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Abstract

Governments, industry and academia are paying high attention to autonomous vehicles and platooning, due to their high
potential to transform public and private transport and reduce carbon emissions generated by road transport. The road freight
sector is expected to be an early adopter of the autonomous technology due to the potential cost reduction for logistics com-
panies. However, despite the expected fuel savings and polluting emission reductions due to truck platooning, actual benefits
would strongly depend on the adopted technology and the operational conditions of the system. This paper investigates the
potential for truck platooning to reduce carbon emissions from road freight, presenting a series of scenarios that vary by
adoption rates, operational models and platoon size. Scenarios were co-designed with freight stakeholders to build a Truck
Platooning Roadmap (2025-2050), considering a specific case study: the UK. Polluting emissions and related external costs
are calculated across the different scenarios. Results show that there is high uncertainty for the adoption of truck platoon-
ing, with a potential first phase involving a small pool of low-automated trucks, and a second phase with a larger pool of
high-automated trucks, reflecting higher economic and environmental benefits. A series of other technological and policy
considerations are presented to support policymakers to draw a zero-carbon road freight strategy.
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Introduction

Despite the introduction in the last twenty years of increas-
ingly more efficient vehicle technologies, and the implemen-
tation of a series of sustainable measures and policies, trans-
port is still responsible for about 27% of carbon emissions
in Europe (EEA 2019). Road freight is one of the greatest
producers of carbon emissions and is expected to increase
by 56-70%, with a related significant negative impact on
the environment (ITF 2017; Mulholland et al. 2018). For
this reason, it has indeed been identified as one of the key
areas to intervene to meet the emission reduction targets at
a global and local scale (CCC 2019). Interventions might
include the design and implementation of new specific poli-
cies for road freight, but also the development and adop-
tion of new technologies and automation (Jonkeren et al.
2019; Paddeu et al. 2019). In the last decade, autonomous
vehicles (AVs) and platooning have drawn high attention
from experts and practitioners, due to their high potential
to transform transport systems (Patella et al. 2019). The
road freight sector is expected to be an early adopter of
the autonomous technology (Shladover 2017; Wadud and
Anable 2016; Guerra 2015), as logistics companies would
have higher benefits in terms of costs reduction. One third
of transport costs are due to human resources (e.g. drivers),
operation costs account for about 40-46% and fuel consump-
tion for 20-25% (Seidenova et al. 2020). Some studies claim
that these costs might be reduced with the implementation
of platooning. However, despite potential fuel savings and
polluting emission reductions (TRL 2016), the actual impact
of truck platooning strongly depends on the technology
adopted and the operational conditions of the system (He
and Wu 2018; Larsen et al. 2019). Also, the literature does
not provide many studies that evaluate the potential con-
tribution of truck platooning to decarbonise road freight.
Therefore, this paper investigates the environmental impact
of platooned trucks (considering specific operational assets
and applications) and explores their potential application,
providing a roadmap for the uptake of truck platooning in
the UK and a set of scenarios that present different potential
environmental impacts and social costs up to 2050. The rest
of this paper is organised as follows. The following section
introduces the state of the art of the technology, international
platooning experiences and identifies drivers and barriers
for implementation. After the background, there is a section
that presents the methodology, followed by a description and
discussion of the results of the stakeholders’ interviews, the
co-designed roadmap. This is follwed by the multi-scenario
analysis and the evaluation of the environmental impacts
and fuel savings, followed by considerations on external
costs due to air quality damage. Finally the paper offers an
insight about policy implications and suggestions to define
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a zero-carbon freight strategy, and conclusions on the main
findings.

Background
The platooning technology

Truck platooning can be defined as an “energy-efficient
vehicle control solution” (He and Wu 2018) that allows two
or more vehicles, able to communicate and to coordinate
each other, to travel in line (‘platoon’) with a close headway
formation, taking aerodynamic advantage (Chan 2016) to
reduce energy consumption (He and Wu 2018). The vehi-
cles can be at least level-2 automated vehicles (SAE 2016)
and can allow for longitudinal and lateral control at high-
way speeds (Besselink et al. 2016). The reduced distance
between vehicles allows vehicles to accelerate or brake
simultaneously (COMPANION 2016). The adoption of
platooning would have an overall positive impact on safety,
efficiency, congestion and pollution (Paddeu et al. 2019) and
would result in a reduction in fuel consumption for all the
vehicles in the platoon (Janssen et al. 2015). Another benefit
would be the reduced travel time, which can be estimated
in economic terms as approximately 167.7 million US dol-
lars in 2020 (Jo et al. 2019). Calvert et al. (2019) identified
two potential impacts of truck platooning on traffic flow:
the longitudinal traffic effects (e.g. traffic stability, aggre-
gated vehicle headways) and vehicle interaction effects (e.g.
vehicle-to-vehicle interactions, mostly near ramps and weav-
ing-sections). In their simulation study, Calvert et al. (2019)
found that truck platooning might negatively impact traffic
flow performance, especially in a congested environment,
with a slightly more positive effect for bigger size platoons.

