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Abstract: The growing awareness about climate change and environmental pollution is pushing
the industrial and academic world to investigate more sustainable solutions to reduce the impact of
anthropic activities. As a consequence, a process of electrification is involving all kind of vehicles with
a view to gradually substitute traditional powertrains that emit several pollutants in the exhaust due
to the combustion process. In this context, fuel cell powertrains are a more promising strategy, with
respect to battery electric alternatives where productivity and endurance are crucial. It is important
to replace internal combustion engines in those vehicles, such as the those in the sector of Non-
Road Mobile Machinery. In the present paper, a preliminary analysis of a fuel cell powertrain for a
telehandler is proposed. The analysis focused on performance, fuel economy, durability, applicability
and environmental impact of the vehicle. Numerical models were built in MATLAB/Simulink and a
simple power follower strategy was developed with the aim of reducing components degradation
and to guarantee a charge sustaining operation. Simulations were carried out regarding both peak
power conditions and a typical real work scenario. The simulations’ results showed that the fuel
cell powertrain was able to achieve almost the same performances without excessive stress on its
components. Indeed, a degradation analysis was conducted, showing that the fuel cell system can
achieve satisfactory durability. Moreover, a Well-to-Wheel approach was adopted to evaluate the
benefits, in terms of greenhouse gases, of adopting the fuel cell system. The results of the analysis
demonstrated that, even if considering grey hydrogen to feed the fuel cell system, the proposed
powertrain can reduce the equivalent CO; emissions of 69%. This reduction can be further enhanced
using hydrogen from cleaner production processes. The proposed preliminary analysis demonstrated
that fuel cell powertrains can be a feasible solution to substitute traditional systems on off-road
vehicles, even if a higher investment cost might be required.

Keywords: fuel cell; hydrogen; GHG emissions reduction; hybrid electric vehicle; telehandler;
innovative powertrain; Non-Road Mobile Machineries

1. Introduction

In recent years, the scientific community has deeply investigated the effects of an-
thropic activities in terms of environmental pollution, as well as the consequences on
human health, climate change and economics [1-6]. Indeed, almost all human acitivi-
ties involve systems that are sources of emissions. The emissions produced can differ in
quantity, depending on the specific pollutant or greenhouse gas under consideration, for
the different sectors of anthropic activity. Industry, agriculture and transport sectors are
characterized by high emission levels due to the adoption of internal combustion engines,
which are required to accomplish several tasks. Indeed, internal combustion engines (ICEs)
are one of the major contributors to air pollution, mainly due to fuel extraction processes
and by-products of combustion [7,8]. In this context, several efforts are made, both from
academic and industrial worlds, to study and develop innovative powertrains with lower
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emission levels, in order to reduce the impact related to the transport sector [9]. These
efforts are supported by policies that will force the introduction of electric and alternatives
powertrains as substitutions for their traditional diesel and gasoline counterparts [10]. If
this trend already has a clearly visible effect on passenger cars, with several countries
experiencing a quick introduction of electric vehicles on the market [11], the sector of
Non-Road Mobile Machinery (NRMM) will still be at an earlier stage of electrification, even
if studies have demonstrated that these vehicles have a high impact in terms of life cycle
emissions [12,13]. The reason for that is related to the operative requirements that these
vehicles must fulfill, with high productivity and endurance that represent a barrier to the
development of pure battery electric powertrains [14]. As a consequences, several studies
focused on hybrid powertrains [15-19]. Indeed, the hybridization of the powertrain allows
for a downsizing of the thermal unit, which can lead to a higher efficiency and better fuel
economy. Moreover, the adoption of a smaller engine can allow for simplier aftertreatment
systems since the emission limits are usually defined according to the rated power of
the ICE. As a consequence, different manufacturers have presented prototypes of hybrid
off-road vehicles [20,21]. However, hybrid powertrains featuring the presence of an internal
combustion engine still produce several harmful pollutants in the exhaust. To overcome
this limit, an alternative solution for the electrification of the sector of NRMM is represented
by fuel cell powertrains [22-28]. Fuel cell hybrid electric powertrains have gained attention
due to their characteristics that combine the advantage of having approximately zero local
emissions with high endurance and low refuelling time [29]. These properties, along with
the high energy density of hydrogen, are of particular interest for the sector of NRMM. As
a consequence, fuel cells, powered using hydrogen or other fuels, such as ammonia, are a
promising solution to decarbonize the so-called hard-to-abate sectors, such as the marimite
one [30]. Indeed, fuel cell powertrains can operate for several hours straight, which is a
severe operational requirement for off-road vehicles, without having the issue of range
anxiety. Moreover, fuel cell systems have higher efficiency with respect to thermal engines;
thus, a better fuel economy is expected. From an economical point of view, using hydrogen
as fuel can allow for energy independence and self-sufficiency, along with the possibility of
defining circular economy scenarios [31]. The most promising type of fuel cell for vehicular
applications is the proton-exchange membrane fuel cell (PEMFC), due to its high efficiency,
low working temperature, compactness and long operational life [32,33]. However, the
benefits of introducing fuel cell systems in terms of greenhouse gases emission reduction
strongly depends on the hydrogen production method [34-36], with production through
steam methane reforming that, at present, is the most adopted one and contributes to more
than 60% of the global hydrogen production [37]. Other issues related to fuel cell systems
are represented by their high purchasing costs and the inadequate state of the hydrogen
refuelling network, which are two of the major challenges that must be addressed in the
near future to promote their diffusion [38,39]. From an applicative point of view, fuel cell
powertrains can have different topologies. Indeed, to avoid the fast degradation of fuel
cells, one or more auxiliary units, generally batteries or supercapacitors, should be intro-
duced to the powertrain to help manage sudden changes in the external load [40]. Indeed,
fuel cell degradation is related to start and stop cycles, idling, high power conditions and
load changes [41]. With the introduction of other power sources comes the mandatory
development of an energy management strategy (EMS) that must determine how the elec-
trical power requested by the electric motor is split among the different units [42]. Given
these premises, in the present paper a fuel cell hybrid electric powertrain for a off-road
heavy duty vehicle, namely a telehandler, is presented. The specifications of the traditional
vehicle under investigation are defined according to existing and commercially available
models. In detail, the Merlo Turbofarmer 42.7 vehicle was taken as a reference for the
analysis [43]. This vehicle was designed specifically for agricultural applications. These
vehicles are characterized by the presence of an hydraulic system for the actuation of the
mechanical arm, thus the total load is determined by the sum of the power requested
by the driveline and the power requested by the hydraulic system [44]. The powertrain
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architecture is composed of a PEMFC and a battery pack, with DC-DC power converters for
the connection of both the fuel cell and the battery pack with the DC bus. As for the EMS,
a simple power follower strategy was developed. Numerical models of both the fuel cell
powertrain and the traditional counterpart were built in MATLAB/Simulink. Simulations
were carried out to evaluate performances and fuel consumptions, in order to compare the
two powertrains. Moreover, the environmental impacts, considering the global warming
potential, of the two powertrains were compared using Well-to-Wheel (WtW) coefficients
for both Diesel and Hydrogen. This paper is structured as follows: Section 2 introduces
the case study and the proposed fuel cell powertrain, Section 3 presents the numerical
models used for the simulations, Section 4 describes the EMS and the simulated work
scenario, Section 5 shows and discusses the results obtained from the simulations, and
finally Section 6 summarizes the conclusions.

