A

INTERNATIONAL:

Concepts

2025-01-8787 Published 01Apr 2025

Energy Savings and Range Extension from Aerodynamic
Improvements of Emerging Zero-Emission Heavy Vehicle

Brian McAuliffe and Faegheh Ghorbanishohrat National Research Council Canada

Citation: McAduliffe, B. and Ghorbanishohrat, F, “Energy Savings and Range Extension from Aerodynamic Improvements of Emerging
Zero-Emission Heavy Vehicle Concepts,” SAE Int. J. Advances & Curr. Prac. in Mobility 7(5):2526-2540, 2025, doi10.4271/2025-01-8787.

This article was presented at the WCX SAE World Congress Experience, April 8-10, 2025.

Received: 15 Oct 2024

Abstract

n energy-use analysis is presented to examine the

potential energy-savings and range-extension

benefits of aerodynamic improvements to tractors
and trailers used in commercial transportation. The
impetus for the study was the observation of aerody-
namically-redesigned/optimized tractor shapes of
emerging zero-emission commercial vehicles that have
the potential for significant drag reduction over conven-
tional aerodynamic tractors.

Using wind-tunnel test results, a series of aerody-
namic performance models were developed representing
a range of tractor and trailer combinations. From modern
day-cab and sleeper-cab tractors to aerodynamically-
optimized zero-emission cab concepts, paired with
standard dry-van trailers or low-drag trailer concepts, the
study examines the energy use, and potential savings
thereof, from implementing various fleet configurations
for different operational duty cycles.

An energy-use analysis was implemented to estimate
the energy-rate contributions associated with inertial accel-
erations, grade forces, rolling resistances, and
aerodynamic-drag forces for three types of duty cycles: Long
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Introduction

ero-emission heavy-duty vehicles (ZEHDVs) are

expected to enter the market in increasing numbers

over the next two decades, with battery-electric-
vehicle (BEV) deployments already established [1], and
hydrogen-powered trucks (hydrogen-combustion engines
or hydrogen-fuel-cell hybrids) expected to enter the
market in the coming decade [2]. For Class 8 trucks (gross
vehicle weights above 15,000 kg), urban-delivery and
regional-haul applications are currently the primary target
applications for BEV variants, due to range restrictions,
permitting trucks to remain close to local charging
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Haul, Regional Haul, and Urban Delivery. A duty-cycle-simu-
lation approach was implemented using speed-dependent
wind-averaged-drag models, adapted for local wind-speed
magnitudes representative of each duty-cycle environment.
This method was validated for the long-haul cycle against
a constant-speed wind-climate-simulation approach applied
to a fleet-transportation network.

Results demonstrate that Urban Delivery operations
expend a smaller magnitude, and smaller relative proportion,
of energy use to overcome aerodynamic drag, but that
significant savings are nonetheless possible for these opera-
tions with aerodynamic improvements to the trucks. Over
the range of tractor- and trailer-aerodynamic improvements
examined, the analyses reveal the potential for 4-27% energy-
rate savings and 5-37% range extension for the Long Haul
cycle, 3-16% energy-rate savings and 3-18% range extension
for the Regional Haul cycle, and with 2-9% energy-rate savings
and 2-10% range extension estimated for the Urban Delivery
Cycle. Although results show significant reductions in energy
use associated with emerging zero-emission-tractor shapes,
trailer-aerodynamic improvements are shown to have about
twice the potential for energy savings and range reduction
than do tractor-aerodynamic improvements.

stations. Intercity long-haul applications, more suitable to
hydrogen-powered vehicles, will see a slower uptake of
BEV trucks until such time that distributed charging infra-
structure is readily available and reliable [3].

A scan of the market of available Class 8 ZEHDVs show
that some truck concepts represent conventional truck-
chassis shapes with modified powertrains, while others are
ground-up designs built around the new powertrain archi-
tectures. Improved aerodynamic-drag performance from
the emerging design concepts can provide a range-exten-
sion advantage over the conventional truck-chassis shapes
that were designed to house forward-mounted diesel
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engines with large cooling fans and front grilles. In a parallel
paper to this, the authors present a design-and-evaluation
study leading to a low-drag zero-emission-tractor concept
with 16% lower drag than a recent-generation aerodynamic
tractor [4], with up to 42% overall drag reduction when
paired with a low-drag trailer concept.

Estimating the real-world energy/fuel savings arising
from aerodynamic improvements to heavy trucks is not
trivial, and approaches can vary in complexity. Analytical
means are most-often based on the use of wind-averaged-
drag-coefficient (or drag-area) metrics [5, 8]. In the simplest
of energy-savings estimation methods, these aerodynamic-
drag metrics are assumed constant and are combined
with powertrain-energy-efficiency parameters to calculate
potential changes in overall energy use of a truck under a
constant-speed (long-haul-operation) assumption [7].
Other methods translate drag-reduction metrics to
proportional energy/fuel-saving estimates to provide
percentage-change values using correlational relationships
[8]. More complex methods make use of powertrain
performance and efficiency metrics, and real engine-
performance maps to estimate energy use for realistic
duty cycles [9]. Due to the complexity of aerodynamic-drag
estimation for a truck in variable winds and varying ground-
speed profiles, none of these methods evaluate adequately
the aerodynamic drag and the associated energy savings
and range extension for general duty cycles. Such an
approach may also benefit chassis-dynamometer-based
emissions testing that currently only considers vehicle drag
without the influence of ambient winds.

The concept of a wind-averaged-drag metric for use in
heavy-truck aerodynamic design and evaluation is beneficial,
by simplifying the complexity of variable-strength and vari-
able-direction winds that are encountered in every-day
operations. However, its simplicity is often taken for granted,
and its prevalence suggests a misunderstanding of the
conditions under which it was originally defined. For example,
the EPA Greenhouse-gas-Emission Model (GEM) [9], used
for regulatory submissions and reporting, assumes that a
single wind-averaged-drag-area input parameter is repre-
sentative of the aerodynamic performance for an entire duty
cycle on which the vehicle emissions are calculated. The EPA
GEM approach uses a single drag-area value based on a
surrogate yaw-angle to represent all aerodynamic perfor-
mance, and represents an approximation upon a number of
other approximations. Four compounding levels of approxi-
mations/assumptions are applied in its use, as follows:

1. Aerodynamic performance in cross winds can
be approximated by evaluations in a yawed uniform
wind rather than the sheared and twisted apparent-
wind profiles experienced on the road [10, 11].

