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INTRODUCTION
New technologies that deliver greater fuel effi-
ciency are always of great interest to fleets, and 
these days electrification tops the list. However, 
concerns involving electric vehicle (EV) range 
anxiety and length of operating hours remain 

significant challenges to widespread adoption. 
One of the ways to overcome these challenges 
is to harvest as much energy from the com-
bination vehicle as a whole — including the 
semi-trailer (trailer) — serving as an alternate 
energy source to power auxiliary devices and 

ABSTRACT
Future electric vehicles (EVs) in commercial applications will need to be highly efficient to 
overcome current industry challenges of long operating hours and distances. Regenerative 
braking — used already in electrified straight trucks and tractors — has great potential to 
effectively capture otherwise wasted energy in trailer applications, but has yet not been so 
pursued. ATA’s Technology & Maintenance Council (TMC) recommends various actions be 
taken to maximize benefits, reduce potential risks and eliminate any safety issues associ-
ated with these technologies such that a realistic return on investment (ROI) can be achieved 
within applicable vocations. These goals and actions include: (1) researching and develop-
ing safe, compatible, maintenance-friendly and robust systems; (2) achieving CO2 and other 
emission reductions; (3) investigating all-electric trailer refrigeration unit (eTRU) applications 
and usages; (4) developing effective means of storing and delivering harvested energy; (5) 
achieving effective power control; and (6) developing data communication and analytics to 
enable integration of automated driver assistance systems (ADAS) and automated driving 
systems (ADS) in trailers. Furthermore, as these technologies emerge, TMC's various Study 
Groups should develop Recommended Practices (RPs) to facilitiate adoption of regenerative 
braking systems for trailers.
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the power unit (tractor) itself. Some of the pos-
sible means of harvesting energy from trailers 
today include regenerative braking, solar, and 
aerodynamics. 

Of these, regenerative braking has great po-
tential to effectively capture otherwise wasted 
energy. Regenerative braking is readily utilized 
in EVs today but has not been actively pursued 
for trailer applications.

Energy efficiency gains are not the exclusive 
domain of trucks and tractors. The entire 
combination vehicle must be considered since 
trailers consume a substantial share of vehicle 
power due to driving resistances, parasitic 
losses, auxiliary devices, and energy conver-
sion to heat by friction brakes. It is, therefore, 
plausible to consider electrification of trailers as 
a potential means of energy efficiency gains. 
An electrified trailer (e-trailer) combined either 
with a conventionally powered or all-electrified 
truck can become an essential part of sustain-
ability solutions for commercial vehicles.
 
The e-trailer regenerative braking concept 
consists of an electric motor(s) installed on the 
trailer that converts motion into energy that can 
be stored and repurposed. One instance where 
the technology especially shines is when a 
trailer travels downhill and/or brakes frequently. 
Normally, friction braking would simply slow 
down a trailer, transforming motion into heat, 
but with regenerative braking the resistance 
of the electric motor turns the kinetic energy 
into something that can be harnessed later.

The recovered energy is stored in batteries 
or capacitors installed on the trailer and can 
be used as either supplementary power to 
increase an all-electric tractor’s range, or to 
power onboard axillary units such as trailer 
refrigeration units (TRUs) and liftgates. Keep-
ing the battery charged extends how far the 
vehicle can go before needing a recharge, and 
that’s just one benefit of regenerative braking. 
Other advantages include increased braking 

efficiency, CO2 and other emission and noise 
reductions, and increased service life of brake 
friction material. 

This position paper primarily explores the 
opportunities and challenges of regenerative 
braking in trailer applications. Other possibili-
ties such as solar power, shorepower, fuel cell 
technologies, and tractor-trailer communica-
tions are peripheral to this discussion and may 
be covered in detail in another TMC paper. 

This position paper will address the following 
specific topics:

• Trailer electrification considerations.
• Energy demand considerations. 
• Regenerative braking system type con-

siderations. 
• Energy recuperation and brake perfor-

mance considerations. 
• Battery technology and management 

considerations. 
• Safety, maintenance, and compatibility 

considerations. 
• Technology benefits and challenges. 
• Recommended goals and actions.

