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Abstract: Powertrain electrification continues to be a growing trend in vehicular applications.
Electric powertrains have numerous advantages over traditional mechanical and hydraulic
powertrains but there are still important challenges to overcome for long-term commercial success.
This research presents a technological assessment of present and future developments of powertrain
electrification in non-road mobile machinery (NRMM). The challenges and opportunities of NRMM
electrification are described in detail. The trends and drivers related to technological development
such as regulations, policies and market development are analyzed, and technology enablers
are highlighted. Future scenarios are formulated based on the prevailing trends and drivers,
development of key components, scientific literature and status of the non-road mobile machinery
industry. Some recommendations are also given in relation to the development of hybrid and electric
powertrains for NRMM. The key findings of this research indicate that the electrification of NRMM is
slowly started and the progress is demonstrated by hybridization of some specific, successful mobile
machines. In short-term, high component and technology development costs remain the main barrier
for higher adoption of electric and hybrid powertrains. In the long-term scenario, many NRMM can
operate autonomously and powertrain electrification has become mainstream technology.

Keywords: powertrain electrification; non-road mobile machinery; hybrid powertrain; technology
assessment; future forecasting

1. Introduction

Electricity has been used as an energy carrier in vehicular applications since the invention
of the automobile. Through history, electric powertrains have been developed for vehicles and
mobile machines but their breakthrough on a larger scale has just started to happen. Despite the
benefits of electric powertrains, electrification has been slower than expected due to various
technological factors, market drivers and policies. Successful developments in power electronics
and especially in lithium-based battery technology have overcome most of the technical challenges [1].
Nowadays, electric powertrains provide at least as good performance as conventional powertrains,
and they are inherently more energy efficient and emission free in their operation [2]. In this context,
powertrain electrification refers to the use of electric power to operate a mobile machine with or without
an electrical energy storage. Therefore, it covers full electric, diesel-electric and hybrid powertrains.

In some machine applications, usually in heavy-duty machines, an electric powertrain is the
only suitable option due to the high torque demand at wheels and controllability requirements.
Powertrain electrification is considered as relevant and competitive option to replace hydrostatic and
hydrodynamic powertrains to increase energy efficiency [3]. In mobile machines, electric systems could
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also improve the maneuverability and increase the control accuracy [4]. For the time being, electric
powertrains have not yet been adopted on a large scale in mobile machinery but the recent technological
developments strongly indicate that many typical machines can benefit from the use of electricity as
traction power and electrification of auxiliary systems [5,6]. There is a worldwide understanding that
air pollutant and greenhouse gas (GHG) emissions have to be reduced, which in its part encourages the
development and adoption of electric powertrains in all vehicular applications and non-road mobile
machines (NRMM). Nowadays, most of the NRMM rely on diesel engine technology as the primary
power source but the dominance of the diesel engine is changing along with the stricter emission
regulations and new fuel options. The new emission regulations will include all the power levels of
engines and limitations to the particle mass and number of particles [7]. These oncoming regulations
for Compression Ignition (CI) engines in European Union (EU), called Stage V, are planned to be
implemented around 2019-2020. In the United States, similar emission regulations (Tier 4 Final) have
been effective since 2015. Because NRMM include a large number of machines, which are intensively
used, their worldwide impact on air pollutant and GHG emissions is significant. For example, in 2012
the share of transportation greenhouse gases produced by NRMM in the United States was about
10%, which corresponds to 50% of the emissions produced by the medium and heavy-duty trucks [8].
The air pollutant emission limits have reduced the emission of NRMM but these emissions are still
significant in comparison to on-road vehicles [9].

The challenge in evaluation of NRMM is their diversity as they do not form a generic, uniform
group of applications nor they have a clearly distinct customer base. To understand complex
technological transitions and changes such as powertrain electrification at industrial level, one needs a
thorough analysis and systematic evaluation of the underlying phenomena related to the technology
itself, future developments, market situation and prevailing policies and regulations. In this paper, a
thorough assessment of future technological developments in NRMM is presented focusing on the
hybrid and electric powertrains. This research work has been done during the years 2012-2016 as a
part of a national research project called Electric Commercial Vehicles (ECV)-Tubridi [10]. The project
was carried out in collaboration with Aalto University, Lappeenranta University of Technology, VIT
Technical Research Centre of Finland Ltd. and industrial partners. In the sections below, the paper first
presents the state-of-the-art for powertrain electrification in NRMM. Second, the present and future
drivers of electrification and technological trends are overviewed. Then, the required technology
enablers are illustrated following the evaluation of the major challenges for powertrain electrification.
After that, future scenarios for powertrain electrification of NRMM are presented. Finally, the key
findings are summarized and preferable actions and recommendations are given.

2. State of the Art

2.1. Technology Assessment of Alternative Powertrains

The effects of alternative vehicle technologies have been continuously evaluated in scientific
literature. The research focus has been on passenger vehicles [11,12] or transportation in general [13,14].
The investment in hybrid vehicle development was investigated by real option reasoning in [11].
The research results showed the different and sometimes divergent perceptions that car companies
can have in the short- and long-term potential of hybrid vehicles. The results also explained the
divergence in strategic postures for automotive companies. Dijk and Yarime analyzed the meaning
of techno-economic, social and regulatory mechanisms for the emergence of electric engines in the
automobile market after 1990 [13]. They concluded that the internal combustion engine have been
the most significant development trajectory for automotive engines. It was also mentioned, that the
legislative efforts of California’s Air Resources Board and hybrid technology development by Toyota
activated a development of new innovative solution paths for hybrid electric engines. In [15], the
transition towards a more sustainable mobility system was evaluated for fuel cell and hydrogen
technology by analyzing the expectations and technology strategies of the major actors of the field.
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The evaluation concluded that the strategies are founded on the future expectations and it appears
to be crucial for the government strategy to rely on the socio-technical landscape level expectations.
A study by Tae-Hyeong Kwon investigated the market barriers and policy solutions in order to increase
the market share of Alternative Fuel Vehicles (AFVs) [16]. The results of a system dynamics model
indicated that it could be difficult to attain a shift towards alternative fuel vehicles without a policy
intervention especially if the vehicle operating costs have any importance. Browne et al. developed
a framework to investigate the existing barriers for the large-scale deployment of alternative fuels
and vehicles [17]. The research results indicated that there are technical limitations for any alternative
fuel and vehicle technology, and many of them suffer from higher costs. As many other studies, they
also concluded that the main energy source for vehicular application and transportation is based
on fossil fuels in the foreseeable future [18]. There is growing interest towards full electrification of
vehicles and recently more studies have been carried out for understanding better the cost structure of
electric powertrains in heavy vehicles [19,20]. Based on these studies, the charging infrastructure has
an important influence on the vehicle operating performance and lifecycle costs.

