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Abstract 
Freight movement in the United States accounted for 31% of all transportation sector 
greenhouse gas (GHG) emissions in 2019, and its share continues to grow.1 This working 
paper summarizes a preliminary investigation into the potential to reduce freight GHG 
emissions over the coming decades using emerging technologies that are commercially 
available today. The focus is on logistical improvements enabled by information and 
communications technology (ICT), but we include vehicle electrification and vehicle 
automation and connectivity as well to understand how the emissions reduction benefits of 
all these technologies may evolve and relate to one another over time.  

Our preliminary results show that, in the short and medium term, ICT-based operational 
improvements, including mode shift, can provide the majority of potential GHG reductions. 
By 2035 annual GHG emissions for intercity and regional truck freight can be cut by 41%, or 
76 million metric tons, from business-as-usual levels, with ICT-enabled reductions 
representing 55% of the total. By 2050 the ICT share of annual emissions reductions could 
fall to 30%, as the benefits of electrification will have grown dramatically. ICT would still 
contribute 43% of cumulative reductions out to 2050 and would also provide benefits from 
reduced truck volumes and traffic.  

The results of this working paper suggest that while vehicle technology improvements such 
as electrification and automation have great long-term potential for emissions reductions, 
applying ICT-enabled logistical improvements can achieve substantial emissions reductions 
in the next 10–15 years, a period in which establishing a rapid trajectory toward eliminating 
emissions will be essential. In the longer term, both vehicle- and system-based strategies will 
be necessary.

 

 

1 EPA 2021b. Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990–2019. EPA 430-R-21-005. Washington, 
DC: EPA. www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks-1990-2019. 

 

https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks-1990-2019
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Introduction 
Freight movement in the United States accounted for 30.9% of all transportation sector 
greenhouse gas (GHG) emissions in 2019, and its share continues to grow (EPA 2021b). 
Heavy duty vehicles are the source of most freight emissions and a significant portion of 
transportation emissions as a whole, as summarized in figure 1. This working paper 
summarizes a preliminary investigation into the potential for emerging technologies to 
reduce freight GHG emissions. The purpose of the investigation was to better understand 
the main factors that determine freight emissions, the relationships among these factors, 
and emissions reductions that could be achieved over time through a variety of 
technological developments. In particular in this paper, we consider emissions reductions 
from the use of information and communications technologies (ICT) to improve freight 
system efficiency, together with improvements to the vehicles themselves through 
electrification, automation, and connectivity. We seek to understand the relative magnitudes 
and temporal relationships of the various emissions reduction opportunities and to identify 
which ICT strategies may warrant a more extensive assessment than what is presented here. 
The paper also is intended to support the development of a near-term efficiency agenda 
involving both the freight industry and public policy to achieve substantial carbon reductions 
in the next 15 years. 

 

Figure 1. U.S. transportation sector GHG emissions in 2018 by source, million metric tons CO2 
equivalent. Source: EPA 2021a. 

Electrification of commercial trucks is rapidly gaining momentum, and success in this 
endeavor will greatly reduce freight carbon emissions over time, especially with continued 
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decarbonization of the U.S. electric grid. It will take time, however, for electric trucks to 
replace the diesel fleet, especially in the case of tractor-trailers, which account for nearly 
two-thirds of all truck energy use (Davis and Boundy 2020). These will not be among the first 
trucks to be electrified in large numbers. As of July 2021, more than 137,000 electric trucks 
had been deployed or ordered in the United States; fewer than 10% of those were tractors 
(EDF 2021). By contrast, connectivity and automation technologies in some cases are likely to 
be adopted for long-haul tractor-trailers before any other truck types, but here, the lack of a 
regulatory framework and limited benefit for early adopters mean substantial uptake is many 
years away.  

As these technologies make their way into the fleet, it is important to move quickly to apply 
them so as to establish a sharp downward trajectory on emissions and limit cumulative 
carbon in the atmosphere over the coming decades. System efficiency improvements—that 
is, reductions in energy used per ton-mile2 of freight delivered—generally can be 
implemented with the trucks that are already on the road and hence can begin reducing 
emissions sooner. Moreover, efficiency gains will remain important even as trucks become 
cleaner. Roadway capacity is already strained and is projected to tighten further, with truck 
miles expected to increase 53% from 2020 levels by 2050 (EIA 2021).3 Improving roadway 
capacity has traditionally been accomplished primarily by increasing freeway lanes; this is an 
expensive endeavor, and governmental fiscal constraints are likely to continue far into the 
future. Reducing the number of truck miles required to meet a given freight demand will be 
key to avoiding worsening congestion and unreliable delivery times. Furthermore, 
digitalization and ICT strategies are already moving rapidly into the trucking sector, and it is 
essential that this opportunity be harnessed to reduce carbon emissions as well as to 
provide economic benefits. Finally, maintaining a reliable surface freight system will help to 
prevent further shifts to energy-intensive air freight. 

 

 

2 Ton-miles, in this report, represents the total weight of a load multiplied by the distance from origin to 
destination. This distance is in contrast to the total distance that the truck must actually travel, which can include 
indirect routing. 

3 More recent Federal Highway Administration estimates show the possibility of growth of up to 76%. Analysis for 
this project was completed before these reports were released, and all estimates reflect EIA Annual Energy 
Outlook 2021 assumptions. 

https://www.fhwa.dot.gov/policyinformation/tables/vmt/vmt_forecast_sum.cfm
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Technologies and Assumptions 
To put the discussion of freight efficiency potential in a quantitative setting, we created a 
spreadsheet model to represent U.S. freight sector emissions and how they could change 
with the introduction of new technologies and practices between now and 2035, and 
between now and 2050, reflecting medium- and long-term impacts, respectively. Our focus 
is on the medium term, where the time needed to implement the various emissions 
reduction strategies is especially important. The 2050 projections are very speculative, but 
we include them to show how the relative contributions of these strategies shift as vehicle 
fleets turn over.4 Our analysis aims for computational simplicity and, given the many 
complexities and unknowns of future freight transportation, is intended to illustrate the 
relative magnitudes of impacts of various efficiency strategies over time.  