2. The SAE-J1252-defined calculation for a wind-
averaged-drag metric, which uses uniform-wind
drag-coefficients evaluated over a range of yaw
angles, is an approximation which assumes that,
in lieu of using a distribution of anticipated winds,
a mean wind speed can be used instead [5]. This
method assumes that winds are equally probable
from any direction relative to the direction
of motion.

3. The wind-averaged-drag-area performance of a
truck is defined by the drag performance at a
surrogate uniform-wind yaw angle based on a
reasonable correlation of this drag-area value
with the SAE-defined calculation for the specified
wind and road-speed conditions. For a truck
travelling at 65 mph (105 km/h) encountering a
US-averaged road-level wind speed of 7 mph (11
km/h), a surrogate yaw angle of 4.5° has been
specified as a standard condition [6].

4. The wind-averaged-drag-area metric representing
65-mph road speed and 7 mph wind speed,
defined via the surrogate 4.5° yaw-angle
condition, is representative of the aerodynamic
drag-area performance at any road speed [6].

Each of these approximations, on their own, is reason-
able, but the authors are not aware of any evaluation of
the compounding approximation errors amongst all four
levels. The primary author has evaluated, in a previous
study of wind-averaging methods [12], the compounding
of levels 2 and 3 above, which can lead to errors on drag-
reduction performance exceeding 1% of vehicle overall
drag, which can be problematic when the majority of
aerodynamic technologies provide drag reductions in the
1% to 10% range [7, 13]. That wind-averaging study also
showed that the SAE-defined wind-averaged-drag calcu-
lation introduces greater errors at lower road speeds,
suggesting some caution in its use for lower speeds.
However, its ability to use a wider range of yaw angles
that are experienced at lower speeds, provides distinct
advantages over the single surrogate-yaw-angle method.

Evaluating properly the effective aerodynamic-drag
performance over a range of ground speeds is important
when considering lower-speed operations, like urban-
delivery and regional-haul duty cycles, compared to the
traditional long-haul operations that are used as a basis
for heavy-truck-aerodynamic evaluations. The square-of-
speed relationship of aerodynamic drag combined with
lower levels of road-level wind speeds in urban regions,
due to the higher ground-level-roughness effects on the
atmospheric boundary layer [14], necessarily leads to
lower aerodynamic drag forces for such duty cycles.
Additionally, these operational cycles with greater distri-
butions of vehicle speeds must also decelerate and reac-
celerate more often, thus exerting a greater level of
energy towards inertial forces, such that aerodynamic
forces become an increasingly smaller proportion of the
overall energy use. Aerodynamic-technology benefits are
often neglected for such operations for these reasons
but, given the importance of range extension of emerging
BEV trucks, an evaluation of the potential benefits of
aerodynamic improvements for such cycles is warranted.

The objective of this study is to examine the potential for
energy savings and range extension from
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aerodynamic-drag reduction associated with emerging
ZEHDV concepts in operational environments ranging
from speed-diverse urban-delivery duty cycles to
constant-high-speed long-haul duty cycles. A method of
accounting for wind-averaged aerodynamic behaviour of
heavy trucks over a large range of road speeds and wind
conditions is introduced. The method is validated, for a
long-haul cycle, against a more complex fleet simulation
that uses a time-varying-wind-climate approach. The
methodologies of these simulation approaches, which are
based on the same energy-use model, are described first.
The results are then used to estimate energy-savings and
range-extension benefits of a variety of aerodynamic
improvements in different operational environments.

Energy Use Model

The vehicle modelling used here is based on the equation
of motion (i.e. Newton’s 2nd law) in the direction of vehicle
motion. Figure 1 shows the free-body diagram of a truck
with forces and motions in this direction. The road load
is comprised of grade, rolling, and aerodynamic forces,
with the tractive force defined as that which is necessary
to overcome the road load and to impart any additional
accelerations of the vehicle.

Applying a momentum balance, the equation of
motion becomes:

dav
me E = FTrac - FAero - FRR - FGrade (1)

for which m, in the inertial term on the left side of
the equation is the effective mass that includes the vehicle
mass and the rotational inertia of the wheels and rotating
drivetrain components. The inertial term results from a
balance between the tractive force, Fy,. and the road-
load force comprised of aerodynamic drag force, Faero
the tire rolling-resistance forces, Fgrg, and the grade force
encountered on non-level roadways, Fgrage-

The grade force is calculated based on the vehicle
weight and road grade as:

dh
F.oo o—w=l 2
Grade ds ( )

which is a linearised approximation for small angles
and is valid for the low grades in the current analysis

m Free-body diagram of vehicle loads and motions.

Frr Fpg
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(<5%). For larger grades, a trigonometric force-decompo-
sition would be required, but was not necessary here.

Rolling resistance is calculated including a speed-
dependence correction [15], as

Fop = CRRO(9.O><‘IO’8V4 +10 x 107°V2 +1.0) w3

where Cggo is the near-zero-speed rolling-resistance
coefficient, and V'is in units of metres. This speed-depen-
dence function causes higher rolling resistance only above
about 80 km/h with an 8% increase at 105 km/h (65 mph)
road speed. For simplicity here, the Cggg is assumed the
same for all tires so than a single aggregate Fgy is calcu-
lated based on the total vehicle weight.

Aerodynamic drag force is calculated, generally, as:

FAero :% P U2 CD (W)A (4)

based on wind apparent speed, U, and yaw-depen-
dent drag coefficient, Cp (w). Applying a wind-averaging
approach to the aerodynamic drag coefficient, to account
for aggregate wind-speed and wind-direction conditions,
Equation 4 is re-cast based on ground speed, V, as follows:

.
Faero = 5 P Ve Couap A 5)

where Cyup is the coefficient of wind-averaged drag.
Details about its definition and calculation method are
provided in a later section.