2.2. Description of Non-Road Mobile Machinery

Non-road mobile machinery encompasses various machine applications from gardening vehicles
to agricultural tractors and from reach trucks to heavy-duty mining vehicles. NRMM are wheeled or
tracked mobile machines that are well suitable to operate in off-road conditions. A common aspect
for all of these machines is their purpose for intensive use (often professional) to carry out predefined
tasks in a specific environment. In professional use, these machines are typically operated for several
hours per day and often more than a typical eight-hour work shift. In some environments, such as
mines and harbors, the work shifts can be considerably longer, even up to 24 h per day. These machines
can be divided into different categories by their primary intended use. The most common machinery
types are construction machines or earth-moving machines. The following classification of machine
applications has been often used for NRMM [21]:

o  Construction or earth-moving machines: all kinds of loaders, dumpers, excavators, land rollers,
bulldozers, etc.

o Transportation of goods or material handling equipment: forklifts, Automated Guided Vehicles (AGVs),
mobile cranes, Rubber Tired Gantry (RTG) cranes, straddle carriers, etc.

e  Municipal or property maintenance machines: different types of gardening and cleaning machines
often targeted also at on-road operations, snow removal machines, etc.

o  Tractors and agricultural machines: agricultural tractors, forest machines (forwarders, harvesters,
etc.), combine harvesters, field choppers, self-propelled manure spreaders, etc.

There is obviously some overlapping between the categories, e.g., agricultural tractors are also
often used in property maintenance. Some loaders are used in both property maintenance and
construction. However, it seems that present trend is specialization and tailoring. Therefore, mobile
machines are more and more often designed for a relatively narrow segment, and consequently
they are becoming increasingly diverse. Figure 1 illustrates some specific machinery applications
for agricultural work. Implements powered by an agricultural tractor are common application in
agriculture but interest towards self-propelled harvesting machines have been increasing due to the
demand for higher productivity.

The maximum power rating of small loaders and utility vehicles starts from 10 kW whereas gigantic
mining dumpers can have total installed power up to three mega-watts. Figure 2 presents photos of two
typical manipulative machines: a wheel loader and excavator, and a grader. Typically, a mobile machine
is designed for a certain purpose (e.g., for moving material) the way that they can carry out their purpose
effectively. Therefore, the energy efficiency of the machine has not been a design priority. However, the
increasing fuel and energy costs, and particularly the tightening emission regulations, are changing the
design objectives for NRMM, and stressing the importance of the energy efficiency in all operations.
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Figure 1. Examples of self-propelled agricultural machinery: Vervaet slurry spreader, Dewulf potato
harvester, and New Holland TC5050 combine harvester (Photos: Antti Lajunen).

Figure 2. Terex wheel loader, Eurotech mini excavator, and HBM grader (Photos: Antti Lajunen).

Historically, internal combustion engines (ICEs), mostly diesel engines, have dominated the power
production in NRMM. Diesel engines have good efficiency among the ICE family, and the emission
regulations have not generated technical challenges or increased significantly the cost of the engine
technology. Mobile machinery are often operated at low driving speeds when high torque capacity
is demanded at the wheels [22]. As hydraulic systems typically offer a good power-to-weight ratio,
hydrostatic or hydrodynamic powertrains are therefore well suitable for many machine applications.
There is often not a lot of space for powertrain components, which favor for compact and high
power-to-weight solutions. Most of the work systems, such as boom or bucket operations, are powered by
hydraulic cylinders that are difficult to replace by any corresponding electric system. The major downside
of hydraulic systems is their inherently lower energy efficiency in comparison to mechanical or electric
systems [23]. In a typical operation of NRMM, hydraulic pumps and motors have substantial idle losses
because the flow and pressure in the system have to be maintained even if the machine is not moving or
working. Electrification and hybridization are considered as relevant options to replace hydrostatic and
hydrodynamic powertrains to increase the energy efficiency, and to improve controllability [3,24].

2.3. Electric and Hybrid Powertrains

Hybridization is probably the most common form of powertrain electrification. Hybridization of
on-road vehicles has been successful and various new models are entering the market every year. For the
time being, the benefits of powertrain hybridization in NRMM have been recognized but mostly because
of the higher development costs, not many machines with a hybrid powertrain are available on the
markets. Powertrain hybridization has been successful from the very beginning in some specific
applications also from the cost point of view [5]. The major challenge in powertrain electrification
relates to the costs of electric components, and the high requirements of component reliability and
durability in mobile machinery. Powertrains can be highly complicated and require increased reliability
e.g., in military vehicles [25]. In the context of powertrain electrification, scientific research have recently
been done increasingly for different types of NRMM. Typically, these research studies focus on specific
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vehicular applications e.g., on construction machines [5,26], mining vehicles and equipment [22,27,28],
port equipment (different types of carriers) [29,30], and agricultural tractors and machinery [31-33].

