. All these measures, though seemingly "silent," add up to tens of percent savings across the industry [11].
2. Key approaches
Table 1. Key approaches to “greening” automotive logistics: technologies, approximate efficiency and implementation examples.
	Strategy / Technology
	Effect on emissions/fuel economy
	Examples and sources

	Intelligent routing (AI, IoT )
	Reduces idle running by approximately 10–15%
	Uber Freight, ORION (UPS) platforms

	Optimization of loading and planning
	Fewer flights and empty runs
	Cargo consolidation, LTL freight merging; ORION (UPS)

	Electric transport (batteries)
	≈63% reduction in CO₂ emissions ( LCA)
	Class 8 electric vehicles (Tesla Semi, Freightliner eCascadia )

	Hydrogen fuel cells
	Up to 85% CO₂ reduction ( with "green" H₂ )
	Toyota Project Portal, Nikola ( hydrogen trucks )

	Gas engines (CNG/LNG)
	≈15–20% reduction in CO₂ ; virtually no particulate matter
	CNG/LNG trucks in Waste Management, NFI, ARPA-E projects

	Hybrid power plants
	Up to 50% reduction in fuel consumption
	Hybrid trucks (NREL–DOE); UPS electric vehicles (PHEV models)

	Biodiesel / Renewable Diesel
	Up to 68–75% reduction in CO₂
	Renewable diesel, biodiesel ( by CARB/CA standards )


[bookmark: заключение]Ultimately, the combination of smart routes and physical measures yields a synergistic effect. Hybrid engines are already demonstrating fuel consumption reductions of up to 50%, and full electrification is even more effective: Class 8 electric vehicles deliver an approximately 63% reduction in lifecycle CO₂ emissions ( see Fig. 1). However, technology alone is ineffective. Maximizing the impact requires charging stations and CNG filling stations along major highways, training logistics personnel and drivers in new protocols, and integrating new vehicles into the existing fleet. Only an integrated approach—digital routing algorithms combined with eco-friendly engines and sound logistics planning—will enable the stated goals to be achieved in practice [12].
Intelligent routing based on AI and IoT has become a crucial tool for "whitening" US logistics. These systems dynamically plan and adjust routes, eliminating unnecessary trips and idle traffic. Combined with non-technological methods (load analysis, switching to CNG/EBT/hydrogen, aerodynamic improvements, etc.), they can reduce the carbon footprint of road transport by tens of percent. Government policies are already stimulating these changes: the Phase 3 regulation requires the industry to reduce CO₂ emissions by 60% by 2032 , forcing companies to embrace innovation [13].
At the same time, logistics operators also reap economic benefits. Less fuel means lower costs, and higher efficiency means a greater competitive advantage. Even the gradual implementation of measures (even something as simple as reducing empty runs or increasing truck occupancy) across the industry will yield multi-million dollar fuel savings and a significant reduction in emissions. In practice, it is the integrated application of technologies and strategies—from smart routers to eco-friendly trucks—that creates the foundation for sustainable, green logistics. As infrastructure and technology develop, digital solutions will only enhance the effectiveness of traditional methods, bringing the US trucking industry closer to climate goals.
[bookmark: citations]
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