Several studies claim that truck platooning will improve
both environmental sustainability and profitability of trucks
(Calvert et al. 2019; Paddeu et al. 2019), thus the road freight
industry might potentially start investing in automation sys-
tems earlier than other sectors (Janssen et al. 2015). This is
confirmed by other authors (Guerra 2015; Shladover 2017,
Wadud and Anable 2016; Paddeu et al. 2019), who argue
long-haul truck platooning is more likely to be applied to
trucks rather than other road vehicles in the short-to-medium
term. This is probably due to the expected high economic
advantage for trucks for logistics companies (Wadud 2017)
and also to the alarming shortage of truck drivers in several
countries, such as Japan, North America and the UK (Tsug-
awa 2014; Wadud 2017). Another key point is that trucks
usually travel for long distances, which would be a more
suitable environment for autonomous driving applications
than urban areas (Ginsburg and Uygur 2017).
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The platooning experiences

Different European countries trialled truck platooning. The
first project was Chauffeur, developed in the 1990s, followed
by Chauffeur II, and SARTRE in the 2000s (Shladover
2017). Later, in 2016, six convoys of different brand truck
experienced an international journey (from Sweden and
Germany to Rotterdam) within the COMPANION project
(COMPANION 2016). The most recent European project
is probably ENSEMBLE (2019), which explores the poten-
tial for a multi-brand platooning application (ENSEMBLE
2019).

In the rest of the world, Japan and the USA started experi-
menting truck platooning in the 2000s, with the aim of
investigating the technical feasibility of it and evaluating the
actual fuel consumption (ATA 2015). Other projects were
delivered in California—PATH (PATH 2017), in Germany—
KONVOI (Tsugawa et al. 2016) and in Japan (Flimig 2016).
ITS tested a convoy of trucks leading a series of cars, travel-
ling at up to 90 km/h, with a minimum gap of 4 m (Flimig
2016). More recently, in 2017-2019, Singapore supported
Scania and Toyota to design, develop and test an autono-
mous truck platooning system to move containers between
terminals within Singapore’s port (Ministry of Transport
of Singapore 2017). Currently, several truck manufacturers
are testing platooning with the expectations of entering the
market by 2020, in case the infrastructure does not require
any change or adaptation to the system (Paddeu et al. 2019).

In terms of forthcoming projects, the UK’s Department
for Transport has commissioned a 2-year platooning trial
called ‘HELM’, run by the Transport Research Laboratory
(TRL). It is the world’s first platooning trial to take place in
a live commercial operating environment, to quantify real-
world benefits, as it aims to compare 140 platooning jour-
neys (100 miles each) with 140 journeys on the same routes
with non-platooned trucks, collecting evidence on metrics
ranging from fuel savings, emissions and safety (TRL 2016).
A series of other trials are planned in Europe and the USA
(Bishop 2019).

Key factors to drive truck platooning
implementation

Several authors identified a series of benefits achievable with
the adoption of truck platooning. Probably, the most claimed
one is the reduction in fuel consumption due to more effi-
cient driving and a related fuel costs reduction. Fuel costs
can represent a great component (18-35%) of the overhead
for a freight company (COMPANION 2016; Tsugawa et al.
2016; ATRI 2018). However, savings might vary depend-
ing on a series of factors, such as vehicle technology, dis-
tance between vehicles, congestion levels, vehicle speed and
weather conditions. For example, there is an expectation that

each truck in the platoon can save up to 10% of fuel (Janssen
et al. 2015; Eckhardt 2016). It is worth noting that the results
of a number of trials show very different rates, ranging from
5-11% (PATH 2017) to 3-4% (Man Truck Germany 2019).
Also, according to Zhang et al. (2017), saving fuels might
have a negative impact on timing, as scheduled arrival time
might differ between vehicles. This would imply the need to
set up a specific threshold depending on the different sched-
uled arrival times that can be used to make decisions about
platooning or driving independently, depending on timing
convenience.

An important driver to platooning implementation is the
reduction in driver’s wage, which currently accounts for
35-43% of a company’s overhead (COMPANION 2016;
Tsugawa et al. 2016; ATRI 2018). However, the potential
economic benefit is limited if drivers cannot rest during the
journey (Larsen et al. 2019). According to Tavasszy (2016),
truck drivers might be able to deliver other admin-based
tasks during the journey, due to reduced driving respon-
sibilities. Alternatively, they might take breaks while the
truck is travelling, enabling the platoon to drive for longer
by rotating the front vehicle. The results of Tavasszy’s
simulation show that the workload of the driver in the ‘fol-
lowing’ vehicle would be reduced by 50%, with the trucks
rotating after 3 h, and an increase in kilometres travelled
from 240 to 960 km. It is worth noting that the reduction
in driver’s wage would be higher at higher levels of truck
automation, with a best-case scenario of no drivers needed
in the following vehicle(s) if these are all fully autonomous.
A third important driver to platooning implementation is the
potential to increase road capacity (Van Arem et al. 2006;
Milanés et al. 2014), even though it is difficult to quantify
the impacts of truck platooning on congestion in real-world
settings (Ricardo, TRL and TTR 2014).

Other potential drivers include—improved road safety
(ATA 2015), as currently over 95% of traffic collisions in
the UK are due to human error (RSPA 2017), and 15-20% of
accidents involving commercial vehicles are due to driver’s
fatigue (Goel and Vidal 2013); and—opportunities for new
business models and new freight stakeholders (e.g. platoon-
ing service provider) to access the market (Janssen et al.
2015).