The development of lithium-based batteries has had a significant impact on the feasibility of
electric powertrains [34]. Nowadays, these types of batteries offer adequate energy and power
capacity for many machine applications. Often, energy buffering is needed only for short periods
on a high power level. Therefore, lithium-titanate battery chemistries are well suitable for high peak
power applications as they can accept high level of charging and discharging currents in different
conditions [3,35]. Besides electrical batteries, ultracapacitors (also called supercapacitors) are also well
suitable energy storages for NRMM because they can offer multiple times higher power—to-weight
ratios than batteries [36]. Their specific energy is much lower than those of batteries which limits
their use to peak power shaping and short time energy buffering as it has been done e.g., for a
large scale mining shovel [27]. Sometimes ultracapacitors are combined with batteries to form a
dual-source energy storage unit [3,37]. A battery-ultracapacitor energy storage can have different
types of configurations and is well suitable for pulsed current loads [38].

Due to the complex characteristics and limitations of electrical batteries, hybridization can be
considered as a way to manage and mitigate the possible technical and economic risks of battery
technology. The operation requirements of mobile machines are not easily met by having only an
electrical energy storage as energy and power source. Instead, a hybrid powertrain powered by a diesel
engine-generator and a lithium-ion battery can often be a much more reasonable solution than a full
electric powertrain for many NRMM. Different architectures for hybrid electric powertrains have been
well presented in the scientific literature e.g., [24,39,40]. Small mobile machines that operate in very
limited areas, such as a construction site or a warehouse, can benefit significantly from full electric
powertrain. For instance, small sized forklifts that operate indoors have been electrified for a long
time with lead-acid batteries and nowadays with lithium-ion batteries [41]. Figure 3 presents recently
developed hybrid mobile machines. A powertrain that has a fuel cell stack as primary energy and
power source and a battery as energy storage is also a hybrid powertrain [29]. Fuel cells are still in
development phase and first full size fuel cell hybrid vehicles are now entering the markets. The benefits
of fuel cells are emission free operation, higher efficiency than diesel engines and low noise operation.
High production costs and durability are the major challenges for vehicular fuel cell systems [42,43].

Figure 3. Examples of hybrid mobile machines: Komatsu hybrid excavator (Photo: Antti Lajunen),
Venieri hybrid wheel loader (Photo: Antti Lajunen), and Logset 12H GTE Hybrid forest harvester
(Photo: Logset http:/ /www.logset.com).

Besides higher development costs, there are some technical weaknesses related to electric
powertrains.  Electrical components can be large, especially when considering heavy-duty
applications [20]. For example, a traction motor typically requires an inverter that also takes quite a lot
of space in relation to the motor. The limited specific energy of modern lithium-ion batteries requires
compromise solutions between battery capacity, operation availability and charging solution [19].
In addition, safety and thermal management related to the electrical systems are important factors
that needs to be taken into account especially for high voltage systems [44]. Because some electrical
components use rare-earth metals and some of them may require substantial amount of energy in
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production, the carbon dioxide emissions of manufacturing electric powertrains are nowadays much
higher than for conventional ICE powered mechanical powertrains. The battery system has a major
influence on the amount of CO; emissions in manufacturing phase [45].

Because of the limited battery specific energy, fast charging solutions are crucial to ensure
operation availability of NRMM. Recently, fast and high power charging solutions have been
introduced especially for electric city buses [19]. A bus charging station can provide higher than 400 kW
charging power which is often delivered through an automatic catenary system. Wireless charging
technologies have been developed more rapidly recent years [46] but a robust and reliable wireless
charging system could be problematic to establish with NRMM due to the harsh operation conditions
and high charging power requirements.

The drivers of powertrain electrification are quite the same for NRMM as they are for the
on-road vehicles; fuel efficiency, emissions, and regulations. Hybrid and electric powertrains can offer
improvements in energy efficiency and performance of the machinery. Because of numerous different
machine applications, the improvements can vary significantly. Practically, the fuel consumption of a
hybrid mobile machine can be approximately 10-50% lower than that of a traditional diesel-mechanical
or diesel-hydraulic machine [3]. Full electric mobile machinery could save even more energy than
hybrid machines. The recent research results indicate that battery electric city buses can reach up
to 75% lower energy consumption than diesel buses [47]. Due to the inherent characteristics of
electricity and electrical components, hybrid and electric powertrains offer also technical benefits
e.g., fully continuously variable transmission (CVT), more precise actuator control, reduced need for
maintenance, and flexibility in powertrain design [28].

The major difference between on-road vehicles and NRMM is their duty cycle and operating
conditions. The power requirement is often steady for on-road vehicles and transient for NRMM.
Therefore, high-power energy storage solutions, such as ultracapacitors and high-energy type
lithium-ion batteries, are convenient for NRMM whereas high-energy type storage are more typical
for on-road vehicles. The operating conditions of NRMM can be much harder than driving on
roads. In harsh conditions, such as in underground mines, more focus has to be given for the system
robustness and reliability e.g., in terms of thermal management. The driving speed range causes the
major differences between powertrain technical solutions. NRMM are often driven only at slow speeds
(less than 40 km/h) and even heavy vehicles are often designed for even up to 100 km/h driving.
In heavy on-road vehicles, powertrain hybridization may not provide any more reduction on fuel
consumption than e.g., electrification of auxiliary systems [48].