TRAILER ELECTRIFICATION 
CONSIDERATIONS 
Today there are number of different technolo-
gies available for trailer electrification consider-
ation — e.g., shorepower, solar power, onboard 
energy storages (battery/capacitor), fuel cell 
engine generators, and regenerative braking. 
This list is not exhaustive and can also be used 
in combination to produce maximum output. 
On the other hand, these sources compete for 
efficiency, cost, weight, and availability. 

• Shorepower—Shorepower can provide 
power to auxiliary units and charge bat-
teries onboard trailers. For all-electric 
or eTRUs, it may be a crucial part of an 
overall solution that includes pre-cool 
cycle operation to conserve battery en-
ergy in order to complete a day trip. The 
shorepower source can provide unlimited 
power. However, because of the infra-
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structure cost, limited charging station 
availability, high-voltage safety concerns 
and operational restrictions involved, it 
poses challenges for widespread usage.

• Solar—Solar panels are becoming 
increasingly economical and efficient. 
The large planar areas of a trailer offer 
much promise for collecting solar energy, 
although the mobile nature of trailers 
complicates optimal orientation of the 
solar array. Because of this solar array 
dependency, the effectiveness of col-
lecting energy is somewhat limited. The 
cost per energy density is still higher than 
other means of trailer electrification as 
well. Solar panels are often employed and 
become increasingly useful for charging 
batteries to operate smaller onboard 
devices and auxiliary equipment such 
as telematic gateway, sensors, liftgate, 
motorized gears and dome lamps. 

• Electrical Energy Storage Systems—
Electrical energy storage systems, spe-
cifically battery and capacitor technolo-
gies, are continually evolving. Lithium-ion 
batteries are readily used and popular for 
commercial vehicles. Cost and weight 
reduction and deep cycling capability 
are primary goals as is overall cycle life. 
The high operating temperature during 
power delivery and limited effectiveness 
at low ambient temperature are other 
main hurdles to overcome for commercial 
vehicle application. Battery placement on 
trailers can be challenging depending on 
its weight and size. Typically, a large belly 
area of the trailer underframe is available 
for battery installation. However, large, 
and heavy battery packs installed in this 
area may impact trailer structure fatigue 
life, longevity, and other operational is-
sues such as access to work performing 
components. 

• Fuel Cell Engine Generators—Hydro-
gen fuel cell engine generators are poten-
tially the longest-term solution, because 

while current hydrogen fueling station and 
production infrastructure availability is 
limited, they can be very attractive due to 
their high energy density and long-range 
potential. Cost and weight are also huge 
challenges for trailer applications.

• Regenerative Braking—In compari-
son, a regenerative braking system that 
charges an onboard battery can be the 
most effective near-term solution. Long 
used on hybrid vehicles, regenerative 
braking is well known and practical in 
those applications. Several efforts are 
currently underway to develop com-
mercial energy recuperation systems for 
tractors and trailers. In these systems, 
energy harvested by braking and down-
grade events is stored onboard for later 
use as a main power source for propul-
sion and various electrical devices.

eTRU ENERGY DEMAND 
CONSIDERATIONS 
Due to different drive cycles, some trailer 
applications are well suited to regenerative 
braking, however, not all are. For example, 
food service trailers operating within city limits 
will see the most benefits whereas trailers in 
longhaul operation may not. Table 1 describes 
examples of possible energy requirements for 
eTRUs during different operating conditions.

As shown in Table 1, eTRU power requirements 
vary widely with different trailer operating condi-
tions. Longhaul operations may require larger 
capacity batteries that affect cost and weight 
justification for trailer electrification. However, 
with the help of other energy recuperation 
sources such as regenerative braking and/or 
solar power, significant reduction in battery 
size, weight and capacity is possible. In addi-
tion, the energy recuperated by regenerative 
braking can be used for propulsion assist in 
the form of mechanical push or charging the 
EV main battery. It can also help extend op-
erating range of trailered EVs independent of 
battery capability. 



