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White Paper

How to Engineer a Better Battery 
System for Off-Highway Vehicles
Certain challenges emerge with the electrification of off-highway vehicles, 
a.k.a. non-road mobile machinery, there are also opportunities for battery 
makers to tap into the off-highway vehicle market and secure a significant 
market share. This white paper aims to address two critical areas for bat-
tery design for off-highway vehicles, cycle life and thermal management.
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Section 1: Background 
The passenger vehicle market has seen a strong trend towards electrification in recent years, 
driven by lower battery and electric powertrain costs, stricter emission reduction requirements, 
net-zero emission vehicle mandates and incentives, and more prevalent and faster charging 
options. This trend is both a driver and a result of improvements in battery cell chemistries and 
battery system design, enabling higher energy density, lower cost, longer cyclelife, and enhanced 
safety. With this ongoing trend, the off-highway vehicle market offers huge untapped potential for 
electrification. This white paper aims to address the battery design considerations for 
electrification of off-highway vehicles.


Section 2: Overview of Off-Highway Vehicles 

An off-highway vehicle refers to any type of vehicle that can drive on and off a paved or gravel 
road. Off-highway vehicles cover a wide range of vehicles with varying power, torque, and range 
requirements and road conditions. Off-highway vehicles also cover a huge range of segments: 
construction, agriculture, mining, snow/ice, and desert applications. New challenges that arise 
when designing a battery system for off-highway vehicles compared to passenger vehicles 
include (but not limited to):

1. Undefined and uncertain drive cycle due to:


• Uncertain road conditions, such as slopes, friction and resistance, aerodynamic drag

• Unknown power output and work shift, entailing the continuous power and peak 

power requirements, auxiliary power requirements, traction and hydraulic power 
requirements


• Undefined energy output and work shift, including the number of hours needed for 
different power outputs, energy requirements for traction, hydraulics, auxiliary drains, 
etc.


• Little data available on off-highway vehicle modeling and validation
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2. Undefined working conditions


• Extreme low temperature for snow/ice vehicle applications

• Extreme high temperature and high humidity for mining applications

• Temperature ranges when charging the vehicle


3. Undefined cost structure


• Total cost of ownership for off-highway vehicles is not well understood

• Fuel cost, service cost, and maintenance cost of off-highway vehicles are highly 

variable based on the working conditions and estimated lifetime of the vehicle

• Products tailored towards electrification of off-highway vehicles are highly variable in 

cost and quality

4. Limited electrical grid service in some locations

5. Transient location of construction work creates charging infrastructure challenges


Section 3: Opportunities for Off-highway Vehicles Battery 
Design 
With the new challenges addressed above, there are certainly opportunities for battery makers to 
tap into the off-highway vehicle market and secure a significant market share. This white paper 
aims to address two critical areas for battery design for off-highway vehicles, cycle life and 
immersion cooling. 


Focus 1 - Cycle life 
The term “cycle life” generally refers to the number of complete charge and discharge cycles 
before the battery’s capacity degrades down to a certain percentage of the original starting 
capacity. The major difference between a passenger battery electric vehicle (“BEV”) and an 
electric off-highway vehicle is that most passenger BEVs experience a full charge and discharge 
cycle once every few days, whereas an electric off-highway vehicle might experience more than 
one charge and discharge cycle per day. In fact, most off-highway vehicles are operational 24/7 
(including charging/refueling), with 2 to 3 operator shifts during a full 24-hour day, whereas most 
passenger vehicles are only operational for 1~3 hours per day while parked unused for the rest of 
the day. Most passenger BEVs are charged at home or at work with slow charging (overnight or 
over an 8-hour workday), whereas electric off-highway vehicles generally require on-site fast 
charging, reducing the amount of service down time. The constant usage of the battery system in 
an electric off-highway vehicle puts huge pressures and stresses onto the battery cells, thereby 
requiring them to possess higher cycle life capabilities. 
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Estimated recoverable capacity when storing Li-ion for one year at various temperatures

Temperature 40% Charge 100% Charge

0°C 98% (after one year) 94% (after one year)

25°C 96% (after one year) 80% (after one year)

40°C 85% (after one year) 65% (after one year)

60°C 75% (after one year) 60% (after three months)

Source: Cadex Electronics, Table redesigned by XING Mobility
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Tesla has claimed that it is working on a million-mile battery system, meaning that the battery 
system can last for a million miles on the road before its remaining full capacity is no longer useful 
for the standard operation of the vehicle. The rate and severity of this capacity degradation also 
depends on the actual usage (frequency of charge and discharge, depths of charge and 
discharge) and environmental conditions (temperature). Assuming that a higher-than-average 
American vehicle owner drives for 100 miles per day, a million miles can last for almost 30 years. 
By contrast, an off-highway vehicle is on the road 20 hours of the day, and with an average speed 
of 50 miles per hour, will likely log 1000 miles per day. This means that even a million-mile battery 
would only last for 3 years. 