3. Technology Drivers and Trends

3.1. Legislation, Regulations and Policies

The climate strategies of European Union (EU) and individual countries on reduction of carbon
dioxide (CO,) emissions may have an important impact on the design solutions of NRMM. The ambitious
EU objective is to reduce greenhouse gas emissions in Europe by 80-95% by the year 2050 compared to
the 1990 levels. At present, it is difficult to evaluate the actions and requirements that could be directed at
vehicles and mobile machines but solutions that reduce the dependence on fossil fuels will certainly be
required. It also has to be recognized that the target level cannot be reached simply by increasing energy
efficiency of the conventional technology. The CO, emission reduction objectives are complemented with
other policies and declarations such as the “White Paper” mapping the path to competitive and resource
efficient transportation in Europe [49]. The emission regulations are specific legislative policies that have
an impact on technology choices in NRMM. The emission limits for air pollutants carbon monoxide (CO),
hydrocarbons (HC), nitrogen oxides (NOx), and particulate matter (PM) are going to be lower in the
future EU legislation which will also impose new type of emission limitations [50]. According to the
preparation of the EU Stage V emission standards [7], also the small engines (power < 19 kW) and large
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size engines (power > 560 kW) will be included in the future legislation. Table 1 describes the present
European emission limits (Stage III/IV) and future limits (Stage V).

Table 1. European emission limits for CI engines of NRMM (g/kWh).

Stage III/IV Stage V
Power Range (kW) co HC NOx PM Mass CcO HC NOx PM Mass

0<P<8 No limits 8.0 (HC + NOx < 7.5) 0.4
8§<P<19 No limits 6.6 (HC +NOx < 7.5) 0.4

19 <P<37 55 (HC+NOx <7.5) 0.6 5.0 (HC + NOx <4.7) 0.015

37 <P<56 50 (HC+NOx<75) 0.025 5.0 (HC +NOx £4.7) 0.015

56 <P <130 5.0 0.19 0.4 0.025 5.0 0.19 0.4 0.015

130 < P <560 3.5 0.19 0.4 0.025 3.5 0.19 0.4 0.015

P > 560 No limits 35 0.19 35 0.045

As a new rule, the particle mass and particle number emissions are included. The direct impact
of the new emission limits is the need to use more sophisticated emission control and exhaust gas
treatment systems. In the past, the emission standards have been stricter for heavy-duty on-road
vehicles than for non-road mobile machinery. Nowadays, new heavy-duty trucks often have to use
exhaust gas recirculation (EGR), selective catalyst reduction (SCR) and diesel particle filters (DPF) to
reach the present emission limits e.g., EURO VI in Europe [51]. The emission limits of the US EPA
Tier regulations go in line with the EU limits [52]. Even though the new regulations have substantial
changes, it remains uncertain whether they have a major effect in increasing the interest to adopt hybrid
and electric powertrain technologies. The diesel engine technology and its exhaust gas treatment
solutions have been developed successfully for on-road heavy-duty engines. It is understood that this
development can be exploited for the diesel engines in NRMM.

In a recent European research study [53], it was concluded that market share of electric vehicles
in Europe is low and it is not likely to change without significant improvement of technology or public
subsidies. The study recommends of coordinated support actions but recognizes that the heterogeneity
of regions across Europe also calls for regionally tailored approaches. Unlike on-road vehicles, the
operating and societal environments of NRMM are practically similar in all countries so that their
operation is less impacted by the local environment.

3.2. Competing Technologies

Although electric and hybrid powertrains hold a great promise and inherent advantages over the
traditional mechanical and hydraulic powertrains, they are and will be in competition with conventional
technologies. In passenger vehicles, internal combustion engines have been developed more energy
efficient to answer to the challenge set by hybrid vehicles. Nowadays, the downsized diesel and gasoline
engines have reached low level of consumption, and with turbocharging, they offer a high power density
engine even for larger cars. Among NRMM, the diesel technology has also been developed but the
future emission standards could require redesigns and more development for the emission control and
exhaust gas treatment systems which in turn increases the engine system size and costs. Because of
the high energy density and easy and fast delivery of the diesel fuel, it will be hard to replace the
diesel engine technology in many mobile machine applications. The present day batteries do not offer
energy densities even close to that of diesel fuel. Hydrogen has high energy content and it has been
considered as a viable vehicle fuel [54]. However, the hydrogen storage and distribution solutions
need to be developed much more to be a real competitor to diesel fuel or electrical energy storages [55].
Even though hydrogen can be produced from many different sources, it is mainly produced from fossil
fuels and the production costs are currently quite much higher in comparison to other fuels [56].

Alternative powertrain technologies will be developed in parallel with the conventional
technology. Hybrid vehicles have already demonstrated that a combination of conventional and
alternative technology can be the best solution particularly when the alternative technologies are still
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under development. One should not forget new fuel types and sources either which are considered
more environmentally friendly than conventional fossil fuels e.g., biofuels. It should be recognized
that competition in the market is often a positive trend for the development of new technology as it
was stated in a recent research study [57]. The results suggested that there is a positive effect generated
by a rivalry situation for LEV (Low Emission Vehicle) development.

As hydraulic systems are being widely used in mobile machinery, and more efforts will be
put into developing energy efficient and powerful hydraulic systems and powertrains [58,59].
Digital hydraulics is entering mass markets, which boosts energy efficiency and control accuracy.
Figure 4 presents a comparison of the efficiencies between hydraulic and electric components. In the
first figure pair, a variable displacement axial piston hydraulic pump is compared to a permanent
magnet electric generator, and in the second figure pair, a variable displacement axial piston hydraulic
motor is compared to an electric drive with a permanent magnet motor. The presented components
have quite similar performance characteristics in terms of motor speed and torque range. Even though
the hydraulic components have good efficiency in some operation areas, they lack high efficiency in
the high speed and torque area that is quite often used in machinery applications. An electric generator
with a reduction gear is very well suitable to be attached to a diesel engine to form an engine-generator
unit. An electric drive (inverter and motor) forms a compact drive unit with a high efficiency area.
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Figure 4. Comparison of the efficiency of a hydraulic pump to an electric generator and a hydraulic

motor to an electric drive.