TMC Future Truck Committee Position Paper (2022-2)—4© 2022— TMC/ATA

Some of the other electrical power demands 
on trailers include telematic devices, sensors, 
liftgate, lamps, motorized landing gears and 
doors, and heating unit. These components 
will require wide range of battery capacities 
that can be charged by a regenerative brak-
ing system. 

REGENERATIVE BRAKING SYSTEM TYPE 
CONSIDERATIONS
Great progress has been made to develop and 
optimize a variety of electrical machines for EVs 
with respect to passenger vehicles and com-
mercial vehicles. This progress ranges from 
motor units integrated in transmission housings 
and electric machines with coupling points 
to the vehicle’s body or suspended chassis 
components, to electric drives that are part of 
the unsprung mass like hub motors. Similarly, 
the concept selection for an eTrailer largely 
depends on the torque and power requirements 
which drive package size and mass. 

The ratio of a trailer’s mass is an important 
factor because of the large mass difference 
between fully laden and unladen conditions. 
Consideration must be given to cargo sensi-
tivity, road impacts, light cargo, and driving 
stability for an empty trailer. All of these are 
just some of the factors that influence concept 
selection. In addition, torque, power require-
ments, motor design and the level of power 

electronics integration define mass and pack-
age size of the electric drive unit. Concept 
selection is also determined by functionality 
requirements, thermal management; noise, 
vibration and harness (NVH) requirements,  
and vehicle dynamics targets. 

For example, a hub motor generator may be 
simpler in design and lighter than electrically 
motorized axle. However, the hub motor system 
may need to overcome space limitations at 
the wheel ends. Figure 1 illustrates different 
types and mounting of regenerative braking 
components and systems.

Another possible form of regenerative braking 
is electromagnetic regenerative retardation. In 
this application, an electromagnetic retarder is 
used in place of an electromechanical motor 
to capture regenerative energy during brak-
ing and/or downhill and dragging events. This 
system may provide simplicity in configuration 
and higher efficiency through eddy current 
generated by electromagnetic application. 

As previously discussed, regenerative braking 
facilitates trailer electrification by methods that 
turn potential energy and kinetic energy into 
electricity which would otherwise get converted 
to heat via friction brakes. An electrical machine 
running as a generator can provide the required 
brake force to a large extent with the added 

TABLE 1: eTRU ENERGY REQUIREMENTS FOR TRAILER APPLICATIONS
OPERATION TRIP LENGTH kWH REQUIRED

Hours Pull Down Total
Long Haul (-20°F) 53' 10 52 70.02
Long Haul (0°F) 53' 10 22 65.62
Food Service 
(2 - 38°F / ambient temperature)

10 46 76.12

Dairy (35°F) 10 27 58.35
Grocery (35°F) 10 16 46.46
Produce (35°F) 10 16 52.86

Source: Great Dane, LLC
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advantage of producing electricity that can be 
stored in batteries and repurposed. Figure 2 
illustrates the concept of a hybrid vehicle that 
utilizes an electrified trailer with a regenerative 
braking system. In this example, the eTrailer 
generates electrical energy during deceleration 
phases, stores the energy in batteries and uses 
the energy for events such as acceleration, 
elevation change, and compensation for roll-
ing resistance,  in addition to running electrical 
onboard units like eTRUs. During the regen-
eration phase, energy recuperation efficiency 
must be maximized by optimizing control during 

the interface between the motor generator to 
gear ratio, to inverter and inverter to battery. It 
may require analytic battery charging control, 
thermal management, gear ratio optimization, 
high-voltage management, and power elec-
tronic control. Energy recuperation efficiency 
will heavily depend on overall system design 
that reduces energy losses through heat and 
power inversion. Batteries and motors need 
to be right size and type that match the regen 
rate/C-rate as well. This may have a direct 
impact on cost and life of the entire system. 

Figure 1

Source: WABCO

Figure 2

Source: WABCO
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At the same time, the eTrailer requires elabo-
rate brake control systems that are intercon-
nected in multiple ways to achieve the optimal 
performance for brake control, drive quality, 
vehicle dynamics, and safety. 