Finally, another important advantage is that truck pla-
toons would make use of the existing infrastructure if the
development of the technology and regulations allows them
to safely circulate on public roads (Bakermans 2016). How-
ever, Paddeu et al. (2019) argue that the road infrastruc-
ture should be adapted to automated transport systems to
improve the overall efficiency and suggest to redesign the
UK motorways in order to avoid a mixed-traffic environment
(e.g. separated lanes for AVs/platoons, to reduce potential
interactions with non-autonomous vehicles).
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Table 1 Drivers to truck
platooning implementation and

Drivers

Reference

adoption Fuel savings

Reduction in emissions

Driver wage reductions/higher productivity

Improved road capacity

Improved road safety

Opportunity for new business developments

Use of existing infrastructure

Janssen et al. (2015), Bakermans (2016), ATA (2015),
Eckhardt (2016), Paddeu et al. (2019)

Janssen et al. (2015)

Janssen et al. (2015), Bakermans (2016)

Janssen et al. (2015), Bakermans (2016), ATA (2015)
Janssen et al. (2015), Bakermans (2016), Eckhardt (2016)
Janssen et al. (2015)

Bakermans (2016)

Table 2 Barriers to truck Barrier

Reference

platooning implementation and
adoption Potential reverse modal shift

Multi-brand platooning

Cooperation between diverse group of stake-

holders needed
Human machine interface

Public reaction

Initial cost of investment in new technology

Distribution of earnings
Insurance and liability

Regulations and legislations

Bakermans (2016), Paddeu et al. (2019)
Janssen et al. (2015), ATA (2015), ACEA (2017)
Bakermans (2016)

Paddeu et al. (2019), COMPANION (2016)

Janssen et al. (2015)

Janssen et al. (2015)

Janssen et al. (2015), Paddeu et al. (2019)

Janssen et al. (2015)

Janssen et al. (2015), Eckhardt (2016), Paddeu et al. (2019)

Challenges

Despite the high number of potential benefits highlighted in
the previous section, there is a series of challenges that might
prevent a successful implementation of truck platooning.

For example, Paddeu et al. (2019) noted that the per-
ceived high convenience of truck platooning might nega-
tively impact the use of other modes, with a potential modal
shift from rail to road, which could potentially increase by
18% (Bakermans 2016).

Another important issue is the viability of multi-brand
platooning due to compatibility issues of multi-branded
vehicles in the same platoon (ACEA 2017). This seems to
be a key issue to ensure high-penetration rates in the market
(Bakermans 2016). Furthermore, multi-brand requires col-
laboration among stakeholders and competing businesses,
which might be an additional major barrier (Janssen et al.
2015).

Another challenge is truck drivers’ acceptance and adop-
tion (Paddeu et al. 2019). In fact, the drivers involved in the
COMPANION project thought platooning was ‘unpleasant’
and ‘uncomfortable’ and felt that manual driving was safer.
In addition, the other road users might not be willing to share
the road space with platooned trucks. Both factors might
influence the view of the Government in terms of regulations
(Janssen et al. 2015).
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High initial cost of investment could also be a challenge.
This was estimated to be about 8—10k euros per truck (Jans-
sen et al. 2015) and could potentially discourage smaller
companies, which would be pushed-off from the market
(Bakermans 2016). Also, it is worth noting that cost savings
might vary depending on the position of the truck in the pla-
toon, as the following vehicles are expected to have a greater
advantage in terms of fuel savings and driver’s wage savings
(Paddeu et al. 2019). This would generate an additional mat-
ter of how costs/benefits should be shared across the platoon,
especially if it is a multi-brand truck platoon. Janssen et al.
(2015) suggest a third party (e.g. platoon service provider)
should manage this issue in order to ensure a fair adoption.

Another challenge is insurance and liability issues in case
of accident (Janssen et al. 2015). Bakermans (2016) suggests
the truck manufacturers should retain all liability in the event
of a collision. The lack of a specific National and European
legal framework and standards would prevent large-scale
deployment of automated trucks and platooning (Eckhardt
2016; Paddeu et al. 2019).

Tables 1 and 2 show the main drivers and barriers identi-
fied above. Probably, the most important driver is the eco-
nomic advantage companies might have due to fuel and
driver’s wage savings. However, the state of the art does not
provide an agreed fuel-saving rate, and forecasts look very
different from the results of real-world tests.
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Freight Stakeholders’ Roadmap
interviews (timeline)
Scenarios
RTF2018 L P . |
Externa g
— Costs « Ricardo (2019)
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Fig. 1 Methodological approach. The process starts with the defini-
tion of the roadmap using the qualitative data from the stakeholder
interviews as an input. The roadmap is then used to design a series
of scenarios. For each scenario, there is an evaluation of environmen-

Methodology

The methodology is drawn on the application of truck pla-
tooning to decarbonise road transport in the UK and is devel-
oped within two main steps:

Step one: definition of a roadmap (2025-2050) with dif-
ferent potential implementation rates of truck platoon-
ing in the UK. The roadmap represents a timeframe of
a series of possible future scenarios for the adoption of
truck platooning. It has been co-designed with UK key
freight stakeholders, who were interviewed to discuss
their thoughts about likely timelines of platooning uptake
and potential drivers/barriers to implementation.

Step two: multi-scenario analysis with the evaluation of
polluting emissions and related social costs. The sce-
narios were designed considering the results of step 1
(roadmap), and the traffic volumes, which were calcu-
lated through the Road Traffic Forecasts 2018 Visu-
alisation Tool (RTF2018) provided by Department for
Transport (2018; b).l Input data were used to create a
Business as Usual (BAU) baseline scenario, which was
used to design the other potential future platooning sce-
narios. Environmental impacts were calculated by con-
sidering the emission indicator values of carbon dioxide
equivalent (CO,.). In addition to carbon emissions, the
authors decided to calculate particulate matter (PM2.5)
and oxides of nitrogen (NO,) in order to carry out a more
comprehensive analysis of the impact of truck platoon-
ing on air quality. The analysis was carried out consid-
ering the Department for Business, Energy and Indus-
trial Strategy’s 2018 document (DBEIS 2018b) and the
National Atmospheric Emissions Inventory data sets

! The tool provides road traffic and congestion forecasts up to 2050.

tal impacts and external costs, which are calculated considering input
data from RTF (2018), NAEI (2017) and Ricardo (2019) indicated
in the white boxes in the bottom of the figure

(NAEI 2017). Finally, external costs were estimated by
considering the guidelines provided by Ricardo (2019)
for the UK Department of Environment, Food and Rural
Affairs (Defra).