Equation 1 defines the acceleration of a vehicle based
on the difference between the applied tractive force and
the experienced road-load force. For the analysis herein,
prescribed duty cycles are applied, which define the
speed/acceleration and grade profiles of the vehicle, and
hence the calculations define the tractive force necessary
to achieve the prescribed acceleration and overcome the
road load at any instant during the cycle:

FTrac =M, ﬂ + FAero + FRR + FGrade (6)

dt
The energy used to complete a specified duty cycle is
E= JFtracdS :I Ftrac\/dt (7)

The additive nature of the tractive-force contributions
permit dissociation of the energy-use contributions:

E- J' me%th +J Fo. vt +IFRRth +I FongcVt (8)

An assumption inherent to Equation 8 is that the
application of brakes or retarders are captured via the
corresponding accelerations associated with the inertial
energy term.
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The primary metric used herein for comparison is
the energy-use rate (ER) in kWh/km, calculated as the
energy-use contributions of Equation 8 divided by the
distance travelled for the respective cycle. The energy-use
rate considers only the energy necessary to overcome
the external resistances on the vehicle (road load and
acceleration loads), without accounting for powertrain
efficiencies or other on-board power requirements. This
form of energy-use rate permits comparison of aerody-
namic improvements for internal-combustion (IC) and
zero-emission (ZE) vehicles without consideration for the
energy-conversion efficiency of the respective powertrain,
which is typically below 50% for IC and above 80% for ZE
vehicles. ER is used to calculate percentage changes in
energy use and range for the simulated truck fleets. The
change in energy use, relative to a reference configuration,
is defined as:

R-ERe _ ER | o)
ERref ERref

AER[%] _E

The available range (R) for a given energy quantity
(E) is defined via the energy rate as R = E/ER. The change
in range is then defined using the energy rate as:

AR[%] — R=Rer =

ER.;
ref _1 10
F (10)

ER

ref

Simulation Method 1 - Fleet Wind-
Climate Simulations

The wind-averaging approach, whether the SAE formula-
tion or the less-assumptive version on which it is based,
makes a general assumption about the wind-speed and
wind-direction distributions experienced by the vehicles
[12]. If variable-climate behaviour is desired in an analysis,
whether to account for wind conditions in specific regions
or to examine seasonal variations in aerodynamic drag
forces, other more-general aerodynamic-evaluation
approaches are suitable. The NRC Fleet Aerodynamic
Performance methodology was developed for such
purposes, based on adaptations to the stochastic wind-
modelling approach of Skidmore and Tatarko [16], and
has been used previously for evaluating fuel-savings
benefits of aerodynamic technologies for routes with
different speed limits [17]. The methodology, described
by McTavish and McAuliffe [17], uses climate statistics and
macro-scale wind modelling to predict the daily variability
of wind and air-property conditions along a specified
route, for a large number of expected climate states
(hundreds to thousands of states), for which the aerody-
namic performance of a truck is evaluated for each, based
on predefined drag-polar models, as it traverses the
specified route.

For the analysis used herein, a provincial-scale-fleet
approach was used. Here, 13 highway segments in the
Canadian province of Ontario were used, representing

major trucking routes for which traffic congestion is not
common and that converge towards the greater Toronto
area (see Figure 2). The non-consistent alphabetic
highway-segment nomenclature of Figure 2 is a carry
over from an earlier study that used more highway
segments. Hourly truck distributions measured by
roadway-sensor systems by the provincial transportation
authority were used to define individual truck trips on
each highway segment, for each lane of each respective
direction. Approximately 150,000 individual truck trips
were defined, which combine to represent over 60 billion
weekly truck kilometers travelled. Each truck trip was
simulated for 3000 daily climate states, representing 8.4
years of weather, for which the road load components
(grade, rolling resistance, and aerodynamic drag) were
calculated along the route at intervals of 200 m (about
every 7 seconds). For each truck type simulated, energy-
use rates (kWh/km) were calculated for each highway
segment and for the total fleet.

The characteristics of each truck, including type/
shape (which defines aerodynamic characteristics), weight,
and rolling resistance, were randomly assigned based on
predefined cumulative distributions functions that repre-
sent the range of each parameter anticipated for the
overall fleet. These characteristics are defined in
later sections.

This fleet-simulation approach used constant truck
speeds, such that the tractive force delivered by the
powertrain at all times represented the combined grade
force, rolling resistance, and aerodynamic drag, without
needing to overcome inertial forces. Road speeds were
defined based on lane position of each truck, with all
right-lane trucks travelling at 100 km/h, and a 5 km/h
increment in speed for each additional lane (these
roadways have a maximum of 3 lanes). Due to the highest
proportion of trucks residing in the right-hand lanes, the
average speed of the simulated trucks for the entire
network was 100.7 km/h.

The energy-use rate for this truck-fleet-based method
is calculated as the total energy necessary to overcome
the road-load forces of all the individually-simulated
trucks divided by the total distance travelled by all trucks,
and subsequently averaged for all 3000 climate states.

The energy-rate metric is dissociated into its contri-
butions, as described by Equation 8. For the highway
network studied, the multi-directional nature of the
analysis results in the net-grade-force contribution being
negligible compared to the other two contributions, thus
only two energy-rate contributions (rolling resistance and
aerodynamic drag) are presented for the fleet-wind-
climate-simulations results shown later.

Simulation Method 2 - Duty Cycle
Simulations

A method was implemented to apply the tractive-force
model of Equation 6 to a specified duty cycle, and to apply
a speed-dependent wind-averaged-drag-coefficient
model to improve the estimation of aerodynamic drag
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m Simulated truck-traffic routes in the province of Ontario, Canada. Segment names and number of lanes noted.

(adapted from Google Maps)
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force and its associated energy loss without requiring the
computationally-costly fleet-climate simulations described
in the previous section. Here, the method uses Equation
5 to define the aerodynamic drag force, with a speed-
dependent wind-averaged-drag-coefficient model defined
for each truck-type/shape configuration. These drag-
coefficient models are defined in a later section.

For the purpose of this study, rather than assigning
a range of characteristics to a large number of simulated
trucks, like the fleet-climate study, average truck weights
and rolling-resistance coefficients are used instead of
distributions.

The duty cycles for this method are defined in the
next section. For each, Equations 7 and 8 are applied to
calculate the total energy use and the contributions from
each road-load and inertial term.