3.3. Opportunities for New Technology

An electric powertrain can be seen as an innovation platform to enhance the performance of
conventional technology and offer new, advanced solutions to customers. The driving comfort has
been an important feature for passenger vehicles and this has been recognized among mobile machines,
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too. Electric control systems can enhance the user experience and make previously stressful work
much more comfortable. For instance, agricultural tractors equipped with an electric power take-off
(PTO) can encourage other manufacturers to design implements for using electric power instead of
mechanical or hydraulic power [31,60]. Figure 5 presents examples of DC and AC electric system
architectures of agricultural tractors for electrification of implements. The DC architecture is a cost
effective solution for the tractor but more expensive for implements whereas the AC architecture
is more complex for tractor. With the DC architecture, higher complexity systems for implements
can be developed which is harder with the AC architecture. From the control point of view, the
AC architecture provides a possibility for a distributed control layout. Electrification of tractors and
agricultural machinery was reviewed recently in a research paper [32]. The research concluded that
the major advantages of machinery electrification are better torque and speed control, noise reduction,
and a more flexible design.

DC Architecture

/ . A\
Engine AC DC
DC AC

Tractor

aux |_lBE DC @ \ AC

DC AC

AC Architecture

¢~ \
Engine AC DC M
DC AC

|

|

|

Tractor [
DC | M

AC '\
/
N e e e e o o -
DC AC

Figure 5. Examples of electric system architectures for agricultural tractors: G = Generator, M = Motor,
AUX = Auxiliary devices (Data from [60]).

Nowadays, all machines have already at least one electrical system that is typically the 24 V
lead-acid battery-based system. It delivers power for the auxiliary devices such as ventilation, lights,
and windshield wipers. Only components with a continuous power demand of less than a few
kilowatts can be operated by this low voltage system. Recently, the number of auxiliary devices has
generally been increasing. The same challenge has been recognized among passenger vehicles in
which the amount of comfort and infotainment auxiliary devices has rapidly increased. Therefore, one
possible step is to implement another electric system with higher voltage level than 24 V but still
lower than 60 V, which is the limit for high voltage in on-road vehicles and mobile machinery [61].
Higher voltage systems have specific requirements that could unnecessarily increase the system costs.
In passenger vehicles, 48 V hybrid system is getting a lot of interest for many reasons. In such a low
voltage system, the hybrid system can be integrated to the engine, the power levels are up to 12 kW
(maximum current around 250 A) which gives enough freedoms for the engine control to reduce
emissions and significant amount of braking energy can be recovered [1,62]. For NRMM, a 48 V
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system offering more than 10 kW of power would enable the use of more powerful electric auxiliary
devices such as engine fans or electric motor powered hydraulic systems. Higher capacity battery
could provide auxiliary power during stop and start operation of the engine.

4. Technology Enablers

4.1. Component Development

Electrical energy storages are key components in the success of powertrain electrification of
mobile machinery. The technological development of lithium-ion batteries has been very beneficial
but the progress has not been as fast as expected [35]. The battery specific power and energy, lifetime
and costs are important characteristics for NRMM. Thermal management of lithium-ion batteries is
a specific practical challenge because operation in hot and cold temperatures accelerates aging and
battery performance is decreased in cold conditions [63,64]. In the shadow of lithium-ion batteries,
other more advanced battery chemistries are being developed [65,66]. Some of them hold a lot of
promise, such as lithium—sulfur and metal-air batteries, but the development from the concept level
chemistries to the actual real size battery system takes a lot of time, even more than ten years [45,67,68].
Figure 6 shows the theoretical and practical energy densities for different battery types. Among these
battery technologies, without having the highest theoretical energy density, Li-Ion has the highest
practical energy density. The theoretical energy density refers to analytical calculations that are
based on material characteristics and can be considered as the maximum potential of the chemistry.
The practical energy density refers to measured energy densities from complete battery packs.

Ph L B 2040 Whikg S . : - B Theoretical energy density |
I Practical energy density
NI | T L — R e . e =

B 45-80 Whkg |

B 50-90 Whikg |
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Figure 6. Theoretical and practical energy densities for different battery types (Data from [35,69]).

Even though batteries are often in the spotlight, ultracapacitors have been developed to the level
that their usability, feasibility and applicability is approaching that of batteries [70]. However, as long
as ultracapacitors have low energy density, they are most suitable for short-term energy buffering in
high power applications. Combining ultracapacitors with energy type batteries could sometimes be
useful but the cost effectiveness could be hard to reach, and the system can become complex e.g., from
the control point of view [37].

Even though electric motors have been used in vehicles and other applications for a long time,
there is still a need for development of electric motors especially for the mobile machinery and
heavy-duty vehicles [1]. Most of the electric motors used worldwide are designed for stationary use in
industrial conditions and hence their specifications do not match those of mobile machines. Again, the
compact size, i.e., power-to-weight or torque-to-weight ratio and high energy efficiency over a broad
operation range are important characteristics that are not necessarily so relevant in stationary machines.
Therefore, sophisticated motor drive design, control and efficient cooling are needed for reducing the
weight as much as possible [71]. Mobile machines also require good torque capacity, which can increase
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the size and costs of the motor. For this reason, it can be more suitable to use electric motor with
integrated gearbox for higher torque capacity. In comparison to common industrial applications, the
NRMM power electronics is required to have robust protection against vibration, shock and corrosion.

Besides the key components of the electric powertrain (battery, inverter/converter, motor),
there are many other smaller size components, such as electric connectors, cables, contactors and
fuses, that can increase the system costs and engineering design work. The system integration in
electric and hybrid systems plays a very important role in attaining reasonable costs, easy assembly,
effortless maintenance and long-term reliability and durability [70]. In this context, the challenge is the
availability of reasonably priced components that satisfy the required specifications. Particularly, the
components suitable for high voltage systems (>650 V) are usually not off-the-shelf products but
specific designs for a particular application without mass production.