This analysis is largely about truck transport, because trucks account for the bulk of freight 
emissions: 77.5% in 2019 per the Environmental Protection Agency (EPA 2021b). They also 
have the greatest potential for near-term operational shifts. Our analysis does include truck-
to-rail mode shift. Among trucks, we focus on regional and long-haul tractor-trailers and 
exclude trips of less than 100 miles. With these limitations, the freight truck trips considered 
here represent about 50% of all truck fuel use.  

We only investigate regional and long-haul freight in this report. Urban freight presents a 
unique set of challenges and opportunities, and many ICT technologies and applications 
investigated in this report, such as inter-modality, will not apply to intra-urban freight. 
Moreover, freight movement’s direct impacts on urban populations through local pollutant 
emissions, collisions, congestion and noise have heightened significance in that case and 
cannot be subordinated to the impacts of carbon emissions. However, most of the strategies 
for improving efficiency considered here have urban analogues or extensions and may offer 
comparable or even greater opportunities in terms of percent emissions reductions. 
Furthermore, the interface between interurban and urban freight movement will ultimately 
be crucial to successful emissions reductions in both domains. Hence extending this analysis 
of potential to urban freight, while beyond the scope of this paper, could be a useful 
exercise.  

 

 

4 The analysis considers only technologies that are commercially available today, so our long-term projection of 
combined potential may be quite conservative. 
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This section summarizes our assumptions regarding the various emissions reduction 
approaches considered.  

ICT APPLICATIONS  
ICT applications to freight efficiency include technologies that use real-time tracking of 
logistics and transportation assets, as well as freight demand, to better control the 
deployment of those assets. This represents a combination of multiple technologies and 
capabilities, such as the tracking of loads, vehicles, freight demand, warehouse capacity, and 
more. Software can then use this information to optimally assign freight demand to a 
combination of assets, as well as to determine how to optimally use those assets. ICT 
applications considered in this report are specifically those that control multiple freight loads 
and assets concurrently. This excludes technologies to optimize vehicle fuel efficiency.5 We 
generally treat connected and automated vehicle (CAV) technologies as a separate category, 
though these are, technically speaking, ICT enabled as well. And in fact, if a truck is using 
connectivity to accept real-time information and adjust its routes and freight assignments 
accordingly, we count that as an ICT application. 

ICT-based strategies we consider include those that reduce empty miles, optimize trailer or 
container loading, assist with trailer and tractor pairing, or help shift freight from truck to 
rail. These applications were selected because they are already in use to some extent and are 
expected to grow in use as the technology that enables them becomes cheaper, more 
available, and more proven and as more logistics service providers adopt them (Mihelic and 
Roeth 2019). While not a comprehensive list, these applications do address the principal 
sources of inefficiency in intercity and regional freight movement.6 Our analysis is intended 
to assess the potential for additional emissions reductions through the increased ease and 
efficacy of these freight efficiency strategies enabled by the use of ICT. While intentional 
pairing of tractors and trailers will lead to direct changes in fuel economy, the other 
strategies will lead to a change in total miles driven to deliver a given amount of freight 
demand, represented as ton-miles per mile traveled. This can come from either a direct 
reduction of miles traveled in a trip or an increase in the fullness of a trailer, decreasing the 

 

 

5 We made an exception for ICT-enabled aerodynamic pairing of tractors and trailers. 

6 Optimizing the configuration of warehousing, distribution, and intermodal facilities is not explicitly addressed 
by any of the strategies considered here. However, high implementation levels of strategies such as co-loading 
and route optimization will likely coincide with network optimization.  
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number of trips necessary to meet freight demand.7 The following sections describe each of 
these ICT-enhanced strategies and our key assumptions regarding their use. These 
assumptions are summarized in table 1.  

REDUCING EMPTY MILES 
It is not uncommon for trucks to drive empty on the return to their logistical home. 
Estimates of total empty backhauls, as such trips are called, vary. One recent analysis 
estimates that 19.5% of all miles are driven empty nationally, while other sources estimate 
the value as closer to 25% or even 35% (FDOT 2018; Meller, Ellis, and Loftis 2012; Convoy 
2021). The percentages vary greatly by fleet and service type (Meller, Ellis, and Loftis 2012). 
Empty miles are also dictated to some extent by imbalances in regional flow, such as the 
need for more loaded refrigerated trailers leaving Florida, with its citrus industry, than 
coming in (FDOT 2018). Our analysis does not explicitly account for such considerations but 
instead relies on national average performance data to estimate the potential for reducing 
empty miles. 

Many logistical software systems and services can help find loads for backhaul trips to 
improve capacity utilization. Freight brokers and marketplaces, such as Uber Freight, offer 
services that pair deliveries with return trips, allowing fleets—especially the smaller ones—to 
reduce their empty miles (Heilmann 2020). Estimates of the empty miles that can be 
eliminated in this way vary from 15% up to 46%, depending on carrier type (Kearns, Sze, and 
O’Rourke 2020; Heilmann 2020; Convoy 2021). We assume a potential reduction of 23% for 
the fleet as a whole, which is what carriers using Uber Freight’s bundling service have 
achieved (Heilmann 2020). To the extent that these initial estimates are empirically based, 
they should reflect constraints such as regional flow imbalances.  

While we were unable to find estimates of how quickly this technology could be adopted, 
the rapid growth of a new freight market platform can be illustrative. We used Uber Freight’s 
target market size and revenue growth since launch in 2017 to build an S-curve representing 
the market penetration of ICT-based trip bundling (Uber 2021a, 2020, 2021b).8 We applied 

 

 

7 Increased fullness will reduce truck miles per gallon, offsetting to a modest degree the savings from reduced 
trips, but we have not yet factored that into our analysis. 