With respect to the inertial component of the tractive
force, the net accelerations and net decelerations from
speed changes along each cycle are equal, and thus
provide no net contribution to the energy requirement.
Under an assumption that the trucks do not have regen-
erative braking, all decelerations are associated here with
a dissipative loss of energy via rolling resistance, aerody-
namic drag, or the application of brakes or retarders.
Therefore, only positive accelerations are included in the
tractive force/energy calculations. The assumption of no
regenerative braking may be an oversimplification for the
simulated zero-emission trucks, but provides consistency

in modelling amongst all trucks since the comparisons
here are intended to be about aerodynamic differences
amongst them. Any use of regenerative braking would
reduce the net energy requirement during a cycle and
amplify the benefits of aerodynamic improvements.
Therefore, the results presented in this paper for ZEHDVs
can be considered conservative, given the other assump-
tions applied.

Duty Cycle Models

Three pre-defined commercial-truck duty cycles are used
in this study. The “Representative Long Haul,”
“Representative Regional Haul,” and “Representative Local
Delivery” cycles, based on the National Renewable Energy
Laboratory (NREL) Fleet-DNA simulation methodology
[18], were selected for use in this study. For the purpose
of comparing different wind-environments applied to
each cycle, the “Local Delivery” cycle is named here
“Urban Delivery” (UD) because it will make use of a2 mean
wind speed associated with city/urban environments, to
distinguish from the wind speeds observed in intercity/
rural regions that are associated with long-haul opera-
tions. Long Haul (LH) and Regional Haul (RH) names are
retained for those respective cycles. The average speed
of each cycle, including the constant-speed Long Haul
(LHC) cycle described in the last section, are shown in
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m Speed and grade profiles for the selected duty cycles.
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Table 1 along with the wind-speed magnitudes described
in the next section.

The truck-speed and grade profiles for each of the
three selected cycles are shown in Figure 3. The Long
Haul (LH) cycle is the longest in duration, at 19 hrs,
compared to 10 hrs for the Regional Haul (RH) cycle and
4.5 hrs for the Urban Delivery (UD) cycle. The Long Haul
(LH) cycle has the largest variability in grade, occasionally
exceeding a 5% magnitude, with a general bias towards
negative grades, suggesting the route ends at a lower
elevation than its start.

The three cycles show different distributions of
vehicle speeds, with the Long Haul (LH) predominantly at
higher speeds above 100 km/h and Urban Delivery (UD)
rarely above 100 km/h. The speed distributions of the
three cycles (probability distribution functions, PDFs, and
cumulative distribution functions, CDFs) are shown in
Figure 4. The Long Haul (LH) and Regional Haul (RH) cycles
show significant proportions of the routes at speeds
above 95 km/h (82% and 61%, respectively) while the
Urban Delivery (UD) cycle is spread over the full-range of
speeds. However, the Urban Delivery (UD) cycle does
contain a reasonable proportion of higher-speed condi-
tions for which aerodynamic drag will be important, with

timelz [hr] 1I2 ‘; tirlne [hr]
about 40% of the cycle operating at speeds above 70
km/h. The average truck speeds of Table 1were calculated
as time averages based strictly on periods when the
trucks are in motion, neglecting zero-speed periods. The
higher averaged speed of the fleet-climate Long Haul
Constant Speed (LHC) cycle is due to the constant-speed
assumption that neglects any lower-speed acceleration
and deceleration periods.

Wind Environment Models

The conventional formulation to calculate a wind-aver-
aged-drag coefficient for a heavy truck, per the SAE J1252
method [5], makes use of a US-averaged wind speed of
1.3 km/h (7 mph) defined at a height of 3 m (10 ft). This
mean wind speed represents a truck-travel-weighted
average based on US-state-averaged wind speeds, but
may not be appropriate for use with energy-use calcula-
tions in all regions. The Long Haul (LH) cycle defined here,
for the sake of convention, uses the J1252 mean-wind-
speed value of 1.3 km/h (7 mph).

The Regional Haul (RH) and Urban Delivery (UD) duty
cycles investigated here are intended to represent opera-
tions in or around urban environments. The effective



2532

McAuliffe and Ghorbanishohrat / SAE Int. J. Advances & Curr. Prac. in Mobility, Volume 7, Issue 5, 2025

m Probability density function (PDF) and cumulative distribution function (CDF) of truck speed for the three selected

duty cycles.
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ground roughness due to the built-up urban environment
causes a greater near-ground momentum deficit of the
atmospheric boundary layer than would be predicted by
a standard 1/7-power-law boundary-layer-wind-speed
profile that is assumed by the J1252 method [14]. A loga-
rithmic boundary layer profile that can account for
different ground-roughness conditions is often used in
wind-engineering applications and is suited better to
wind-speed predictions in the environments being
studied here:

U In (z/zo)

Uer I (zref / ZO) "

The z, parameter, named the roughness height,
defines the height from the ground below which the mean
wind speed is effectively zero. The surface roughness data
presented by Kaminski and Borton [14], along with that
from one of their references [19], are used here to select
appropriate values of z,. For the Regional Haul (RH) cycle,
a roughness height of 0.1 m is defined, which represents
a developed open-space terrain. For the Urban Delivery
(UD) cycle, the typical roughness height of approximately
0.5 m used for dense urban developments may not
be appropriate for roadway regions that are more open
than the surrounding dense-development regions. As
such, a value of 0.33 m is used here which, according to
Yoon et al. [19], is suitable for “traffic areas” and provides
a mean wind speed approximately 20% higher than for a
0.5 m roughness height.

The reference wind-speed values for all cycles are
included in Table 1. For the Urban Delivery (UD) and
Regional Haul (RH) cycles, which are cycles representative
of urban regions, the wind speed used here is defined

speed [km/h]

TABLE 1 Average truck speeds and reference wind speeds for
selected cycles.