Electronic (EBS) or electronically controlled 
braking systems (ECBS) using tractor-to-trailer 
communication lines can play important role in 
regenerative braking’s contribution to the brak-
ing improvement  on a combination vehicle. 
The highest energy gain may be achieved for 
an eDrive by maximizing recuperative braking 
in balance with friction braking and retardation. 
Since the torque characteristics of retarders 
and electrical motors are RPM dependent, 
optimal brake blending strategies through EBS/
ECBS are an imperative. The initial decelera-
tion of vehicle at high speed can be achieved 
by the tractor-trailer regenerative braking 
retardation. Eventually, the friction brake ap-
plies at a lower speed to a complete stop. 
There are advantages and disadvantages of 
having a full serial brake blending (i.e., maxi-
mum regeneration at the beginning and once 
peak is reached, then service brakes/engine 
retarder only).

An EBS/ECBS adds brake force by the re-
tarder at the initial braking, which is still more 
energy efficient than a friction brake. At lower 
speed, the retarder’s contribution degrades 
based on its torque characteristics. At this 
point, EBS/ECBS engages the friction brake 
to keep vehicle deceleration constant. The 
recuperative braking not only improves brake 
performance but also improves friction brake 
life expectancy through reduced brake pad 
wear and maintenance. 

BATTERY TECHNOLOGY AND  
MANAGEMENT CONSIDERATIONS
Vehicle electrical energy storage and delivery 
have been in development for years. Charging 
stations for EVs have now become somewhat 
commonplace, especially for passenger cars 
and light trucks, less so for commercial ve-

hicles. Overhead catenary lines used with trol-
ley buses,  commonly used decades ago, are 
back in field testing for hybrid-electric trucks. 
Buses that combine batteries and ultracapaci-
tors charged at bus stops are in use in Europe 
and Asia. Fuel cell engines are producing 
electricity onboard and used for charging the 
batteries from stored hydrogen. 

Batteries are getting optimized but still repre-
sent the biggest contributor to mass, packaging 
size, and cost for electric vehicles and trailers 
alike. However, recent years have seen a 
dramatic improvement in lithium-ion battery 
capacity and an increase in energy density 
which allow for smaller packaging sizes or lon-
ger drive ranges. At the same time, costs have 
dropped sharply. So, for electric commercial 
vehicles and trailers, batteries are becoming a 
more viable technical solution, especially when 
coupled with onboard charging capabilities. 
Considering all the useful options for a trailer, 
batteries with stored recuperated energy can 
be an attractive solution.

Proper battery selection based on application 
is imperative since the amount of energy uti-
lized will dictate size, weight, and cost along 
with regenerative braking motor size and 
packaging. Given the dependence of battery 
capacity and life cycle on temperature condi-
tions, battery charging strategies and thermal 
management are essential to stay in an op-
timal range of operation. Charging cycle and 
depth of discharge can also impact battery 
performance and longevity in connection with 
braking frequency and downhill/drag events. 
More frequent charging cycles may stress a 
battery, reducing its life expectancy. 
  
Today’s electric vehicles are not capable of 
driving for long distances on battery power 
alone This would be even more true for a 
trailered vehicle. However, with the energy 
recuperative system, the trailer’s electric mo-
tor drive is used to recharge the batteries and 
store adequate amount of energy to meet the 
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demand. To achieve high energy efficiency, 
the trailer electric motor drive needs to be 
designed for higher peak powers compared to 
non-commercial battery electric vehicles. Solid 
state lithium-metal, lithium-ion, nickel-zinc, 
lithium titanite oxide and advanced led-acid 
batteries are some of the battery technologies 
that can be considered in these applications.

OTHER CONSIDERATIONS

Safety 
The main safety concern for the recuperated 
energy may be storing the converted electrical 
power in high-voltage format. With practically 
no moving parts, the battery systems show 
no visible or audible warning of any latent 
dangers. There can be high risks encountered 
in handling high-voltage battery systems and 
their component parts onboard. In addition, 
high voltage generated during flat tow may 
impose potential damages to the motor inverter, 
if the battery bus and motor are incompatible. 
In the event of tractor push from trailer eAxle 
motor, the system will need to be designed to 
prevent a potential jack-knife event. Traction 
control on the trailer may also be needed to 
avoid wheel slip. Robust measures must be 
taken to avoid personal injury, reduce risk of 
product liability, and loss of property and time. 