8 Uber Freight’s market share grew from 0.0094% in 2018, the first full fiscal year of its service, to 0.027% in 2020, 
based on an estimated $3.8 trillion target market. Uber states that the percentage growth in revenue was 
approximately equivalent to the percentage growth in shipped weight. 
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the resulting annual growth rates to all ICT-based efficiency strategies discussed here as a 
placeholder until we find better estimates. The resultant curve of adoption rate over time can 
be seen in figure 2. 

 

Figure 2. Assumed ICT technology adoption rate by year 

CUBE OPTIMIZATION 
A single large shipper can improve load factor in some cases by optimizing packing. The 
amount of freight that a truck can carry is subject to weight and volumetric constraints. Most 
fully loaded vehicles “cube out” rather than reach their weight limit, due to the nature of 
goods carried, so space is most often the binding constraint. Under such circumstances, 
volumetric utilization can often be improved by optimizing the combination and 
organization of items placed within a trailer or shipping container. Today software tools can 
use the geometric data of goods being shipped to optimize not only the goods being 
loaded into one container or truck but also the distribution of such goods among multiple 
containers. Such applications require dynamic decision making and hence are ICT enabled. 
Although small players have been less able to use these tools, they have been gaining 
adoption by large companies, such as Walmart and Home Depot, proving their ability to 
increase total loading per container. For example, Home Depot has achieved an average 
fullness of 85% in its fleet, an increase of 13% over the estimated fullness of 75% without the 
packing software (Façanha et al. 2019). 
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Cube optimization can be used by truckload (TL) carriers as well as private fleets.9 Shipments 
on such fleets account for about 90% of the market (Meller, Ellis, and Loftis 2012). There are, 
however, limits within these markets. Both private and truckload fleets must have enough 
demand to fully load their trucks, and the shipped items must be geometrically compatible 
to be packed more efficiently than the status quo. Certain shipments, like live animals, 
cannot simply be more optimally stacked on top of each other. At present, we ignore these 
complications and assume that the full 90% of the trucking market can take advantage of 
this technique and improve average trailer fullness by about 13%. 

We assume the same growth rate for the utilization of packing software as for empty 
backhaul minimization but apply it to only 90% of the total trucking market.  

CO-LOADING 
Freight rarely travels directly from its origin to its destination. Instead, it often has to travel 
through multiple distribution centers to reach its final destination. This is especially true 
when less-than-truckload (LTL) shipments are combined to fill trucks. These shipments can 
be loaded and unloaded multiple times along circuitous routes to their final destinations in 
an attempt to increase trailer space utilization. However, improvements in trailer utilization 
do not always have to come at the expense of route efficiency. While shippers who want 
direct routing often pay for a full trailer to ensure this treatment, new companies, enabled by 
improvements in communication technology, are making it easier to match loads that have 
origins and destinations along similar routes. These companies take advantage of a 
combination of constant tracking of their available and in-use trucks, routing software, and 
automatic task assignment to offer customers the ability to co-load their goods for more 
direct shipments and to receive real-time quotes and delivery estimates. This method is 
generally not compatible with cube optimization, as co-loading requires the  packing of an 
individual customer’s shipment on pallets, which reduces the ability to optimize the 
geometry of loading (Flock Freight 2021).  

Co-loading is separate from but complementary to backhaul minimization: Instead of 
reducing the miles driven by unloaded trucks, co-loading works to decrease the distance 
driven when trucks are loaded or to increase the load factor of a partially loaded truck. 
Opportunities for co-loading may be limited by commodity incompatibilities, as certain 
materials cannot be shipped together. Food or medical equipment, for example, may not be 

 

 

9 Truckload carriers are third-party fleets that carry shipments from only one customer at a time. 
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able to share a truck with certain hazardous products. As with empty miles reductions, our 
analysis avoids these complexities by drawing from empirically based averages that reflect 
such limitations. 

Kearns, Sze, and O’Rourke (2020) cite GHG reductions of up to 30% through co-loading, 
while one provider, Flock, estimates GHG reductions of up to 40% (Flock Freight 2020). 
McKinnon (2018) also suggests the possibility of large companies directly collaborating to 
improve their load factors. The total reduction in GHG emissions will also vary depending on 
where the freight is diverted from, as co-loading can be used on truckload, less-than-
truckload, and private fleets, each of which has different average routing and loading 
characteristics. Our model includes only the increase in load factor of current less-than-
truckload shipments where truck space is shared by two or more customers. This is about 
10% of the market (Meller, Ellis, and Loftis 2012). 

We assume that these LTL loads can increase to the current industry average for truckload 
shipments. This would represent a growth in fullness from 35% (LTL average) to 65% (TL 
average), or an 86% increase in fullness (Meller, Ellis, and Loftis 2012). We assume market 
share growth equivalent to that of empty backhaul minimization but apply this only to the 
10% of the total market that we assume is capable of being shifted in this way. We also 
assume that any reductions in miles traveled will be captured by the effects of empty 
backhaul minimization. 

This estimate excludes benefits of co-loading more broadly. Because we have assumed that 
private fleets and TL carriers adopt cube optimization, these fleets were not eligible for co-
loading.  

OPTIMAL PAIRING OF TRACTOR AND TRAILER 
Traditionally tractors and trailers are considered separate assets, with tractors simply pairing 
with an available trailer at a depot or pickup point (Mihelic and Roeth 2019). Innovative 
designs of tractors and trailers can improve aerodynamic performance, but for this to 
happen, trailers must be paired with compatible tractors (Mihelic and Roeth 2019). ICT-
enabled improvements in asset management, tracking, and route assignment may allow the 
growth of intentional pairing of compatible tractors and trailers by making more specially 
designed trailers available to intentionally paired tractors (Mihelic and Roeth 2019). Fuel 
economy improvements from such intentional pairing must be at least 6% to justify 
expenses, and improvements have been demonstrated to be as high as 13.8% with current 
technology (EPA 2021c; Mihelic and Roeth 2019). We assume that fuel economy gains from 
intentional pairing will linearly grow between these two values over the first 10 years of our 
study period. 
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Unlike other ICT techniques, intentional trailer pairing will achieve major savings only for 
new vehicles, both trailers and tractors. Adoption is therefore dependent on the growth in 
sales of physical hardware. The replacement rate of trailers is lower than that of tractors, with 
each trailer lasting about 12 years (NPTC 2017). This means the availability of aerodynamic 
trailers is a limiting factor in pairing opportunities. We assume that trailers designed for 
pairing will increase in market share by 2.7% per year, starting at 0%. This is the rate of 
increase in sales required for zero-emission vehicle (ZEV) Class 8 tractors by California’s 
Advanced Clean Truck (ACT) rule. We also assume that said market share will be the main 
limiting factor in intentional trailer pairing. In the absence of specific usage rate data, we 
further assume that such trailers will initially be paired with intended tractors for 25% of their 
miles traveled and that this rate will increase by 2% per year, as suitably designed equipment 
becomes a larger part of the fleet and better utilizes ICT tools to travel on routes where 
intentional pairing is possible. 