Simulation Average Truck Mean Wind
Method Cycle Speed Speed
Variable-Speed Urban Delivery 52.3 km/h 6.5 km/h
Duty Cycle (UD)

Regional Haul 811 km/h 8.6 km/h

(RH)

Long Haul (LH) 97.3 km/h 1.3 km/h
Constant- Long Haul 100.7 km/h 6.1 km/h
Speed Fleet (LHC)
Wind Climate

© National Research Council Canada

based on yearly-averaged wind speeds, defined at 80 m
height, for seven major urban centres in Canada, the
home country of the authors and the project sponsors.
Using the wind-energy-atlas data on which the fleet-
climate-simulation approach is based [20], a mean wind
speed of 19.4 km/h (12.0 mph) at 80 m height was
selected. Applying the roughness lengths, defined in the
previous paragraph, road-level wind speeds of 6.5 km/h
(4.0 mph) and 8.6 km/h (5.4 mph) are estimated for the
Urban Delivery (UD) and Regional Haul (RH) cycles at a
reference height of 2 m (half truck height). The use of a
2 m reference height, rather than the 3 m height selected
for the J1252 procedure, is aligned with standard proce-
dures for road/track testing of heavy trucks in North
America [21, 22]. Applying the wind-definition approach
of J1252, which used a 1/7-power-law formulation to
project weather-station wind speeds to ground level
instead of the logarithmic formulation of Equation 11, to
a 2 m reference height gives a wind speed value of 10.6
km/h. The difference is sufficiently small, and affects the
energy analysis in this paper on the order of 0.5%,
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therefore the conventional J1252 wind speed of 11.3 km/h
has been retained for the Long Haul (LH) cycle to remain
consist with industry practice.

The constant-speed fleet-wind-climate-simulation
results (LHC cycle) inherently predict the wind speeds
experienced at road level of 2 m. The truck-distance-
averaged wind-speed from the LHC-cycle simulations,
also shown in Table 1, is 6.1 km/h which is significantly
lower than the J1252 recommended value. The LHC cycle
analysis makes use of logarithmic profile of Equation 11
with surface-roughness values defined by the macro-scale
wind-climate data sets, for which zg, varies up to about
2 m, with the maximum occurring in dense forested area
with high tree cover surrounding the roadways. The
disparity in wind-speed between the two Long Haul (LH)
cycles suggests that the SAE J1252 value is not appro-
priate for the inter-city highway environments in Ontario.
The energy-savings results will discuss the impacts of
these differences.

Truck Fleet Configuration Models

The analysis considers a subset of the larger fleet of
trucks found in commercial operations. Here, only Class
7 and 8 tractors that pull box-van trailers are considered,
with an assumption that the baseline tractors have some
level of modern-day aerodynamic treatments such as
streamlined bumpers, gap extenders, and roof fairings.
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To provide the broadest classification within this set,
tractors in a defined fleet are distinguished as day-cabs
or sleeper-cabs since, for a similar configuration, the latter
generally have lower aerodynamic drag due to their
longer wheelbase [7, 23].

Seven fleet configurations are defined for this study:
four representing internal-combustion-powertrain (IC)
tractors and three with zero-emission-powertrain (ZE)
tractors. The combinations are listed in Table 2. IC and
ZE versions of many tractor-trailer combinations were
considered, with some of these vehicle configurations
tested in the wind tunnel [4, 23] and others modelled with
input from previous work by the authors. Table 2 distin-
guishes 10 tractor configurations amongst the various
fleets, for which 5 are based on wind-tunnel measure-
ments and 5 are modelled adaptations (denoted by 7).
The box-van trailers within each fleet configuration are
represented by two types, with the broadest distinction
being a standard trailer and an aerodynamic trailer. The
baseline pair of box-van trailers is distinguished as having
side skirts or not, given that side skirts are the predomi-
nant trailer-aerodynamic technology found in fleets today
[24]. The aerodynamic-performance models for these
configurations, both measured and modelled, are
described in the next section.

Photographs of the five 30%-scale wind-tunnel tractor
models tested for this study are shown in Figure 5. The
conventional day-cab tractor is representative of an

TABLE 2 Fleet configurations (‘denotes configuration using modelled, instead of measured, aerodynamic performance).

Tractor

Conventional day-cab
Conventional day-cab
Conventional sleeper-cab
Conventional sleeper-cab

ZE day-cab shape (IC version)’
ZE day-cab shape (IC version)’
ZE sleeper-cab shape (IC version)
ZE sleeper-cab shape (IC version)
ZE day-cab shape (IC version)’
ZE day-cab shape (IC version)®

Fleet Name
IC1 - Baseline

IC2 - Tractor Shape Change

IC3 - Low-Drag Tractor

Low-drag ZE sleeper-cab (IC version)’
Low-drag ZE sleeper-cab (IC version)’

IC4 - Low-Drag Trailer Conventional day-cab
Conventional sleeper-cab
Conventional day-cab (ZE version)®

Conventional day-cab (ZE version)®

ZE1 - Baseline

Conventional sleeper-cab (ZE version)”
Conventional sleeper-cab (ZE version)’

ZE2 - Low-Drag Tractor ZE day-cab shape
ZE day-cab shape
Low-drag ZE sleeper-cab
Low-drag ZE sleeper-cab
ZE day-cab shape

Low-drag ZE sleeper-cab

ZE3 - Low-Drag Trailer

Fleet Distribution

Trailer

Standard 75% 25.0% 42.5%
Side skirts 7.5% 25.0% 42.5%
Standard 42.5% 25.0% 75%
Side skirts 42.5% 25.0% 75%
Standard 75% 25.0% 42.5%
Side skirts 7.5% 25.0% 42.5%
Standard 42.5% 25.0% 75%
Side skirts 42.5% 25.0% 75%
Standard 7.5% 25.0% 42.5%
Side skirts 75% 25.0% 42.5%
Standard 42.5% 25.0% 75%
Side skirts 42.5% 25.0% 75%
Side skirts and boat tail 15.0% 50.0% 85.0%
Low-Drag Trailer 85.0% 50.0% 15.0%
Standard 7.5% 25.0% 42.5%
Side skirts 7.5% 25.0% 42.5%
Standard 42.5% 25.0% 75%
Side skirts 42.5% 25.0% 75%
Standard 75% 25.0% 42.5%
Side skirts 7.5% 25.0% 42.5%
Standard 42.5% 25.0% 75%
Side skirts 42.5% 25.0% 75%
Side skirts and boat tail 15.0% 50.0% 85.0%
Low-Drag Trailer 85.0% 50.0% 15.0%
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m Photographs of tested tractor-model
configurations, top to bottom: conventional day-cab; ZE day-

cab shape; conventional sleeper-cab; ZE sleeper-cab shape;
low-drag ZE sleeper-cab.

early-2010s model day-cab adapted from a production
vehicle (but not strictly a copy of it). The ZE day-cab shape
is a modified version of the conventional day-cab, with a
large-radius filler appended to the front to reduce aero-
dynamic drag (see [23] for details) and with a covered
upper front grill to reduce cooling drag. The conventional
sleeper-cab tractor is based directly on a 3D scan of a

© National Research Council Canada
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production 2016 Kenworth T680 vehicle and includes the
highest level of aerodynamic treatments offered at the
time. The ZE sleeper-cab model is a newly-designed cab
shape developed for this project [4], for which the “ZE
sleeper-cab shape” variant represents an IC equivalent
with similar cooling-flow, underbody, and drivetrain
configuration as the conventional tractor model. The “low-
drag ZE sleeper-cab” variant has only a small front grille,
cameras instead of mirrors, smooth underbody with a
centre-aft air dam, single-wide drive tires with covers,
porous mudflaps and drive-wheel fairings.