Figure 1 shows the methodological approach used to
evaluate environmental impacts and external costs through
the different scenarios.

Stakeholders’ perspective
Description of the sample

The literature describes different stakeholder groups that
might be relevant for truck platooning, some of which do
not exist yet. However, considering the initial implementa-
tion and adoption of the technology, it is possible to identify
four main groups:

e Original Equipment Manufacturers (OEMs): developers/
manufacturers of the platooning systems. They will be
mainly responsible for the timing related to the avail-
ability of autonomous and platooned in the market for
carriers and shippers (Janssen et al. 2015).

e Carriers and Shippers: the ‘users’ (Janssen et al. 2015).
Their willingness to adopt platooned trucks will influ-
ence the market size and therefore the related decision of
OEMs to invest in the technological development of pla-
tooning. They will interact with platooned trucks daily.

e Policymakers and Regulators: responsible for regulat-
ing the circulation of platooned trucks in public roads.
The ACEA (2017) highlight that a full implementation
of truck platooning strongly depends on the availability
of specific policies and regulations to enable their oper-
ability in public spaces.

@ Springer
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Table 3 Description of the

Participant
sample of the stakeholders who

Stakeholder group

Position

took part in the interview

AN LN R W N =

Policy Makers and Regulators
Knowledge Institution and Academics
Knowledge Institution and Academics
Knowledge Institution and Academics
Knowledge Institution and Academics
Carriers and Shippers

Senior Policy Advisor
Senior Technologist
Senior Manager
Organisation Director
Senior Research Scientist
Managing Director

¢ Knowledge Institutions and Academics: stakeholders
with theoretical and practical (trials) experience with
platooning. They usually advice regulators and poli-
cymakers on new technologies due to their experience
(Eckhardt 2016).

Based on this classification, the authors decided to iden-
tify a group of key stakeholders that could represent the four
categories presented above. Interviewees were invited via
email to take part in a 20—40-minute call interview and were
provided with a Project Information Sheet with a descrip-
tion of the research project. The sample was opportunisti-
cally selected through a pre-questionnaire about their view
towards platooning in order to have a diverse sample of
‘lovers’/‘haters’ and to avoid bias towards the technology.

The semi-structured interviews included 11 questions that
aimed at understanding the stakeholders’ view towards truck
platooning and its implementation in the UK. The interview
included questions about predicted implementation dates
and rates over a 25-year period (2025-2050), potential
advantages/disadvantages, drivers/barriers to implemen-
tation. Interviews were audio recorded and results were
then transcribed and analysed through thematic analysis to
identify specific themes through qualitative analysis of data
(Maguire and Delahunt 2017).

Six key freight stakeholders were invited to the interview
that took place in July 2019 (Table 3). The pool of stakehold-
ers included policymakers, academics, carriers and shippers.
Unfortunately, no stakeholders from the OEM group replied
to the invitation to take part in the interview, and this group
was therefore excluded from the analysis.

Stakeholders’ view towards truck platooning

Results from the interviews show that stakeholders did not
agree with a common timeline in terms of uptake, and two
of them did not think truck platooning is going to be imple-
mented at all in the future. They also acknowledged that (if
implemented) it would significantly reduce fuel consump-
tion and labour costs and thought the actual benefit would
be with full autonomous trucks (no truck drivers on board).
However, they believed reduction in fuel consumption would
not be a sufficient reason to convince shippers to invest in
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the technology. They also thought the current UK motorway
design and the level of congestion would not allow trucks
to effectively platoon, with safety implications for the other
road users.

In general, results from the interviews show that the future
of truck platooning in the UK is highly uncertain. Stakehold-
ers thought large-scale adoption would be more likely to hap-
pen in the further future and would correspond to high-level
automation (Level 4 or 5). On the contrary, in the short-term
period, it would only cover a small niche market. In any case,
they thought adoption can be achieved only through multiple-
stakeholder collaboration, to allow for a multi-brand platoon-
ing. It is notable that interviewees had a general negative view-
point towards the implementation of truck platooning. In terms
of operations, stakeholders expected the platoon to circulate
only on motorways, and to be short (2-5 vehicles), in order to
reduce safety risks at junctions. This thought is in line with
previous experiments and studies (Janssen et al. 2015; Man
Truck Germany 2019; TRL 2016). Some stakeholders sug-
gested platoons should circulate on a segregated lane, confirm-
ing the results of Paddeu et al. (2019), but this would require
high investments in the design of new road infrastructures,
which was identified as a major barrier.

In sum, according to the results of the interviews, stake-
holders imagined the most likely conditions for platooned
trucks applications would be:

e 2-to-5 vehicles in a platoon;
e application on motorways;
o mixed-traffic environment.