MODE SHIFT 
While the preceding strategies are all directed at trucking, there are also opportunities to 
increase use of rail or waterborne modes, which are more energy efficient than trucking and 
typically less expensive. Trucking has dominated many freight markets due to its more 
predictable scheduling, accommodation of small loads, and ability to provide door-to-door 
service. Today third-party logistics companies are developing and utilizing ICT tools that 
analyze routes, mode options, costs, and shipping timelines to allocate shipments across the 
cheapest or most efficient combination of modes to reach their destination within customer-
acceptable time frames (Kearns, Sze, and O’Rourke 2020). For example, GE Transportation’s 
Port Optimizer, a cloud-based container data portal designed to advance supply chain 
integration and enable predictive analytics, will allow trucking operations and railroads, 
among others, to track and streamline their operations at maritime ports (Cartwright 2019). 
These tools can make rail or intermodal shipping practical in more situations, including for 
smaller shipments, shorter distances, and certain specialized goods. 

We assume a 1% per year shift in ton-mile demand from trucks to rail through 2030, after 
which the shift is assumed to be 0.5% per year, as the ICT tools cited for near-term mode 
shift may encounter diminished opportunities to develop new markets for rail and 
intermodal. This assumption is conservative in that the increase in rail and intermodal 
demand should produce new infrastructure investment and lead to greater growth in rail in 
the medium and long term. As in the case of CAVs, however, this paper highlights the effects 
of only those advances for which there is a clear path foreseeable today and hence considers 
only the direct benefits of ICT applications to rail and intermodal.  
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It should be noted that the ICT-based technologies discussed here and in prior sections will 
tend to reduce trucking costs and consequently could in fact increase truck mode share at 
the expense of more energy-efficient modes. In a regional study, the U.S. Department of 
Energy found that cost reductions resulting from higher truck load factor could increase the 
mode share of trucks by more than 10% at the expense of rail and water shipping, even 
though the most energy-efficient option would be a 54% shift in truck demand to rail (DOE 
2020). In addition, improvements in truck efficiency and truck electrification will tend to 
reduce the energy efficiency and emissions advantages of rail over truck unless similar 
advances occur for locomotives. Hence, efforts to increase rail and intermodal mode shares 
should occur in tandem with improvements in locomotive technology.  

ELECTRIFICATION OF TRUCKS 
We have based our truck electrification assumptions on California’s ACT rule (CARB 2021; 
Buysse and Sharpe 2020) and the more recent executive order from California’s governor 
mandating a 100% share of electric tractor-trailer sales by 2040 and requiring that all 
tractor-trailers on the road be electric by 2045, “wherever feasible”10 (Office of the Governor 
of the State of California 2020). We assume that electric tractor sales percentages will follow 
the ACT requirements starting at 5% in 2024 and reaching 10% in 2026, at which point they 
will increase linearly to 100% by 2040. We have kept the fleet replacement rate, 10 years or 
10% per year, unchanged from current conditions until 2036 (EPA and DOT 2016). At that 
point we set aside the replacement rate and instead assume that the total on-road electric 
vehicle (EV) share increases linearly to 100% by 2050. This is meant to model an increase in 
scrappage and turnover to comply with expected mandates applicable to vehicles on the 
road. This is slightly more conservative than California’s target of 100% Class 8 tractors on 
the road “wherever feasible” by 2045. We use the California Air Resources Board’s estimated 
electric tractor efficiency of 2.1 kWh/mi (CARB 2019). 

To calculate the associated CO2 emissions reductions, our analysis assumes a linear transition 
of U.S. average grid generation mix from current conditions as described by the EIA (2021) 

 

 

10 We assume that electric tractor sales percentages will follow the ACT requirements, starting at 5% in 2024 and 
reaching 10% in 2026, at which point they increase linearly to 100% by 2040. We keep the fleet replacement rate 
unchanged from current conditions until 2036. At that point we ignore the replacement rate, and the total on-
road EV share increases linearly to 100% by 2050. This is meant to model an increase in scrappage and turnover 
to comply with expected mandates applicable to vehicles on the road. This is slightly more conservative than 
California’s target of 100% Class 8 tractors on the road “wherever feasible” by 2045. 
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to a 5% coal, 39% natural gas, and 57% zero-direct-emissions grid11 in 2050, as envisioned in 
Nadel and Ungar (2019). 

CONNECTIVITY AND AUTOMATION 
Among CAV capabilities, we considered vehicle platooning and road grade preview as 
representative of CAV features that have already been tested (or eco-driving technologies 
that have already been road tested). These are provided by technologies such as cooperative 
adaptive cruise control (CACC) and control optimization systems, which control vehicle 
velocity to reduce fuel consumption. CACC platoons involve multiple vehicles, at present 
usually two or three, synchronizing their velocities to improve the performance of following 
vehicles. Road grade preview allows optimization of velocity to take advantage of upcoming 
slope changes.  