Maintenance 
The regenerative braking systems have many 
components that are subject to normal wear 
and tear and damage caused by vibration, 
temperature, corrosion, and weathering. All 
system components and mounting structures 
must be maintained to ensure safe and proper 
operation of regenerative braking that can 
capture maximum energy and benefits. The 
battery pack needs to be checked regularly to 
ensure the cable connection, mounting frame, 
and enclosure are free of damages and dete-
rioration, and corrosion caused by road debris 
and deicing agents. 

Motors with gear box or gear reduction need to 
be checked for any oil leaks and replacement. 
The gearsets in an axle need to be maintained 
to prevent premature failures and any early 
wear outs caused by possible over-torque 
situations. The cooling system for motor and 
battery also requires preventive maintenance 
to ensure proper operation and durability of the 
entire regenerative braking system. 

Compatibility 
Regenerative braking for trailer applications 
also requires adequate control strategies to 
ensure proper and compatible braking se-
quence and increase the level of recaptured 
energy during a braking maneuver. The brake 
control system must allow safe operation close 
to the limits of handling vehicle stability. The 
regenerative braking torque source must be 
prioritized in the braking action supplying the 
regenerative braking torque ahead of the fric-
tion brakes. 

The braking torque control as the regenerative 
braking torque is delivered via motor retar-
dation must ensure safe and stable vehicle 
operation because of the high complexity in 
brake synchronization with friction brakes and 
regenerative braking. In addition, the interac-
tion of regenerative braking with active driving 
safety systems—e.g., antilock braking system 
(ABS)—must be considered. 

The packaging of regenerative braking com-
ponents and installation on the trailer body 
must be structurally compatible to ensure 
maximum trailer fatigue life and longevity. 
Large structures mounted in the trailer belly 
area may cause undue fatigue stress on trailer 
rails, walls, and roof causing premature failure. 

Environmental
When it comes to environmental sustainability, 
regenerative braking offers practical benefits 
such as carbon and noise reductions. However, 
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potential negative effects must be considered 
to minimize environment damage. Most of 
the regenerative braking system components 
including batteries can be recycled after re-
placement. However, depending on battery 
type, the recycling of battery can be costly and 
environmentally harmful. The ROI calculation 
must include the possible added cost of bat-
tery replacement, disposal, and maintenance.

BENEFITS AND CHALLENGES
There are definite benefits that can be realized 
by employing a trailer regenerative braking 
system. However, the challenges in implemen-
tation must be considered to produce maximum 

ROI. The ROI can vary widely depending on 
use cases and the amount of energy recu-
perated. For example, a food service vehicle 
operating in a high-terrain region and frequent 
stop environment will generate high energy 
recuperation and achieve early ROI. Table 2 
describes energy recovery examples based 
on various operational assumptions.

The graph in Figure 3 illustrates a hypotheti-
cal ROI for a food service reefer application. 

The benefits and challenges listed below are 
not exhaustive and may be updated for ad-
ditional guidance.

TABLE 2: ENERGY RECOVERY POTENTIAL BASED ON  
VARIOUS OPERATIONAL ASSUMPTIONS

Duty Cycle % of  
US Fleet Daily Miles Average 

 GCW (lbs)
Daily Stops /

Decels
System  

Efficiency [1]
Terrain Pro-

file [2]
Daily Energy  

Recovery (kWh)

Local 25% 180 40,000 360/720 45%
Flat 

Normal 
Hilly

22
23
29

Regional 35% 350 60,000 10/80 45%
Flat 

Normal 
Hilly

14
18
24

Longhaul 40% 480 70,000 4/50 45%
Flat 

Normal 
Hilly

2
7

16

[1] Typical efficiency of current regenerative systems
[2] Terrain Profile:   Flat (<5% max grade)           Normal (8% max grade, 1% distance)         Hilly (17% max grade, 8% distance)

Sources: ATRI, Meritor

Figure 3: Example Food Service Reefer ROI

Source: ConMet
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Some of the benefits include:
• Converting the vehicle’s kinetic energy 

produced by motion into a form that can 
be stored or used right away. 