The box-van trailer has a conventional configuration
with a length of 16.1 m (53 ft) with a dual-axle bogie. Figure
6 shows photographs of the four trailer configurations

m Photographs of tested dry-van-trailer
configurations, top to bottom: standard; side skirts; side skirts

and boat tail; low-drag trailer.

© National Research Council Canada
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used for this study. The side skirts are 7.9 m long and
0.9 m high (full-scale dimensions) and flush mounted to
both sides of the trailer, while the “side skirts and boat
tail” version also includes a three-panel 0.9 m long
tapered-depth tail. The “low-drag trailer” variant includes
extended side skirts that cover the bogie wheels, a four-
panel 1.2 m long constant-depth tail, a front fairing, curved
front and side roof edges with a rear down-tapered shape
(6-inch height reduction over aft 10 ft), with single-wide
tires, wheel covers, and porous mud flaps.

The analysis herein represents fleets of vehicles, not
strictly single vehicles. As such, fleet combinations were
developed, and represents a mix of two or four truck
combinations, as defined in Table 2. All fleets have a mix
of day-cab and sleeper-cab tractors, with two trailer
configurations represented in each fleet. The proportion
of each of the four (or two) truck configurations within
each fleet configuration are documented in right-hand
columns of Table 2. Adjustments to these proportions
were made for each duty cycle. Based on polls made by
the first author of nearly 1000 trucks on several inter-city
highway trips in 2023 (highway segments C, D and K in
Figure 2), a 15/85 day-cab/sleeper-cab split was found for
tractors pulling box-vans trailers, with a roughly 50/50
split amongst standard box-van shapes and those with
side skirts. These ratios were used for the two Long Haul
cycles (LH and LHC), with the direct 15/85 day-cab/
sleeper-cab split used for the IC4 and ZE3 fleet
configurations.

Urban Delivery (UD) and Regional Haul (RH) cycles
are expected to use a greater proportion of day-cab
tractors than would be used for Long Haul (LH) opera-
tions. For lack of specific data, an assumption was made
that the Regional Haul (RH) cycle uses a 50/50 split
between day-cab and sleeper-cab tractors, with the
Urban Delivery (UD) cycle having the opposite distribution
to Long Haul (LH) with an 85/15 day-cab/sleeper-cab split.

With respect to truck mass/weight, a single value was
used for all truck configurations of the LH, RH, and UB
cycles. The value used, of 27,300 kg (approx. 60,000 Ibs),
matches the average mass of all trucks in the LHC fleet-
climate simulations, providing consistency amongst the
two simulation methods. A value for the effective mass
of each wheel of 56.7 kg (125 Ib) has been used, based on
quantification performed by the EPA for SmartWay
verified tires with conventional steel-rims [25].

Truck Performance Models

The rolling resistance used for all trucks of the LH, RH,
and UB cycles is 0.006, which is the mean value defined
for the simulated LHC fleets, and which corresponds with
the threshold for SmartWay-verified low-rolling-resistance
tires [26]. The aerodynamic-drag models for all tractor
and trailer combinations of Table 2 were defined based
on two sets of experiments [4, 23]. Those experiments,
conducted in the NRC 9 m Wind Tunnel with high-fidelity
30%-scale models, provide drag coefficients over a yaw-
angle range of +15° The data models used in this study

are presented in Figure 7, differentiated by tractor type
(day-cab or sleeper-cab) and powertrain type (IC or ZE).
The “measured” performance models are based on wind-
tunnel measurements and developed by averaging the
corresponding positive- and negative-yaw-angle Cp values
to make yaw-symmetric curves. Each “modelled” perfor-
mance model differs from a specific measured model
only in the cooling-flow implications associated with
covering or opening the large upper grill of the model.
Previous unpublished testing by the authors with the
conventional day-cab and sleeper-cab tractors, comparing
the drag for open versus covered front grilles, suggests
a change in aerodynamic of ACp = 0.005 (approximately
1%) is appropriate for cooling-flow changes between an
IC and ZE variant, regardless of yaw angle. The For a
modelled “IC version” of a ZE configuration, all drag coef-
ficients were increased by 0.005, while for a modelled
“ZE version” of an IC configuration, all drag coefficients
were decreased by 0.005. The parallel paper to this [4]
shows that the cooling-drag change for the ZE sleeper-
cab tractor is ACp = 0.012, which is higher than the value
of 0.005 estimated for the simulations that were initiated
prior to the full analysis of the wind-tunnel data. These
differences are not anticipated to change the outcomes
of this study.

All data models were extrapolated beyond +15°, based
on guidance from other experiments by the authors
(found in [17]) for a full £180° yaw-angle range which
showed a peak in Cp in the 15° to 25° range and with a
Cp = 0 between 60° and 80°. The curves of Figure 7 are
fit using additional data point at +20° yaw angle, many of
which equal the corresponding £15° values, and with Cp
=0 at #+60°. Less than 1% of the wind-climate-simulation
conditions fall outside of the +15° yaw-angle range, and
therefore these extrapolations are not anticipated to
introduce any significant uncertainties.

From the drag-coefficient models of Figure 7, speed-
dependent wind-averaged-drag-coefficient models were
developed for each truck configuration. A sample of these
models is shown in Figure 8. The SAEJ1252 [5] calculation
procedure was used to define, for ground speeds from
25 to 150 km/hin 5 km/h increments, wind-averaged-drag
coefficients based on the wind speeds for the LH, RH,
and UD cycles (from Table 1). Below 25 km/h, the resolu-
tion of the J1252 approach, which uses only 6 absolute
wind angles for the calculation, becomes insufficient for
reliable calculations. Higher-resolution wind-averaging
methods could be adapted [12], however the method
demonstrated here is intended to be replicable by others,
so the simpler well-defined J1252 procedure is main-
tained. Therefore, wind-averaged-drag-coefficient values
for any ground speed lower than 25 km/h are set equal
to the value calculated for 25 km/h. The low dynamic
pressure at these speeds, resulting in small aerodynamic
drag forces, mitigates any significant errors due to this
assumption.