We assume that both technologies will be available in new vehicle purchases and will 
increase in share of new sales by 2.7% per year, starting with 0% of sales in 2020. This is an 
aggressive adoption rate given that neither platooning nor road grade preview optimization 
is expected to be usable on all trips. Road grade preview requires accurate maps, and 
platoons require other vehicles to pair with. We assume that, for equipped trucks, these 
technologies will be available on 25% of all trips to start and then increase by 2% per year. 
We further assume that these technologies can run concurrently and that their effectiveness 
on a single truck is multiplicative (i.e., the efficiency impacts of the two technologies are 
independent of each other). We assume that CACC platoons consist of CAV trucks and 
reduce average emissions by 9.43% (Lu and Shladover 2014). Actual efficiency gains depend 
on platoon length and truck position in the group (Lu and Shladover 2014). While road 
grade preview and other eco-cruise-control techniques have differing effects depending on 
traffic and road topology, we assume average emissions reductions of 2.75% per mile 
(Vahidi and Sciarretta 2018). 

  

 

 

11 The 57% clean grid is projected to consist of 43% renewable (41% wind, 59% solar) and 14% nuclear. 
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Table 1. Summary of assumptions regarding strategies 

 Assumptions (see text for more detail and sources)  

Reduced empty 
miles 

• Trips are either full or empty 
• Target market share is 100% of the total freight market 
• Reduction in empty miles of 23% is possible 

Cube 
optimization 

• Target market share is 90% of freight market 
• Cube optimization increases fullness by 13%  

Co-loading • Target market is 10% of freight market 
• Co-loading increases fullness by 86%, climbing from LTL rate to TL rate 

Tractor-trailer 
pairing 

• Sales of pairable systems increase by 2.7% per year 
• Share of trips for which pairable trailers are paired starts at 25% and increases by 2% 

per year 

Truck-to-rail 
shift 

• Ton-mile demand from truck to rail increases linearly by 1% per year until 2030, then 
0.5% per year 

• Rail packing can benefit from cube optimization equivalent to that of trucks. 
• Rail vehicle performance and fuel source remain constant. 

Electrification National power grid shifts linearly from 20% coal, 38% natural gas, and 41% zero direct 
emissions to 5% coal, 39% natural gas, and 57% zero direct emissions by 2050 

CAV 
technologies 

• CACC platoons consist of three trucks 
• Sales grow linearly to 40% by 2040 

Results  
The strategies discussed above can reduce freight GHG emissions by 1) increasing truck load 
factor (in ton-miles per mile), 2) reducing truck per-mile emissions rates, or 3) reducing GHG 
emissions per ton-mile by shifting from truck to rail. We first present results for each of 
these three mechanisms separately and then compare and combine the three. 

In our calculations, total increases in ton-miles delivered per mile traveled, achieved through 
ICT-based strategies, are 24% by 2035 and 27% by 2050. Gains are greatest from cube 
optimization, at 12% by 2035 and 13% by 2050 (figure 3). The shape of the curve is similar 
for all ICT strategies due to our application of the same adoption curve for all three. Some 
technologies may be easier to adopt, but we were unable to find any specific data on 
feasible adoption rates to allow us to model them separately. 
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Figure 3. Percentage change in ton-miles per VMT achievable by load factor strategies 

Among strategies that affect truck GHG emissions rates (figure 4), truck electrification yields 
an 18% reduction by 2030 and 66% by 2050, dominating the reductions from truck 
technology strategies.12 Electric trucks’ very large GHG reductions over time are due to the 
combination of electric powertrains’ high efficiency and assumed steady gains in 
decarbonizing the electric grid on average across the United States.  

 

 

 

12 The EPA’s and U.S. Department of Transportation’s Phase 2 heavy-duty vehicle GHG standards will enforce 
some truck efficiency improvements over this time frame, but we do not include these gains at this stage. Our 
vehicle improvement investigations focused on non-regulation-mandated or assumed factors, though Phase 2 
improvements may decrease the space of potential gains. For our purposes, vehicle improvements included trailer 
pairing, which Phase 2 regulations assume are unlikely without significant ICT investment. 
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Figure 4. Percentage change in GHG emissions per mile (not including mode shift to and from trucking) 

For mode shift, GHG emissions reductions are driven by the difference between the 
emissions rates of truck and rail transport over time, as shown in figure 5. Since the only 
improvement to rail efficiency that we model comes from cube optimization, rail’s emissions 
advantage over trucks decreases as trucks become cleaner. If the trend lines continued past 
the study period, trucks would eventually have lower emissions per ton-mile than rail.13  

Major rail efficiency improvements and emissions reductions over the next 30 years are 
possible, such as through electrification. Such improvements could preserve the GHG 
emissions advantage of the rail mode even with the arrival of electric trucks. At present, 
some in the freight rail community are skeptical of the feasibility of track electrification, but 
electric locomotives running on batteries or fuel cells are under development (AAR 2021b, 
2021a).  

 

 

 

13 The analysis ignores most ongoing incremental improvements in both rail and truck efficiency, accounting only 
for the technology advances discussed in this paper (electrification, CAV technologies, and ICT-based efficiency 
improvements). 
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Figure 5. GHG emissions rates for truck versus rail  

Given our assumptions regarding truck and rail technology adoption, the assumed shift from 
truck to rail reduces average freight emissions rates by about 5 grams per ton-mile by 2030, 
but this benefit declines to around 1 gram per ton-mile by 2050. 

COMPARING AND COMBINING SAVINGS FROM EMISSIONS REDUCTION 

MECHANISMS 
Under our assumptions, ICT-based operational improvements (including mode shift) provide 
the majority of potential GHG reductions in the near and medium terms. ICT improvements 
reduce annual GHG emissions more than CAV and EV technologies together through 2037, 
(figure 6) and they reduce cumulative GHG emissions more than CAV plus EV through 2043 
(figure 7). This is largely because ICT improvements, such as better packing techniques and 
reduction of empty miles, can take effect for vehicles already on the road, while vehicle 
efficiency gains and electrification generally apply to new vehicles only. If accelerated fleet 
replacement were possible, then vehicle energy efficiency improvements could dominate 
emissions reductions sooner. It is also notable that ICT gains begin leveling off around 2035. 
This is because market share begins leveling off as the technologies reach market saturation. 
Over the long term there may be further improvements in efficiency possible from ICT, but 
this analysis considers only gains that can be demonstrated from existing technologies and 
use cases. 