Figure 2 shows the co-designed roadmap for the truck pla-
tooning adoption in the UK. Rates of adoption are indicated
by year. In general, stakeholders expected:

e alower uptake rate with a driver’s support by 2025. This
is a bit later time, if compared with the existing EU/US
forecasts (i.e. 2020-2022).

e alarger adoption around 2035, corresponding to a higher
level of truck automation.

e an increasing adoption rate later, reaching 90% of trucks
able to platoon in 2050. This is in contrast to the results
of Eckhardt (2016), who forecasted level-four multi-brand
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Table 4 Description of the scenarios designed to evaluate the environmental impact of truck platooning on the UK motorways

Scenario  Name Description Volume forecasts No. of vehi-
cles in the
platoon

S1 Business as Usual (BAU) Human-driven trucks (non-platooned) Road Traffic Forecasts 2018 0

Visualisation Tool (DfT
2018)

S2 Congested Flow Platooning (CFP-2)  Platooned trucks. Platoons travel in a Roadmap 2

S3 Congested Flow Platooning (CFP-5) mixed-traffic environment 5

S4 Free Flow Platooning (FFP-2) Platooned trucks. Platoons travel on a 2

S5 Free Flow Platooning (FFP-5) segregated lane 5

truck platooning to be introduced in Europe in 2020, with
increasing uptake up to 50% in 2025.

Definition of future scenarios

The roadmap presented in Fig. 2 and the NAEI data
together with the RTF2018 tool were used as input to esti-
mate the environmental impact (e.g. air quality) of truck
platooning in the UK.

Table 4 presents five scenarios that were designed con-
sidering different traffic conditions and platoon size in
accordance with the results of step 1.

Scenario 1: Business as Usual (BAU)

Scenario 1 (BAU) was designed considering the Road
Traffic Forecasts 2018 Visualisation Tool—RTF2018 (DfT
2018) to forecast traffic up to 2050, with no automated
or platooned vehicles circulating on the motorway. The
RTF2018 can be used to predict road traffic or congestion
up until 2050, highlighting the seven different scenarios
created by the UK Government. It is possible to customise
the prediction by vehicle type, road type or congestion
rate. It does not consider autonomous/automated vehicles
in its future projections. Scenario one represents a baseline
for the creation of the ‘platooned’ future scenarios (2-5).

The creation of each scenario was undertaken through
the following steps:

2.

Estimation of billion vehicle km (bvkm) driven by trucks
on motorways every year up until 2050. The estimates
were calculated in terms of miles driven by trucks on the
motorways every five years from 2015 to 2050 through
the RTF2018 tool and were then converted in km.
Calculation of the average km driven by each truck on
motorways per year (Ay) from 2015 to 2050, in order
to be able to calculate the effects of the adoption rates
of truck platooning with respect to the BAU. It can be
expressed as follows:

__ bvkm
¥~ N.veh

(km)

where bvkm =billion of kms driven by trucks on motor-
ways every year; N.veh =number of registered trucks in
England and Wales (GOV 2018).

Calculation of the amount of km driven by platooned
trucks and not platooned trucks on motorways in Eng-
land and Wales every year (2015-2050). The number of
platooned trucks in the BAU scenario is equal to zero,
while in the other scenarios depends on the rate indi-
cated in the roadmap (Fig. 2).

Calculation of air polluting emissions from trucks. CO,.,
was calculated considering the DEFRA report (DBEIS

@ Springer
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Table 5 NO, and PM, s indicators for rigid and articulated trucks

Truck category Iyo, (g/km) Iy 5 (g/km)
Rigid 1.038 0.587
Articulated 0.587 0.012
Average 0.813 0.300
Tablg 6 2015—2059 fue.l Year Fuel
efficiency trend estimation efficiency
(FE,)

2015 0.00

2020 0.02

2025 0.05

2030 0.07

2035 0.09

2040 0.12

2045 0.14

2050 0.16

2018a) for average laden ‘All Heavy Goods Vehicles’.
This corresponds to ICO,eq=2866.540 g of CO2eq per
km. PM, 5 and NO, emissions were calculated consid-
ering NAEI (2017) data sets, with hot exhaust data for
motorway speeds and an average value for rigid and
articulated trucks (Table 5).

5. Estimation of future energy efficiency. The RTF2018
suggests an improved fuel efficiency by 12% for rigid
trucks and 21% for articulated trucks by 2050 (DfT
2018: 68). It was therefore considered an average of
16.5% for the year 2050, with increases from zero spread
evenly over the preceding 35 years (Table 6). These fuel
efficiencies were then applied to the emission values to
reflect the new, less polluting engines of the future.

6. Calculation of emissions. The kms driven by non-pla-
tooned trucks were multiplied by the emissions factors
with the RTF2018 fuel efficiencies applied, resulting in
the predicted emissions of CO,,, PM, 5, NO, that were
calculated as follows:

CO,eq = A X Icg,eq X FE, ()
PM, 5 = AXIpy, X FE, (g)

NO, = A X Iyo, X FE, (2)(g)

where A =average kms travelled by truck per year
Y; Icozeq = polluting indicator for CO,, (866.540 g/
km); Ipp, s = polluting indicator for PM, 5 (0.300 g/

km); Iy, = polluting indicator for NO, (0.813 g/km);
FE, =Fuel efficiency at year (y)
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Scenario 2 and Scenario 3: Platooned trucks
in a mixed-traffic environment

Scenarios 2 (CFP2) and 3 (CFP5) present the integration
of platooned trucks to the general traffic and take into
consideration traffic congestion, which might affect the
platoon’s efficiency (e.g. rates of fuel savings lower than
the ones expected at higher speed). These scenarios were
modelled considering expected congestion rates from the
RTF2018, and the related yearly reduction in km travelled
in a ‘platooned mode’ due to congestion. Scenarios 2 and
3 are the scenarios that are closest to the general believes
of the interviewees, who thought it would be very unlikely
the exclusive use of segregated lanes for platooned trucks.
Similar to the design of the BAU scenario, after calcu-
lating the kilometres travelled by platooned and non-pla-
tooned vehicles across the timeframe 2015-2050, a fuel-
saving factor of 2.65% was considered due to platooning.
This was calculated as an average value of the fuel savings
registered within a trial carried out in a motorway by B
Schenker, MAN Truck & Bus and Fresenius University of
Applied Sciences (MAN Truck Germany 2019). The trial
environment was similar to Scenarios 2 and 3 (e.g. on the
motorway, 2-vehicle platoon, mixed-traffic environment)
and registered a 1.3% saving for the front vehicle and 4%
for the following vehicle. Based on these considerations,
it was possible to then calculate the emissions produced
in Scenarios 2 and 3.