4.2. Cost Reductions

The high cost of electric components is often the main challenge for economically successful
electrification or hybridization of NRMM. It should be remembered that the first full hybrid passenger
vehicle (Toyota Prius) entered markets in 1997 and it took more than ten years to make the car profitable.
The mass production was probably the major reason for the reduction of the component and production
costs of the Prius. Unlike on-road vehicles, NRMM cannot benefit from the vehicle mass production.
Cost reductions of individual components are important but because NRMM are so diverse, the system
development and integration costs can be considered even more important. For example, the future
cost estimates for lithium-ion batteries in the cell level do not represent well a battery system cost in
which the system integration, battery management and cooling system can play a major role. It is
worthwhile to note that Toyota was adopting the Prius demonstrated drivetrain technology not only
in one lower-segment passenger car model but in licensing it to other brands and sectors as well.

serhead MATERIAL COST

Negative active material
8% Other

Material cost
61%

Other

Battery jacket
14 % Yl

6%

SOC regulator
5%

Separator
5%

Positive active material
Main machine and 23 %
installation cost
17%

Figure 7. Breakdown of battery pack (high power cell) cost structure (Data from [72]).

The integrated powertrain systems such as engine-generators and traction motor-gear systems
can be one solution for the cost reduction. Overall, the cost management has to be extended to the
vehicle and business level meaning that the economic benefits of electric and hybrid powertrains are
more likely to be generated in the lifecycle context and not only by an individual factor such as a fuel
cost or component cost. The costs of lithium-ion batteries have been widely investigated in the recent
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literature e.g., [72,73]. The costs of battery systems for plug-in hybrid and battery electric vehicles were
exhaustively analyzed in [72]. The research results show that the high power cells suitable for plug-in
hybrids are twice more expensive in pack-level ($545 kWh~! vs. $230 kWh~!) than the high energy
type cells for battery electric vehicles. The research also concluded that an annual production volume of
200-300 MWh would quickly reach the economies of scale in battery manufacturing. Figure 7 presents
the cost breakdown for a battery pack using high power lithium-ion cells and yearly production of
20,000 according to [72]. It should be noted that the material costs are more than 60% of the total costs.

In a recent report, the global hybrid and electric heavy-duty transit bus market was analyzed [74].
Because transit buses use similar high voltage electric components than NRMM, its market
developments are important for evaluating the component costs reductions. Table 2 shows the
price forecast presented in [74] for the key components in heavy-duty hybrid and electric powertrains.
The cost of controllers is actually expected to rise due to the increasing complexity in the control of
integrated systems. For motor, inverter and battery, the cost reduction is forecasted to be around
20-25% during next 15 years.

Table 2. Hybrid and electric powertrain component price forecast [74].

Component/Year 2014 2022 2030
Controller ($/unit) 900-1000  1000-1100  1200-1300
Motor ($/kW) 25-30 23-27 20-25
Inverter ($/kW) 30-35 28-30 24-26
Battery ($/kWh) 450-500 375-425 330-380

4.3. Technology Hypes

Many new technologies go through a phase of hype when there are great expectations in relation
to the current situation. The hype of vehicle electrification, especially electric passenger cars, was
getting a lot of boost around 2010. There are positive and negative outcomes from technology
hypes. These hypes definitely increase the interest towards technology even among majority of
people. They may also encourage governments and other decision makers to think favorable to
the adoption of alternative technology, which may lead to specific policies giving benefit for new
technologies. Sometimes, a technological hype is a necessity to draw enough attention and get funding
for the research and development. Early investors may benefit well from hype with higher returns.
As negative outcome, hype is often followed by a disappointment, or at least, the real progress is much
slower than expected, and it is only done by incremental steps of innovations. The real growth and
dedicated work usually starts after the top of the hype has been reached and expectations are getting
more realistic [75]. Different types of models have been created to distinguish technology trends and
emergent technologies or to forecast social changes. Recently, it was recognized that the hype cycle of
the user, producer or researcher, and the information distributor are different [76].

4.4. System Integration

As hybridization will probably be the first major step for mass electrification of mobile machinery,
there is and will be a crucial need for specific integrated subsystems such as diesel-generators and
motor-transmissions. Nowadays, diesel-generators are mostly manufactured for stationary use and
they do not correspond to the needs in NRMM. A diesel-generator for a mobile machine needs to be
compact in size and weight; and controllable as any off- or on-road diesel engine in the present machines.
Another integrated system is the combination of the electric motor and gearbox. Because many machines
operate only at low driving speeds and require a substantial amount of torque at the wheels, gear
reductions have to be used from the electric motor to the wheels. Traditional gearboxes used with diesel
engines can be used but these are far from an optimal solution and therefore specific gearboxes are
often utilized with electric motors [77]. The design of the gearbox is also different because shifting can
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be performed even without clutches due to the high accuracy of the motor control [78]. Figure 8 shows
a battery system integration which consist of cells, modules and packs. The challenge of the battery
system is robust integration of electro-chemical (cell), mechanical (structure and packing), electrical
(cables and electronics) and thermodynamic (heating and cooling) systems.

CELL MODULE PACK SYSTEM

Figure 8. Example of a battery system integration.

4.5. How to Exploit the Benefits?

The hybrid and electric powertrains in passenger vehicles have demonstrated that it is not easy
to make economic profit with new technology even if it potentially offers obvious benefits over the
presently used technologies. In any case, there are some success stories in automotive field, among
heavy vehicles including mobile machinery. The often-recognized success story is the one of Toyota
Prius. It was the first full hybrid vehicle that was mass-produced and also designed as a hybrid
vehicle from the beginning [79]. However, it took a long time before Toyota could make the model
economically profitable. Several models of full electric passenger vehicles have been introduced recently
for customers. At present, Nissan Leaf and Tesla Model S are probably the most popular electric vehicles.
The main reason for the success of Nissan Leaf is its affordable price and reasonable operating range,
over 200 km. Even if Tesla Model S is very highly priced, luxury electric vehicle, it has sold very well.
Its advantage is the high operating range, up to 500 km. Overall, the number of hybrid and electric
passenger model is increasing rapidly every year and the sales of these vehicles are growing. Figure 9
presents the number of sold hybrid vehicles in passenger vehicle markets from 1999 to 2014 [62].
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Figure 9. Number of hybrid vehicle models and total sales (Data from [62]).