Also, there are synergies between ICT and electrification. For example, one of the greatest 
barriers to the adoption of electric trucks in the near term is route limitations associated with 
charging infrastructure. ICT can help ensure that trucks can be charged during planned idle 
times and reach full utilization.  
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Figure 6. Annual GHG reductions by technology type 

 

Figure 7. Cumulative GHG reductions by technology type 

To estimate the combined effects of all emissions reduction mechanisms, we assume the 
emissions reductions or efficiency gains for the various technology groups are independent 
of one another.14 In that case, the combined percentage reduction can be calculated by 

 

 

14 In reality, CAV technologies are expected to be less effective, on a percentage energy savings basis, in electric 
vehicles, but this is not reflected in our analysis. There are other cases in which strategies are not independent 
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multiplying together the effects of the individual technology groups. To convert the 
resulting percentage reduction to tons of GHG emissions, we begin with EIA projections of 
total truck freight emissions (EIA 2021).15 We then reduce this to account for 1) tractor-trailer 
share of freight truck fuel use and 2) the share of truck ton-miles in trips greater than 100 
miles, since this analysis is about intercity and regional freight only (Davis and Boundy 
2020).16 Our preliminary results suggest that annual GHG emissions from intercity and 
regional trucks can be reduced by 41% (76 million metric tons) in 2035 and 77% (160 million 
metric tons) in 2050 by all strategies combined, relative to EIA projections for those years 
(EIA 2021). Of these reductions, ICT accounts for 55% in 2035 and 30% in 2050. ICT’s share of 
cumulative reductions is higher, at 62% of 460 million metric tons of total avoided emissions 
in 2035, and 43% of 2,200 million metric tons of total avoided emissions in 2050. 

Next Steps 
Our next step will be to take a closer look at both the effectiveness and the feasibility of the 
potential ICT-based reductions we have identified. Using additional examples of early 
applications of ICT in freight transport, we will specify how these strategies deliver 
operational efficiencies in enough detail to improve our estimates of the likely benefit to 
adopters as well as the size of the market and rate of adoption out to 2035. Future models 
may also capture the effects of the uncertainty in our model inputs and assumptions, either 
through scenarios or Monte Carlo analyses.  

We will look further into the relationships between ICT-enabled system efficiency 
improvements and vehicle automation and electrification. We will also explore costs and 
benefits, beyond fuel savings and emissions reduction, associated with adoption of ICT tools, 
including impacts on shipment times and reliability. It is true that tons of emissions reduced 
from system efficiency will decline as vehicles become dramatically cleaner in the longer 
term; however, continued proliferation of heavy-duty vehicles and truck miles traveled will 
have other adverse impacts including congestion and inefficient land use regardless of their 

 

 

(e.g., co-loading and cube optimization), but we have corrected for those directly in our estimates of individual 
strategy benefits. 

15 See table 19, “Energy-Related Carbon Dioxide Emissions by End Use: Case: Reference Case.” 

16  See tables 5.1, 5.2, and 5.19. 
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per-mile emissions. Thus, system efficiency strategies will remain crucial to the sustainability 
of freight transport and hence to economic health. 

Ultimately, the value of this sketch analysis lies in its ability to point the way toward 
investments, behaviors, and policies that will help ensure that the ongoing growth in ICT 
applications in freight will substantially reduce the carbon footprint of freight transportation, 
beginning in the next few years. Questions to be addressed next may include: 

• How is ongoing deployment of ICT tools in the freight industry affecting emissions 
today, and how can the outcomes be improved?  

• What market-based measures can accelerate the application of ICT tools to reduce 
emissions? 

• How can the availability of real-time data be used to help drive behavioral shifts 
toward lower-emissions freight options?  

• What kinds of public investments (e.g., data sharing platforms, urban consolidation 
centers) would be most helpful to advance ICT-based emissions reductions? 

 

  



 REDUCING FREIGHT GHG EMISSIONS © ACEEE 

 

19 

 

References 
AAR (American Association of Railroads). 2021a. Freight Railroads & Climate Change. 

Washington, DC: AAR. www.aar.org/wp-content/uploads/2021/02/AAR-Climate-Change-
Report.pdf. 

———     . 2021b. Oppose Rail Electrification & Support Sensible Climate Policy. Association of 
American Railroads. Washington, DC: AAR. www.railwayage.com/wp-
content/uploads/2021/02/AAR-Electrification-Fact-Sheet.pdf. 

Buysse, C., and B. Sharp. 2020. California’s Advanced Clean Trucks Regulation: Sales 
Requirements for Zero-Emission Heavy-Duty Trucks. Washington, DC: ICCT (International 
Council on Clean Transportation). theicct.org/sites/default/files/publications/CA-HDV-
EV-policy-update-jul212020.pdf. 

CARB (California Air Resources Board). 2019. Public Hearing to Consider the Proposed 
Advanced Clean Trucks Regulation: Staff Report—Initial Statement of Reasons. 
Sacramento: CARB. ww3.arb.ca.gov/regact/2019/act2019/isor.pdf. 

Cartwright, K. 2019. "Port of Los Angeles Intelligent Transportations Systems." American 
Association of Port Authorities webinar. April 24. www.aapa-
ports.org/files/PDFs/ITS%20POLA%204.24.2019.pdf. 

Convoy. 2021. “Our Sustainability Approach.” convoy.com/sustainability/. 

Davis, S., and R. Boundy. 2020. Transportation Energy Data Book, Edition 39. Prepared by Oak 
Ridge National Laboratory. Washington, DC: DOE. doi.org/10.2172/1767864. 

DOE (U.S. Department of Energy). 2020. “SMART Mobility: Multi-Modal Freight Capstone 
Report.” US Department of Energy: Office of Energy Efficiency and Renewable Energy. 
www.energy.gov/sites/prod/files/2020/08/f77/SMART-MMF_Capstone_08.03.20.pdf. 