Scenario 4 and Scenario 5: Platooned trucks
and exclusive use of the infrastructure

Scenarios 4 (FFP2) and 5 (FFP5) consider that platooned
trucks can circulate on segregated lanes on the motor-
way. In this case, congestion does not have an impact on
the vehicle’s ability to platoon, and fuel consumption is
optimised.

Based on the results of the stakeholders’ interviews, it
was considered a 2-5 vehicle platoon size (S2 to S5), and
the impact of the number of vehicles in the platoon on fuel
savings and emissions reduction was evaluated.

The adoption rates of platooned trucks considered for
the multi-scenario analysis were in line with the roadmap
(Fig. 2). It was assumed that trucks were diesel and would
work in a platooned mode since the moment they access the
motorway until the moment they exit it, not considering any
interruptions for junctions.
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Table 7 Expected fuel savings

Year: 2020-2050 Improved truck

2-veh platooning

5-veh platooning

Congestion penalty

by scenario technology
Fuel Saving Factor ~ 2-16.5% 2.65% 4.24% 5.6-14.9%
[%]
S1—BAU Yes No No No
S2—CFP (2) Yes Yes No Yes
S3—CFP (5) Yes No Yes Yes
S4—FFP (2) Yes Yes No No
S5—FFP (5) Yes No Yes No
—@— BAU = = CFP(2) CFP(5) A~ FFP(2) === FFP (5)
9.60
— 9.50
w
z
2 9.40
'_
5 9.30
S 9.20
g 9.10
o
(&}
9.00
8.90
2025 2030 2035 2040 2045 2050
Fig.3 CO,,, emissions timeline
—@— BAU =l CFP (2) =i CFP (5) —@— BAU =l CFP (2) =i CFP (5)
f— FFP (2) ==ffz=FFP (5) A FFP (2) === FFP (5)
9000 3350
8900 3300 ¢
T 8300 o
= Z 3250
g 8700 =
o) § 3200
Z 8600 =
8500 3150
8400 3100
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Fig.4 NO, emissions timeline

Estimation of environmental impacts
and fuel savings

Fig.5 PM, 5 emissions timeline

trucks, fuel efficiency is expected to improve by 12% and

21%, respectively, by 2050. An average value of 16.5% was

All scenarios consider improved fuel efficiency, in line with
RTF2018 estimations. In particular, for rigid and articulated

therefore considered in 2050, with a decreasing rate during
the previous 35 years. Reduction in fuel consumption might

vary depending on the operational scheme, such as the type
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of traffic, congestion, speed, and the number of vehicles in
the platoon.

For all the platooned scenarios (S2 to S5), a fuel-saving
factor of 2.65% was considered, as an average value of the
recorded fuel savings for the front vehicle (1.3%) and the
following vehicle (4%).

However, for scenarios 2 and 3, a congestion penalty rate
was considered in order to reflect the negative impact of
congestion on the ability to platoon and the related reduc-
tion in platooned km. The congestion penalty reduced the
positive impact of truck platooning on emissions reduction.
Also, considering that the number of vehicles in the platoon
might have an impact on the fuel-saving rate, a 4.24% fuel-
saving factor was considered for the five-vehicle platoon and
a 2.65% for the two-vehicle platoon.

Table 7 summarises the potential fuel savings achievable
by each scenario.

Potential polluting emissions savings

The results of the fuel consumption reduction were used
to estimate the potential emissions reduction of—carbon
dioxide equivalent—CO,., (DBEIS 2018a);—particulate
matter (PM, 5); and—nitrogen oxide (NO,) (NAEI 2017)
by scenario. Hot exhaust data for motorway speeds were
considered due to the application of truck platooning on
motorways.

Figures 3, 4 and 5 show the potential emissions timeline
by scenarios from 2025 to 2050.

Interestingly, despite the predicted increasing volume of
traffic on the motorway from 7.1 billion miles in 2015 to
8.07 billion miles in 2050 (DfT 2018), the BAU scenario
shows a reduction in emissions due to the improved technol-
ogy of truck and fuel efficiency (DfT 2018). Compared to

6.00
5.00
4.00
3.00
2.00

1.00

FUEL SAVINGS IN PERCENTAGE REDUCTION

0.00

the other scenarios, the BAU scenario looks the most pollut-
ing, confirming the potential of platooned trucks to reduce
air pollution. Results show that congestion has a negative
impact on the potential reduction in fuel consumption. How-
ever, the size of the platoon looks as a more important factor:
results show that higher volumes of emissions are produced
when two platooned vehicles travel on a segregated lane
(FFP2), rather than when five platooned vehicles travel in a
mixed-traffic environment (CFP5). Nevertheless, the feasi-
bility and efficiency of a big size platoon are currently very
uncertain, and there are diminishing returns once you have
around 20 vehicles in a single platoon, because it is not pos-
sible to save more per vehicle that the max savings of a two-
vehicle platoon (e.g. 5.3% for the calculations used in this
study). Therefore, longer platoons do produce higher fuel
savings and emissions reductions, but only up to a certain
length in a case study such as this, where it is assumed all
platooning-enabled HGVs are platooned for the whole time
they are on the motorway anyway (Fig. 6).