When designing the electric off-highway vehicle battery for higher cycle life, cell selection is the 
first and foremost step in the process. However, this is also an area where manufacturers have to 
balance between energy density, cost, charge and discharge C-rate, and other factors. Even when 
the manufacturers have no input in the cell selection process, there is still another opportunity for 
enhancing cycle life within the manufacturer’s control, which we will address in the next section.


Focus 2 - Immersion Cooling 

Thermal control is one of the most critical features and considerations when designing battery 
systems for electric vehicles. The battery cells only have a narrow window of operating 
temperature for optimal performance. Fast charge under low temperature could lead to lithium 
plating, and operating at high temperature could lead to the rapid build-up of solid-electrolyte 
interphase, all of which have a negative impact on battery life and could have safety implications. 
The conventional method of hybrid battery system cooling is air cooling via fans and air ducts, 
whereas electric vehicle battery systems are typically liquid-cooled, with extensive coolant 
channels, cold plates, and coolant pipes in the interior of the battery system, supported by 
pumps, fans, coolant tanks, and radiators outside of the battery system. At low volume 
production, designing a manufacturable and safe liquid-cooled is challenging and costly. 
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Excellent

Good

Fair

Poor

Different cooling methods and their performance

Cooling Method Air Liquid (water / 
glycol) Refrigerant Immersion

Thermal 
performance Lowest of methods Good performance Good performance Best performance

Thermal 
homogeneity Poorest of methods Better depending 

on coolant design
Usually poorer than 
liquid Best homogenity

Leakage None Water can short 
upon leaking

Requires 
maintenance

Can leak, but will 
not short

Cost Lowest cost option Increased costs Lower than liquid Most expensive 
method

Weight Lightest Heavy Heavy Heaviest

Ambient effects Would require an 
additional system

Can precondition 
vehicle using fluid

Can precondition 
vehicle using fluid

Can precondition 
vehicle using fluid

Design simplicity Simplest system More complex More complex
Simpler than liquid, 
sealing can be more 
difficult

Source: IDTechEx, Table redesigned by XING Mobility
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Moreover, the contact between coolant and the battery cells is still secondary, separated by a 
coolant jacket, electrical insulators, cold plates, or both.

With immersion cooling, the battery 
cells are directly immersed in a non-
conductive, non-flammable, and non-
toxic fluid with a dynamic flow rate 
across the system. This approach 
ensures that the temperatures are 
uniform across the cell, all cells, and 
the fluid, and suppresses any thermal 
runaway events that could occur. In a 
typical non-immersion cooling 
systems' thermal runaway situation, 
gases will be generated and vented 
when the pressure-temperature-
current (PTC) switch on the lithium-ion 
battery cell opens. These released gases consist of water, carbon dioxide, carbon monoxide, 
hydrogen fluoride (HF), and some light combustible hydrocarbons (methane and ethane). In non-
immersion cooled settings, the heat generated during thermal runaway events will pose a risk to 
further propagation of the remaining cells. For the immersion liquid cooling method, the coolant 
will absorb the heat more effectively and prevent thermal propagation. A lower temperature will 
also prevent gases reaching flash points, which also prevent further thermal propagation. In either 
case, the amount of light hydrocarbon would also exist in trace amounts as well. 

To design and build such an immersion-cooled battery system, one has to take into consideration 
the flow channels within the battery modules for optimal coolant flow. To reduce the number of 
coolant piping, modules should be stacked together tightly, leaving a continuous flow channel for 
the coolant. The entire system should also be designed to be leak-tight and leak-tested. 
Furthermore, coolant selection is also a critical consideration. Because of the fact that the coolant 
is expected to directly contact the battery cells, this coolant has to be non-conductive, eliminating 
water and ethylene glycol from the choices for consideration. Hydrofluoroether has gained 
popularity in recent years as a substitute for ozone-depleting refrigerants such as CFCs and 
HFCS, and can be used as a non-conductive coolant in immersion cooled battery systems.
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Section 4: Conclusion 

We hope that you have gained a basic understanding of the challenges that arise when 
electrifying off-highway vehicles and designing the battery systems for off-highway vehicles. With 
these challenges come opportunities for innovation in battery system design. With higher 
demands of cycle life and thermal control, immersion cooling has gained traction in the electric 
off-highway vehicle industry, opening up wider and higher flexibility of temperature conditions and 
increasing the battery system’s environmental adaptability. The enhanced safety brought on by 
the coolant in suppressing thermal propagation also carries benefits for the off-highway vehicle 
applications in the construction and mining industry. 
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