EDF. 2021. "Electric Fleet Deployment & Commitment List. 
docs.google.com/spreadsheets/d/1l0m2Do1mjSemrb_DT40YNGou4o2m2Ee-KLSvHC-
5vAc/edit#gid=2049738669. 

EIA (Energy Information Administration). 2021. Annual Energy Outlook 2021 with Projections 
to 2050. Washington, DC: EIA. www.eia.gov/outlooks/aeo/. 

EPA (U.S. Environmental Protection Agency). 2021a. “Fast Facts on Transportation 
Greenhouse Gas Emissions.” www.epa.gov/greenvehicles/fast-facts-transportation-
greenhouse-gas-emissions. 

———     . 2021b. Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990–2019. EPA 430-R-
21-005. Washington, DC: EPA. www.epa.gov/ghgemissions/inventory-us-greenhouse-
gas-emissions-and-sinks-1990-2019. 

https://www.aar.org/wp-content/uploads/2021/02/AAR-Climate-Change-Report.pdf
https://www.aar.org/wp-content/uploads/2021/02/AAR-Climate-Change-Report.pdf
https://www.railwayage.com/wp-content/uploads/2021/02/AAR-Electrification-Fact-Sheet.pdf
https://www.railwayage.com/wp-content/uploads/2021/02/AAR-Electrification-Fact-Sheet.pdf
https://theicct.org/sites/default/files/publications/CA-HDV-EV-policy-update-jul212020.pdf
https://theicct.org/sites/default/files/publications/CA-HDV-EV-policy-update-jul212020.pdf
https://ww3.arb.ca.gov/regact/2019/act2019/isor.pdf
https://www.aapa-ports.org/files/PDFs/ITS%20POLA%204.24.2019.pdf
https://www.aapa-ports.org/files/PDFs/ITS%20POLA%204.24.2019.pdf
https://convoy.com/sustainability/
https://doi.org/10.2172/1767864
https://www.energy.gov/sites/prod/files/2020/08/f77/SMART-MMF_Capstone_08.03.20.pdf
https://docs.google.com/spreadsheets/d/1l0m2Do1mjSemrb_DT40YNGou4o2m2Ee-KLSvHC-5vAc/edit#gid=2049738669
https://docs.google.com/spreadsheets/d/1l0m2Do1mjSemrb_DT40YNGou4o2m2Ee-KLSvHC-5vAc/edit#gid=2049738669
https://www.eia.gov/outlooks/aeo/
https://www.epa.gov/greenvehicles/fast-facts-transportation-greenhouse-gas-emissions
https://www.epa.gov/greenvehicles/fast-facts-transportation-greenhouse-gas-emissions
https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks-1990-2019
https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks-1990-2019


 REDUCING FREIGHT GHG EMISSIONS © ACEEE 

 

20 

 

———     . 2021c. “SmartWay Designated Tractors and Trailers.” www.epa.gov/verified-diesel-
tech/smartway-designated-tractors-and-trailers. 

EPA and DOT (U.S. Department of Transportation). 2016. Greenhouse Gas Emissions and Fuel 
Efficiency Standards for Medium- and Heavy-Duty Engines and Vehicles—Phase 2: 
Response to Comments for Joint Rulemaking. Washington, DC: EPA and DOT. 
nepis.epa.gov/Exe/ZyPDF.cgi/P100P8IS.PDF?Dockey=P100P8IS.PDF. 

Façanha, C., U. Hernandez, X. Mao, and L. Pineda. 2019. Toward Greener Supply Chains: A 
Critical Assessment of a Multimodal, Multinational Freight Supply Chain of a Fortune 50 
Retailer. Washington, DC: ICCT (International Council on Clean Transportation). 
theicct.org/publications/greener-supply-chains-2019. 

FDOT (Florida Department of Transportation). 2018. Truck Empty Backhaul. Tallahassee: 
FDOT. fdotwww.blob.core.windows.net/sitefinity/docs/default-
source/statistics/docs/truck-empty-back-haul-final-report-2018.pdf?sfvrsn=8efaa9c_0. 

Flock Freight. 2020. Solving Inefficiencies with Green Freight Shipping Solutions. Encinitas, CA: 
Flock Freight. www.flockfreight.com/wp-content/uploads/2020/02/FF-Sustainability-
Whitepaper-5.pdf. 

———     . 2021. Efficiency: Powered by Shared Truckload. Encinitas, CA: Flock Freight. scg-
lm.s3.amazonaws.com/pdfs/flock_freight_wp_shared_truckload_guide_071720.pdf. 

Heilmann, K. 2020. “Information Frictions, Load Matching, and Route Efficiency in the 
Trucking Industry.” SSRN 3545019. doi.org/10.2139/ssrn.3545019. 

Kearns, D., C. Sze, and L. O’Rourke. 2020. Sustainability Strategies for Third Party Logistics. 
Washington, DC: EPA. www.epa.gov/sites/production/files/2021-01/documents/sw-3pl-
sustain-strat-webinar-2020-12-02.pdf. 

Lu, X., and S. Shladover. 2014. “Automated Truck Platoon Control and Field Test.” Road 
Vehicle Automation. G. Meyer and S. Beiker, eds. New York: Springer International 
Publishing. doi.org/10.1007/978-3-319-05990-7_21. 

McKinnon, A. 2018. “Decarbonising Freight Transport: A Review of Technical, Managerial and 
Operational Options." ITF / OECD Decarbonising Road Freight Workshop. www.itf-
oecd.org/decarbonising-freight-transport-review-technical-managerial-and-operational-
options. 