It seems that both automotive field and NRMM require a certain amount of models with hybrid
or electric powertrain for larger breakthrough. The hybrid vehicle sales have been fluctuating in
accordance of the world economic situation, thus after 2007 the significant drop of oil price broke
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the highly increasing trend in hybrid vehicle sales. A new increasing trend in sales started in 2011.
The trends from the automotive field also indicate that an individual vehicle success, in highly
competitive markets, requires some distinctive feature(s) (e.g., low cost, adequate operating range)
that make the model more interesting for customer than the conventional technology.

Among on-road heavy vehicles, hybrid city buses have been in markets about 20 years and they
have succeeded to take only a small portion of the global bus markets. The challenge with hybrid
buses have been their higher lifecycle costs in comparison to diesel buses [80]. The full electric buses
seem to be the success story among on-road heavy-duty vehicles [81,82]. The lithium-ion batteries that
can be charged with high power have created the possibilities for high power opportunity charging
during operation, which enables a full day operation as well as compact sizing of the battery pack in
terms of energy capacity [83]. Even though battery electric buses are currently more expensive than
diesel buses, they offer zero emission operation, low energy consumption, reduced noise emissions,
and robust powertrain technology. With these benefits, electric buses are becoming more and more
popular particularly in China and Europe [84]. However, the implementation of electric bus systems
requires intensive collaboration between the local government, transit agencies, energy providers and
bus manufacturers especially because of the charging infrastructure [85,86]. The major advantage of
electric buses is the emission free operation in city centers and potential to reduce CO, emissions [87].
Battery electric buses are considered more cost effective than traditional diesel buses already in near
future [47]. Similar step to fully electrified mobile machines without hybridization has also been seen
in some newly introduced battery operated mining machines [28,88].

In some mobile machine applications, hybrid systems have already been introduced successfully.
There are excavators that regenerate energy from the body movement when swinging [24]. This energy
is stored usually in ultracapacitors and then used to rotate the body. A hybrid straddle carrier also
exploits the energy regeneration. When a container is lowered, the braking energy is recovered and
stored in an electrical energy storage [89]. In NRMM, the operation tasks are often quite short in time
and are repeated regularly which creates the possibility to recover e.g., braking energy and temporarily
to store it to an electrical energy storage. It is characteristic that the power levels are often quite high
which favors the use of ultracapacitors or lithium-titanate batteries.

5. Future Scenarios for Mobile Machinery

5.1. Short and Medium Term

In this context, a short-term period is defined to be less than five years, and the scope of the
medium term is up to ten years. Unlike for on-road vehicles, the service life of mobile machinery
can be much longer, up to 20 years. Therefore, the medium- and long-term technological changes are
considered to have more importance for the development of hybrid and electric powertrains in NRMM.
The changes in present market economy can be relatively fast and companies might have to make
strategic decisions in short term. Hence, companies need to follow up continuously the technology
and market trends. The following list describes the main impacting factors and development themes
for short and medium term in NRMM powertrain electrification:

e  Air pollutant emission regulations enter to all power classes in Europe (EU Stage V) [7]. This will
increase the need for better emission control and advanced exhaust gas treatment systems.
This might increase the interest towards hybrid powertrains because the emission control system
can be less complex due to freedoms in engine operation.

e  Consumption of fossil fuels will increase and no decrease or shortages in crude oil production
are foreseen. However, the attitudes towards the use of fossil fuels in vehicles are becoming less
favorable. The price of oil will be a subject of speculation due to world politics and unstable
situations in some important oil producing regions [90]. Therefore, the fuel price should not be
the primary driving force for powertrain electrification.
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e  The development of electric components for vehicular applications is continuous, the volumes
increase and they become more available also for higher voltage and power levels. The electrification
of on-road vehicles will be an important factor for the electric component development and for
technology cost reductions [73,91,92].

o The development of electric powertrains in already largely electrified machinery sectors
(locomotives, forklifts etc.) will continue incrementally. However, this will not necessarily
have a major impact on the general development of electric powertrains [41,93]. The benefits of
electrification or hybridization need to be justified separately for each NRMM type.

e The increasing use of renewable energy sources (e.g., wind and solar) starts to change the
traditional energy production and distribution system (local vs. global energy production).
There will be a growing need for local stationary electrical energy storages [94].

e  Gradual steps towards higher degree of electrification of NRMM are taken, for instance: auxiliary
devices — power assist — full hybrid — full electric. First, hybrid machines are equipped with
small batteries, and then, mostly due to the technology cost reductions, higher capacity batteries
are used in full hybrid and electric powertrains. There will not be generic powertrain layouts for
NRMM but more likely component-level integrated systems (e.g., integrated electric axles) that
can be shared between different types of mobile machines.

o Tailored powertrain system solutions and services for mobile machines will enter the market.
For instance, similarly as among heavy-duty on-road vehicles (city buses), integrated transmission
systems with diesel engine and electric motor(s) are developed and commercialized [95].