It is worth noting that congestion might negatively impact
the ability of truck platoons to realise the predicted fuel sav-
ings. In fact, if we consider the reduced CO,., emissions
due to truck platooning across the scenarios, there is only
a 0.54% difference between a five-vehicle platoon in free
flow conditions (FFP5), and a same size platoon driving in
normal traffic conditions (CFP5). For this reason, the use
of segregated lanes on the UK’s motorways for platooned
trucks might have low value in terms of emissions reduc-
tions. Furthermore, the volumes of pollutant emissions were
estimated considering the pollutant factors provided by
NAEI, which considers different Euro standard engines (e.g.
exhaust pollution limits set by the European Commission to
help reducing the level of pollutant emissions produced by
new vehicles—The AA 2019). The Euro 6 standard engine

2 3456 7 8 910111213141516171819202122232425262728293031323334353637383940
NUMBER OF VEHICLES IN TRUCK PLATOON

Fig.6 Platoon length versus fuel savings per vehicle
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Table 8 Traded carbon values

. Year £/tCO,,,

for modelling purposes, £tCO,e d

(from DBEIS 2018a; Table 1, 2025 13.21

P-3) 2030 39.41
2035 39.41
2040 39.41
2045 39.41
2050 39.41

is the latest directive set by the EC and drastically reduces
the amount of polluting emissions. Considering an average
lifetime of 7.5 years for trucks in the UK (GOV 2018), the
volume traffic forecasted by RTF2018 would include a great
amount of Euro 6 trucks by 2025. This would mean that
there would be a lower amount of PM, 5 and NO, produced
by trucks during the timeline considered in the roadmap, and
the effect of platooning would be meaningless. It is worth
noting that ACEA (2017) argues that a further development
of truck technology to accomplish with future Euro stand-
ards would be difficult to achieve, and the feasibility of zero
emission trucks remains very uncertain.

Considerations on external costs due to air
quality damage

According to PHE (2019), air pollution in the UK is respon-
sible for 28,000-36,000 deaths per year due to long-term
exposure. There is strong evidence that air pollution causes
the development of coronary heart disease, stroke, respira-
tory disease and lung cancer, and asthma. This negative
impact can be quantified in terms of related economic and/or

Fig. 7 Potential social cost
reduction by scenario—reduc-
tions are calculated with respect
to the BAU scenario with no

80.00

platooned vehicles on the road 70.00
60.00

50.00

41.15 M£
< 40.00 2.93

30.00

20.00

10.00

0.00

CFP (2)

social costs (e.g. external costs), which should be considered
in policy appraisal, in order to be able to design a transport
system that is efficient, while beneficial for society. Ricardo
(2019) has produced a report for the UK Department of
Environment, Food and Rural Affairs (Defra) to support with
the assessment of air quality impacts and with the quantifi-
cation of the related external costs for the UK. Considering
a central damage cost of NO, and PM, 5 (Ricardo 2019—
Table E1, page 10), the social cost (£) per tonne has been
quantified as 6,199 £/t and 105,836 £/t, respectively. The
social cost of CO,., emissions has been estimated consider-
ing the Central Scenario on the updated short-term traded
carbon values used for modelling purposes (DBEIS 2018a),
which are shown in Table 8.

Considering the estimated volumes of polluting emissions
by scenario presented in the previous section, Fig. 7 shows
an estimation of the potential total (i.e. NO,, PM, 5, CO,,)
social cost reduction achievable with truck platooning in
25 years (2025-2050) with respect to the non-platooning
scenario (BAU).

Similar to the emission savings, social costs reduction
with respect to the BAU scenario is higher for those sce-
narios with a bigger platoon size (FFP5 and CFP5), and
the free-floating scenario (FFP5) presents a higher benefit
(75.06 M£) than the congested scenario (CFP5—65.84 M£).
Even with the scenario with two-vehicle platoons circulating
in a mixed-traffic environment (CFP2), there is a significant
social cost reduction (41.15 M£), if compared to the BAU
scenario. However, considering that social costs are calcu-
lated based on the polluting emissions reduction due to each
scenario, also in this case, savings are not high. In fact, these
could be much more significant if the trucks would make use
of alternative fuels (e.g. natural gas) or electricity. In this

Social cost reduction between 2025-2050 by scenario

75.06 M£
65.84 M£ 534
4.68
46.91 M£
3.34
CFP (5) FFP (2) FFP (5)
W CO2eq ™ Nox PM2.5
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case, the vehicles would produce fewer polluting emissions,
and the related social costs would be lower.

Policy implications and zero-carbon road
freight strategy

In the last twenty years, national authorities in Europe
together with the European Commission have developed
a series of measures, including the provision of financial
support to develop and test solutions to reduce carbon emis-
sions due to road transport. The results of this paper show
that truck platooning can provide some benefits towards
decarbonisation, but they are limited and might not be suf-
ficient to reach the carbon reduction targets. For this reason,
to design a road to zero-carbon road freight, policymakers
might need to focus on a more structured plan that includes
intervention on the freight system design and the use of new
technologies.