Meller, R., K. Ellis, and B. Loftis. 2012. From Horizontal Collaboration to the Physical Internet: 
Quantifying the Effects on Sustainability and Profits When Shifting to Interconnected 
Logistics Systems. Fayetteville: CELDi (Center for Excellence in Logistics and Distribution), 
University of Arkansas. 

https://www.epa.gov/verified-diesel-tech/smartway-designated-tractors-and-trailers
https://www.epa.gov/verified-diesel-tech/smartway-designated-tractors-and-trailers
https://nepis.epa.gov/Exe/ZyPDF.cgi/P100P8IS.PDF?Dockey=P100P8IS.PDF
https://theicct.org/publications/greener-supply-chains-2019
https://fdotwww.blob.core.windows.net/sitefinity/docs/default-source/statistics/docs/truck-empty-back-haul-final-report-2018.pdf?sfvrsn=8efaa9c_0
https://fdotwww.blob.core.windows.net/sitefinity/docs/default-source/statistics/docs/truck-empty-back-haul-final-report-2018.pdf?sfvrsn=8efaa9c_0
https://www.flockfreight.com/wp-content/uploads/2020/02/FF-Sustainability-Whitepaper-5.pdf
https://www.flockfreight.com/wp-content/uploads/2020/02/FF-Sustainability-Whitepaper-5.pdf
https://scg-lm.s3.amazonaws.com/pdfs/flock_freight_wp_shared_truckload_guide_071720.pdf
https://scg-lm.s3.amazonaws.com/pdfs/flock_freight_wp_shared_truckload_guide_071720.pdf
https://doi.org/10.2139/ssrn.3545019
https://www.epa.gov/sites/production/files/2021-01/documents/sw-3pl-sustain-strat-webinar-2020-12-02.pdf
https://www.epa.gov/sites/production/files/2021-01/documents/sw-3pl-sustain-strat-webinar-2020-12-02.pdf
https://doi.org/10.1007/978-3-319-05990-7_21
https://www.itf-oecd.org/decarbonising-freight-transport-review-technical-managerial-and-operational-options
https://www.itf-oecd.org/decarbonising-freight-transport-review-technical-managerial-and-operational-options
https://www.itf-oecd.org/decarbonising-freight-transport-review-technical-managerial-and-operational-options


 REDUCING FREIGHT GHG EMISSIONS © ACEEE 

 

21 

 

Mihelic, R., and M. Roeth. 2019. More Regional Haul: An Opportunity for Trucking? Fort 
Wayne, IN: NACFE (North American Council for Freight Efficiency). 
nacfe.org/downloads/more-regional-haul-an-opportunity-for-trucking-copy/. 

NPTC (National Private Truck Council). 2017. Benchmarking Survey Report: 2017. Arlington, 
VA: NPTC. fleettrailer.com/wp-content/uploads/2017/12/2017-Benchmarking-
Report1.pdf. 

Office of the Governor of the State of California. 2020. Executive Order N-79-20. 
www.gov.ca.gov/wp-content/uploads/2020/09/9.23.20-EO-N-79-20-Climate.pdf. 

Uber. 2020. Annual Report Pursuant to Section 13 or 15(d) of the Securities Exchange Act of 
1934 for the Fiscal Year Ended December 31, 2019. Washington, DC: SEC (Securities and 
Exchange Commission). d18rn0p25nwr6d.cloudfront.net/CIK-0001543151/f272e038-
1c89-456c-acf8-cea0cffe544d.pdf. 

———     . 2021a. 2021 Annual Meeting of Stockholders Q&A. San Francisco: Uber. 
s23.q4cdn.com/407969754/files/doc_downloads/2021/06/2021-AGM-Q-A-Final.pdf. 

———     . 2021b. Annual Report Pursuant to Section 13 or 15(d) of the Securities Exchange Act of 
1934 for the Fiscal Year Ended December 31, 2020. Washington, DC: SEC (Securities and 
Exchange Commission). d18rn0p25nwr6d.cloudfront.net/CIK-0001543151/65457024-
f641-4ce3-a796-ff1f69f435b5.pdf. 

Ungar, L., and S. Nadel. 2019. Halfway There: Energy Efficiency Can Cut Energy Use and 
Greenhouse Gas Emissions in Half by 2050. Washington, DC: ACEEE. 
www.aceee.org/research-report/u1907. 

Vahidi, A., and A. Sciarretta. 2018. “Energy Saving Potentials of Connected and Automated 
Vehicles.” Transportation Research Part C: Emerging Technologies 95 (October): 822–43. 
doi.org/10.1016/j.trc.2018.09.001. 

 

 

https://nacfe.org/downloads/more-regional-haul-an-opportunity-for-trucking-copy/
https://fleettrailer.com/wp-content/uploads/2017/12/2017-Benchmarking-Report1.pdf
https://fleettrailer.com/wp-content/uploads/2017/12/2017-Benchmarking-Report1.pdf
https://www.gov.ca.gov/wp-content/uploads/2020/09/9.23.20-EO-N-79-20-Climate.pdf
https://d18rn0p25nwr6d.cloudfront.net/CIK-0001543151/f272e038-1c89-456c-acf8-cea0cffe544d.pdf
https://d18rn0p25nwr6d.cloudfront.net/CIK-0001543151/f272e038-1c89-456c-acf8-cea0cffe544d.pdf
https://s23.q4cdn.com/407969754/files/doc_downloads/2021/06/2021-AGM-Q-A-Final.pdf
https://d18rn0p25nwr6d.cloudfront.net/CIK-0001543151/65457024-f641-4ce3-a796-ff1f69f435b5.pdf
https://d18rn0p25nwr6d.cloudfront.net/CIK-0001543151/65457024-f641-4ce3-a796-ff1f69f435b5.pdf
https://www.aceee.org/research-report/u1907
https://doi.org/10.1016/j.trc.2018.09.001

	Achieving Freight Transport GHG Emissions Reductions through Emerging Technologies
	Contents
	About ACEEE
	About the Authors
	Acknowledgments
	Suggested Citation
	Abstract
	Introduction
	Technologies and Assumptions
	ICT applications
	Reducing Empty Miles
	Cube Optimization
	Co-loading
	Optimal Pairing of Tractor and Trailer
	Mode Shift

	Electrification of Trucks
	Connectivity and automation

	Results
	Comparing and Combining Savings From Emissions Reduction Mechanisms

	Next Steps
	References