Cwap Models for four truck configurations are shown
in Figure 8, which demonstrate some general character-
istics of these models. Models for the highest and lowest
wind speeds are shown (LH and UD), to present the
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All drag-coefficient models defined for this study, based on 30%-scale wind-tunnel experiments. Symbols provide the
corresponding yaw-averaged values from the experiments.
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extremes of what was simulated, whereas the models
for the RH wind speed fall between those for the other
two cycles. A specified wind speed introduces larger yaw
angles at lower speeds, resulting in increasing Cyap as
ground speed is reduced. Higher wind speeds provide
higher Cyap With much greater differences between wind
speeds observed at lower ground speeds. The nearly-
yaw-insensitive drag performance of the low-drag ZE
sleeper-cab tractor with low-drag trailer results in nearly-
speed-insensitive wind-averaged values, and only a small
difference between wind speeds.

Results and Discussion

The outcome from the analysis is an estimate of energy-
use rate, in kWh/km, for each of the contributing sources
of external load on the vehicle (inertia, grade, rolling
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m Energy-rate estimates for two fleet combinations
and for all cycles, grouped by fleet combination.
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IC1 - Reference ZES3 - Low Drag Tractor + Trailer

resistance, and aerodynamic drag), for each of the truck-
fleet combinations, and for each of the duty cycles.

Figure 9 shows the energy-rate distributions for two
of the seven fleet combinations (IC1 and ZE3) and all
cycles (LHC, LH, RH, and UD), grouped by fleet combina-
tion. The height of each coloured bar represents the
energy rate necessary to overcome the respective
source of resistance. The combined bar heights give the
overall energy rate expended by the respective fleet
combination operating with the specified cycle. The
overall energy rate varies between about 1.0 and 1.7
kWh/km for the simulations conducted. Recall that actual
in-use energy consumption will be higher due to other
on-board-power uses (ancillaries and HVAC, etc.), and
due to the efficiency of the powertrain system that is
sensitive to transients, thus the actual energy use could
be significantly higher.

For each of the two fleet combinations, the trend
amongst the four duty cycles is similar. The long-haul
cycle from the wind-climate analysis (LHC) shows only
energy-rate contributions for rolling resistance (blue bars)
and aerodynamic drag (orange bars). No inertia contribu-
tion was calculated due to the constant-speed nature of
the simulations, and the grade contributions, which
differed for each highway segment and direction,
averaged to a negligible value for the truck fleet. For this
LHC cycle, the IC1 fleet, which has the highest aerody-
namic-drag configurations, expends approximately 60%
of its energy on aerodynamic drag, while the ZE3 fleet,
which has the lowest aerodynamic-drag configurations,
has a roughly 50/50 split between drag and rolling
resistance.

The three representative duty cycles (Long Haul - LH,
Regional Haul - RH, and Urban Delivery - UD) show
different magnitudes of inertia contributions (green bars),
with the highest attributed to the Urban Delivery (UD)
cycle with the most speed variations. For the Urban
Delivery (UD) cycle, the inertia contribution is greater than
any of the other individual contributions.

Grade contributions are negligible for the Urban
Delivery (UD) cycle, likely due to the simulated route
returning to a common location. The Regional Haul (RH)
cycle shows positive grade contributions, suggesting the
route ends at a higher elevation than its start, while the
Long Haul (LH) cycle has a negative grade contribution,
signifying its route ends a lower elevation than the start
and potential energy is gained over the cycle. Although
the inclusion of these grade contributions biases the
results towards a specific route and direction, their inclu-
sion in the plots is meant to demonstrate the relative
magnitude of changes in potential energy for these
specific routes, compared to the overall energy use, which
is no greater than 7% for the simulations conducted. For
comparison, the individual segments of the LHC simula-
tion, despite averaging to a negligible grade-force contri-
bution, show up to ¥9% energy use attributed to eleva-
tion changes.

The commmon truck weight used for the four cycles
results in near-constant rolling-resistance energy rates
for all cases. The Urban Delivery (UD) cycle shows a
slightly lower contribution due to the lower average speed
of the cycle, such that the speed-dependence of the
rolling-resistance model (Equation 3) has less of an
influence.

The aerodynamic-drag contribution to energy rate
differs amongst the four cycles, but in a similar way for
each of the two fleet configurations in Figure 9. The Long
Haul (LH) cycle shows higher aero-drag contribution than
the Long Haul Constant Speed (LHC) cycle due to the
higher assumed wind speed applied to the cycle. As high-
lighted in Table 1, the climate-simulation method (LHC)
calculates an average wind speed experienced by the
trucks of 6.1 km/h, which is almost half that of the SAE
J1252 recommended value, used for the LH cycle, of 11.2
km/h. Despite the difference, the aero-drag contribution
is similar for both long-haul simulations, providing justi-
fication that the less-computationally-expensive duty-
cycle method provides results representative of a
large fleet.

The lower aero-drag contribution of the Urban
Delivery (UD) cycle is a result of the greater proportion
of lower-speed operations for which the square-of-speed
nature of aerodynamic drag leads to lower energy use
for this cycle. The lower wind speeds assumed for the
urban environment is also a contributing factor. The
Regional Haul (RH) cycle has comparable aero-drag
energy use to the LHC cycle, despite its lower average
vehicle speed, in part due to the higher wind speed used
for its cycle (8.6 km/h). Another factor contributing to this
comparable aero-drag energy use is the greater propor-
tion of higher-drag day-cab tractors assumed for the
Regional Haul (RH) cycle (see Table 2). Correspondingly,
the Urban Delivery (UD) cycle would show a lower aero-
drag contribution if the Long Haul (LH) or Regional Haul
(RH) fleet configurations were applied to all cycles.