Considering the system design, CCC (2008) suggests that
a reduction in carbon emissions might be possible through
a more sustainable fleet design with higher vehicle capacity
and increased load factor, achievable through stakeholders’
collaboration and freight consolidation. An additional key
factor would be to train truck drivers to improve their driving
efficiency in order to support eco-driving and reduce fuel
consumption. On the technology side, the Freight Carbon
Review (DT 2017) suggests the introduction of new tech-
nologies to reduce fuel consumption of trucks, including
retrofitting equipment (e.g. aerodynamic devices and low
rolling resistance tyres). By 2050, fuel efficiency might
improve up to 5% due to low resistance rolling tyres the
(DfT 2017), up to 13% due to increased aerodynamics of
trailers (CCC 2018), up to 3% due to the adoption of low
resistance rolling tyres (DfT 2017). Furthermore, the use
of telematics might provide an additional extra 3% in fuel
efficiency improvement (DfT 2017). The improvement in
fuel consumption would result in a reduction in carbon
emissions. All these factors would complement the use of
new technologies, such as truck platooning, to maximise the
benefit in terms of carbon emissions reduction. In addition
to truck platooning, policymakers might want to consider
other truck innovative solutions, such as the development
of alternative fuels, e.g. as gas/biomethane (Ricardo 2019),
hydrogen and electricity (Stettler et al. 2019). However, the
promotion and implementation of clean fuels should be sup-
ported by an overall review and improvement of land use in
order to have a coordinated reduction in direct and indirect
emissions (Sajid et al. 2019). Anderhofstadt and Spinler
(2019) suggest battery electric (BE), fuel cell electric (FCE),
compressed natural gas (CNG) and liquefied natural gas
(LNG) as promising technologies to reduce emissions. This
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would support the strategy of the Department for Transport
(UK) to decarbonise road transport by 2050. With this aim,
the Government could provide fiscal incentives to encour-
age the freight sector to use less pollutant fuels, while at the
same time, create a refuelling network infrastructure (FTA
2012). In fact, the lack of proper infrastructure to enable new
technologies was recognised as a major barrier to adoption
(Anderhofstadt and Spinler 2019). However, Neves et al.
(2017) found that electrification might have a negative effect
on economic growth probably due to the high cost of elec-
trifying the transport sector. Following Anderhofstadt and
Spinler (2019), environmental policies and financial support
from innovation policy could also reduce existing distrust
from truck manufacturers that would be encouraged to invest
in new technologies (e.g. alternative fuels and automation/
platooning). Furthermore, results suggest that there might
not be the market pull required by the UK logistics industry
to make the implementation of truck platooning in the UK
a success. This would therefore advice policymakers about
the need to provide a substantial market push in order to
encourage industry to widely adopt the technology.

Limitations

The study presents a series of limitations. First, carriers and
shippers assume a key role for a successful implementa-
tion and adoption of truck platooning in the UK. However,
the interviews carried out within this study highlighted that
these two target groups have the biggest reservations about
adoption, as they are not very convinced about fuel savings
being a sufficient reason to support a business case. Sec-
ond, it is worth noting that these considerations are based
on a limited number of stakeholders, and the sample size
of participants involved in step 1 is an important limita-
tion. It would be interesting to interview a larger sample
of stakeholders from the UK freight sector, to have a more
comprehensive understanding of their views on truck pla-
tooning, and how/if it could fit to their business models.
Third, calculations are based on a series of assumptions (e.g.
potential fuel consumption rates) that might significantly
change depending on the actual performance of the platoon
technology in the future. Fourth, considerations are made
based on the design and operational conditions of the UK
infrastructure, thus emissions reduction might be different
in other locations and with a bigger platoon size. Finally, the
evaluation considered diesel platooning and results might
change if other fuels or other sources of energy propulsion
(e.g. electric tracks) were considered.
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Conclusion

Despite the great enthusiasm towards the potential imple-
mentation of truck platooning in the USA and Europe, and
the potential benefits in terms of fuel savings and air pol-
lution reduction, this study found high uncertainty for its
implementation in the UK. Truck platooning would repre-
sent an important solution to align with the UK decarbonisa-
tion strategy designed by Department for Transport. How-
ever, the design of the UK motorways, with a high density
of junctions, might not be suitable for an effective imple-
mentation of long-haul truck platooning. In fact, it would
negatively impact other road users’ safety and limit fuel sav-
ings due to the continuous interruption of the platoon mode.

Also, higher reductions of fuel consumption would rely
on the implementation of higher level of automation that
would allow to maximise the use of resources. Fuel-saving
rates are therefore not sufficient to persuade UK trucking
companies to invest in truck platooning. For all these rea-
sons, the uptake of platooning on the UK motorways might
take longer than in other countries and would require high-
level cooperation among stakeholders.

In terms of operations, the study found that platoons
might include two to five vehicles, would circulate together
with the other vehicles on motorways, as segregated lanes
might require very high investments in infrastructure. Under
these circumstances, an initial adoption of truck platooning
in the UK might aim at a niche market (e.g. big freight com-
panies), with a larger penetration later, corresponding to the
adoption of high-level automation and a removal of truck
drivers. In fact, this higher-automated scenario would corre-
spond to higher cost savings, as platooning would require the
presence of a driver in all the platooned vehicles conducting
professional tasks other than driving, whose costs would be
very difficult to estimate. On the other hand, with higher
levels of automation, the driver can be removed, with a cost
reduction up to 30% of total costs (Seidenova et al. 2020).
This is believed to be the highest catalyst for a greater adop-
tion of automated platooned trucks in the UK. In conclusion,
the study shows that there is a potential for small reductions
in polluting emissions due to truck platooning. However, this
mainly depends on the fuels savings, which resulted being
limited (even in the best-case scenario of free flow platoon-
ing and high-adoption rates), and not sufficient to meet the
2050 Climate Change target.
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