5.2. Long Term

The long term is defined as the coming 10 to 30 years. In this long time horizon, it is assumed
that the major trend will be the implementation of automation in its different forms in machines
e.g., [33,96,97]. Mobile machinery is typically being used in somewhat limited areas and many of
them are continuously repeating similar work tasks. Therefore, the operation of many machines
can be automated as it has already been partly done e.g., for underground mining loaders [98,99].
Recently, driverless vehicles have been getting a lot of attention, which have increased the development
of safety and surveillance systems. It can be observed from automotive field that new advanced driver
assistance systems (ADAS) are being integrated to vehicles every year [26,100]. At the beginning of
automation process, mobile work machines will require supervision from the operator because there
can be complicated environments and tasks that are difficult to fully automate. The following list
describes the long-term predictions for the NRMM powertrain electrification:

e Automation is a major driving force and it will support the utilization of hybrid and electric
powertrains because electric components and systems are more accurate in terms of control and
measuring than hydraulic or mechanical systems.

e  Autonomous machines without human operator will promote diversity of sizes and/or power
classes of machines [33]. When driver/operator cost becomes less significant, machines can work
24 /7 and machines can be smaller [101].

e  Demands for energy efficiency and automation are favoring the implementation of full electric
drivetrain solutions. We estimate that in year 2035 half of new machines are equipped with some
degree of electric powertrain.

e Changes and risks in energy production and distribution (e.g., local vs. global energy
production, politics, and worldwide crisis) can favor locally produced, independent energy sources.
There will be much more renewable electrical energy available distributed via electric grid [94].
Alternatively, large-scale adoption of electric vehicles will increase the energy demand from the
electric grid that might increase electricity costs [102].
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e  Overall consumption of fossil fuels still increases but oil production may decrease and the use of
fossil fuels in vehicles will diminish. Oil price is likely to increase in the long-term future but it
will always be a subject to speculation [90].

e  Drop-in biofuels play a role in the fuel market; they influence on the price and demand of the
fossil fuel components [103].

e  Fuel cell technology is starting to be cost competitive and increasing hydrogen production is
decreasing the fuel prices [17,104,105].

e  The role of the management and exploitation of operational data is important in order to maintain
the high performance of the mobile machines. Industrial Internet solutions, connected machines
and intelligent software solution are becoming mainstream technology.

e Itis very likely to have adopted legislation that limits the use of polluting machines e.g., in cities
and residential areas. This type of legislation could be put in force similar way that has been done
for passenger vehicles e.g., Zero Emission Vehicle (ZEV) Program in California and low emission
zones in many cities worldwide.

6. Discussion and Recommendations

New technology comes with risks and rewards. In today’s market economy, strategic decisions for
the choice of technology are never easy and the possible risks of new technology have to be somehow
managed. In the field of non-road mobile machinery, the conventional technology solutions (diesel
engines and hydraulic systems) will be present for a long time because they offer a robust, reliable
and well-known option. These technologies also benefit from the vast number of existing component
suppliers. In the beginning of electrification, relying on only one technology or only one possible
supplier can obviously be risky from the business point of view. It has to be recognized that the
powertrain electrification will not happen because the previously developed technologies would
somehow become obsolete but because of the benefit that electric and hybrid powertrains will generate
for the end user. There are many so called external factors such as regulations and legislation that may
favor and support the implementation of alternative technologies. The ambitious goals in reducing
GHG emissions and improving air quality, especially in city centers, could result in major changes and
great opportunity for hybrid and electric powertrains.

With electrification, manufacturers and machine operators have to adapt to a new kind of market
environment. Sometimes patience is acceptable especially in system innovations, where multiple
actors need to cooperate and develop technology simultaneously. It is not necessary to be the first
one offering innovations but, on the other hand, it can be risky in a longer run not to be prepared
for the adoption of new technology. One approach is to look for new partners such as electric utility
companies, service companies, and leasing/finance sector and try to have an understanding of the
changes brought and offered by the electrification. It should be remembered that lifecycle management
of powertrain electrification would be an important factor for the economic success of hybrid and
electric powertrains in NRMM. Because fast charging has become a very suitable solution to recharge
on-board batteries, the installation and management of the charging infrastructure needs to be taken
into account in the lifecycle context.

Successful demonstration machines already act as references and they increase the confidence on
powertrain electrification. There are already machinery applications with electric powertrains that
have economic market success. However, large-scale adoption of electric and hybrid machinery needs
more push from the manufacturers and active participation from the end users. For faster introduction
and adoption of electric powertrains, it is crucial to have strong:

> understanding about the cost effectiveness of electric powertrains,

> collaboration between industry, actors in technology research and development, legislative bodies
and end users,

> benefit from technology hypes and public funding,
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> clear understanding of own business model, partners and customers’ business models, and
> understanding the relation and causality of technologies such as NRMM electrification,
automation, communication, and renewable energy.

Due to the economy driven world politics, the prices of energy and materials are vulnerable and
subject to substantial fluctuation e.g., the changes in crude oil price can be rather significant even in
short time periods (e.g., between 2014 and 2015). If traditional electric motor and power electronic
technology markets will grow fast, the limited resources of raw materials might impose instability
to market prices of materials. At present, lithium-ion batteries seem to be the best solution for the
on-board energy storage. However, many other battery chemistries may develop to be better than
lithium based batteries. This is why the companies need to follow continuously the development of
key components and technologies.

The major challenges of the electric and hybrid powertrains are the high component prices and
system development costs. Because the production series of NRMM are usually quite small, machines
could be tailored in specific purposes, and machine sizes vary significantly, it is practically very hard to
express any specific cost estimation for powertrain hybridization or electrification. As the manufacturing
series are often quite small, decreasing the costs can be challenging. Besides initial purchase costs, the
lifecycle costs and payback time are important factors for the end users of these machines.

Based on the present powertrain technology and market situations, it seems that the success
of hybrid and electric powertrains will not be determined by the lower fuel consumption or lower
fuel costs but more likely by the better energy efficiency, controllability, reliability and reduction
of maintenance costs. Thus, a hybrid or electric powertrain in NRMM has to be justified by the
value it generates for the end user, environment and society. Cost management of energy storage
systems and other integrated systems will be an important factor for decreasing the higher costs
of electrification. The production series for individual type of mobile machinery will remain quite
low, and thus, major cost reductions in component level will be challenging to realize without high
production volumes. In addition, manufacturers might have to rethink the lifecycle management of
NRMM because electrical components, and especially embedded software systems, become obsolete
faster than the traditional technology.
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