• Assisting the power unit in events such 
as acceleration and uphill drive.

• Reducing CO2 emissions.
• Reducing friction brake pad wear through 

electric motor retardation during decel-
eration. 

• Reducing noise from internal combustion 
engine and retarders.

• Providing traction support resulting less 
fuel consumption.

• Augmenting power unit HVAC energy.
• Extending electric power unit range.
• Providing power to eTRUs.
• Providing all-electric supply to auxiliaries 

on trailers in standstill, untethered mode 
(e.g., motorized roll door, landing gear, 
dome lights, telematics, liftgates, pallet 
jack, etc.).

• Providing power for autonomous parking.

Some of the challenges include:
• Significant weight gain by battery pack 

and regenerative braking system com-
ponents.

• Potential increase in maintenance cost.
• Employment of correct components and 

battery size for optimum performance for 
energy recuperation and ROI.

• Potential regulatory and legal implica-
tions for trailer market.

• Satisfying customer expectations and 
targets for specific applications.

• Driver training and acceptance.
• System integration and development to 

achieve appropriate brake blending and 
optimized brake control systems. 

• Brake safety during high deceleration 
and safe and proper interaction between 
regenerative braking and ABS.

• Trailer structure compatibility.
• Corrosion. 
• Installation and packaging.

• Optimization of energy regeneration C-
rate.

• Energy recuperation control in concert 
with tractor demand.

RECOMMENDED GOALS AND ACTIONS
TMC recommends the following goals and 
actions regarding the development of regen-
erative braking systems for trailer application. 

Goals:
• Produce economically feasible and light-

weight systems that maximize ROI.
• Maximize CO2 emission reduction.
• Design optimum power management 

system in sync with tractor demand.
• Maintain the highest level of onboard 

power storage.
• Reduce power storage size and capacity.
• Produce safe and robust systems for 

trailer applications.
• Produce maintenance-friendly systems.
• Assist tractor propulsion to maximize fuel 

savings and driving range for EVs. 
• Improve tractor internal combustion 

engine and powertrain for performance 
and longevity.

• Maximize sustainability and longevity.

Actions:
• Research and recommend practical 

systems that can achieve ROI goals.
• Research and recommend safe, compat-

ible, maintenance friendly and robust 
systems.

• Research and recommend CO2 reduction 
potentials.

• Research and recommend all-electric 
TRU application and usage. 

• Research and recommend effective 
means of storing harvested energy.

• Research and recommend effective 
means of delivering stored energy.

• Research and recommend effective 
power control.

• Research and recommend data com-
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munication and analytics to help ADS.
• Establish Task Forces within various TMC 

Study Groups to develop proposals for 
recommended practices covering regen-
erative braking systems, in collaboration 
with industry stakeholders, such as: 

- Trailer energy demand and require-
ment consideration. 

- Regenerative braking system feasibil-
ity and optimization consideration.

- Brake performance and compatibility 
consideration.

- Battery technology consideration. 
- Safety, maintenance, and environ-

mental effects consideration. 
 
SUMMARY
Energy recuperation from trailers and reduction 
in total trailer energy consumption, utilizing 
technologies such as regenerative braking, 
solar energy, shorepower, and static charge 
potentials can provide many benefits, if the 
challenges can be overcome. TMC recom-
mends studying the various considerations 
mentioned in this position paper.

Regenerative braking for trailer application 
has great potential for commercial trucking in 
step with other sustainability and fuel saving 
efforts. Although the ROI and application case 
for individual fleets may be differ, the goals for 

the regenerative braking for trailer application 
are achievable through close collaboration 
among industry stakeholders and regulatory 
agencies, and extensive field trials and tests. It 
may become one of the promising technologies 
that ultimately help the commercial trucking 
industry to be more profitable, sustainable, 
and environmentally friendlier. 
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