In Figure 10, the energy-rate results for all combina-
tions and all cycles are presented, grouped here by cycle
type. This arrangement highlights that, for a given cycle,
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m Energy-rate estimates for each fleet combination and duty cycle, grouped by duty cycle. Colour legend is the same

a Figure 9.
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the dominant difference in energy-rate contribution
amongst the seven fleet configurations is associated with
aerodynamic drag, as anticipated. All other contributions
are equal within a cycle by their reliance on vehicle speed
and/or weight, which are consistent amongst all fleet
configurations.

Fleet configurations IC1 and ZE1, which have nearly
the same aerodynamic drag performance, show similar
aerodynamic energy rates. Configuration ZE1 has an
imperceptibly smaller energy rate than Configuration IC1
due to the reduced cooling drag of this baseline-EV
combination. These configurations are representative of
the makeup of vehicle shapes of current fleets on
the roads.

Fleet configurations 1C2, IC3, and ZE2 represent
improved tractor aerodynamic performance, with 1C2
associated strictly with the cab shape change applied to
an IC vehicle. Configurations IC3 and ZE2, which show an
energy-rate reduction of about 0.1 kWh/km over their
respective IC and EV baselines, represent the cab shape
change combined with other tractor aerodynamic treat-
ments on the sleeper-cab variants. Differences between
fleets IC3 and ZE2 are small for the same reason that
differences between IC1and ZE1 are small (cooling drag).
This demonstrates that the overall shape and level of
aerodynamic treatments have a greater influence on
aero-drag energy use than the powertrain configuration
of the tractor.

When adding trailer-aerodynamic treatments, beyond
the trailer skirts used for half of the simulated fleets,
additional reductions in energy-use rate are observed, as
expected. Configuration IC4, for which the low-drag
trailers are combined with current-day aero-tractor
shapes, show up to 0.2 kWh/km benefit from the trailer
technologies over the baseline trailer configuration (50%
of trailers with only skirts). When combining the new
low-drag ZE tractor and the use of low-drag trailers for
the full fleet (Configuration ZE3), up to 0.3 kWh/km

IC1 IC2 IC3 IC4 ZE1ZE2 ZE3

IC11C2 IC3 IC4 ZE1ZE2 ZE3 IC1IC2 IC3 IC4 ZE1ZE2 ZE3
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Regional Haul Cycle Urban Delivery Cycle

fleet-wide benefits may be realized. Even the Urban
Delivery (UD) cycle can benefit from these combinations
of aerodynamic technologies, with 014 kWh/km esti-
mated fleet savings.

The energy-rate savings from introducing tractor and
trailer aerodynamic improvements to the simulated truck
fleets are significant, relative to the overall energy use.
Figure 11 shows the percentage change in energy-rate
and range for the five reduced-drag fleet combinations,
relative to their respective IC or EV baselines, based on
Equations 9 and 10.

Maximum benefits are shown in Figure 11 for the Long
Haul (LH and LHC) cycles, with 4% energy savings for
strictly tractor-shape changes applied to IC vehicles (IC2-
ICT) up to 27% for the low-drag EV tractor and trailer
(ZE3-ZE1). These energy-rate benefits translate to range
extensions from about 5% up to 37% in the Long Haul
cycles. The Regional Haul (RH) and Urban Delivery (UD)
cycles show smaller proportional benefits from these
aerodynamic improvements due to the smaller proportion
of aerodynamic-drag contribution to the overall energy
use within their cycles. Over these ranges of aerodynamic
improvements, 3% to 16% energy-rate savings and 3% to
18% range extension are estimated for the Regional Haul
(RH) cycle, with 2% to 9% energy-rate savings and 2% to
10% range extension estimated for the Urban Delivery
(UD) cycle.

Figure 11 also shows the incremental benefits of
improving the tractor or the trailer. Full aerodynamic
improvement of the tractor, whether IC or EV, repre-
sented by IC3-ICT and ZE2-ZE1, show energy-rate reduc-
tions from 3% for the Urban Delivery (UD) cycle up to 8%
for the Long Haul (LH and LHC) cycles, with corresponding
range extensions of 3% to 9%. Trailer aerodynamic
improvements, represented by IC4-IC1, has the potential
to reduce energy use by 6% to 15%, depending on the
cycle, with a corresponding range extension between 6%
and 18%.
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m Energy-rate savings and range-extension estimates for drag-reduction combinations.
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Conclusions

A method was developed to estimate the energy savings
and range extension associated with aerodynamic
improvements to fleets of heavy commercial vehicles
operating with specific duty cycles. The approach makes
use of speed-dependent wind-averaged-drag coefficients
based on region-appropriate wind speeds, and was vali-
dated against a more complex climate-simulation approach
for transportation networks. These comparisons suggest
that the use of the SAE J1252-defined averaged wind
speed of 11.2 km/h (7 mph) over-predicts road-level wind
speeds for the inter-city long-haul application examined
in this study. The study examined Long Haul (LH), Regional
Haul (RH), and Urban Delivery (UD) duty cycles with fleets
comprised of appropriate mixes of day-cab and sleeper-
cab tractors pulling combinations of dry-van trailers with
and without aerodynamic treatments.

The simulation results demonstrated that significant
energy savings and range extensions are possible from
emerging zero-emission truck shapes, even when such
shapes are used for vehicles with an internal-combustion
powertrain. Up to 8% energy savings were demonstrated
with emerging ZE tractor configurations, relative to using
conventional tractor shapes. Trailer-aerodynamic improve-
ments were shown to have almost twice the potential
for energy savings (up to 15%) than do tractor-aerody-
namic improvements.

Urban Delivery (UD) operations were shown to
expend a smaller magnitude, and smaller relative propor-
tion, of energy use to overcome aerodynamic drag, but
that significant savings are nonetheless possible for these
operations with aerodynamic improvements to the trucks.
Over the range of aerodynamic improvements examined,
the analyses reveal the potential for 4-27% energy-rate
savings and 5-37% range extension for the Long Haul (LH)
cycle, 3-16% energy-rate savings and 3-18% range exten-
sion for the Regional Haul (RH) cycle, and with 2-9%
energy-rate savings and 2-10% range extension estimated
for the Urban Delivery (UD) cycle.

Low Drag Trailer
(IC4 -1C1)

T
Low Drag ZE Tractor + Trailer
(ZE3 - ZE1)

Low Drag ZE Tractor
(ZE2 - ZE1)
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