2. Case Study
2.1. Traditional Vehicle

The traditional vehicle under investigation is a 105 kW diesel-powered telehandler,
with a unladen mass of 7800 kg, a maximum load capacity of 4200 kg and a maximum
lifting height of 7 m [43]. A telehandler is a machine with a telescopic boom that can
be extended to lift, handle and place loads. The boom can be equipped with different
implements to complete different tasks depending on the specific application. Due to
their properties, telehandlers are widely adopted in the industry sector and in agriculture.
Indeed, their particular design configuration allows for moving loads from and to places
that are unreachable for the other vehicles. A schematic representation of the powertrain
is reported in Figure 1, while the main properties of the vehicle are reported in Table 1.
The transmission is a hydrostatic transmission with a variable displacement pump and
fixed displacement motor. This type of transmission is adopted since it allows for a
continously variable transmission, thus reducing the complexity of the whole driveline,
and, moreover, it features high power transmission capabilities without requiring expensive
and bulky components. However, the higher power losses with respect to a pure mechanical
driveline have a non-neglibile impact on the overall vehicle efficiency. Downstream from
the hydrostatic transmission, there is a two-speed gearbox, which allows for operating
in low-speed and high-speed conditions. This gearbox is useful for having optimized
gear ratios for the two most common work conditions. Indeed, during work scenarios
involving the use of the telescopic boom, the vehicle generally operates in a speed range
below 15 km/h, while during road transportation it operates at speeds up to 40 km/h. The
low-speed regime is also useful for overcoming slopes. As for the hydraulic system for
work operations, it comprises a lifting arm and an extension boom.

Hydraulic
| Boom E

Fuel Tank ICE

D ........... 0ed) Hydrostatic Gearbox et ]
Transmission|

— Auxiliaries -

Figure 1. Schematic representation of the traditional reference powertrain.
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Table 1. Traditional telehandler’s main properties.

Parameter Value

Unladen Mass 7800 kg

Max Load capacity 4200 kg

Max lift height 7m

Max vehicle speed 40 km/h

Transmission Hydrostatic transmission
Diesel Engine 4-cyl 3.6 L 105 kW

2.2. Fuel Cell Hybrid Electric Vehicle

The proposed fuel cell configuration is shown in Figure 2. Apart from the powertrain
system, comprising the fuel cell system, the batteries, the power converters and the electric
motor, the other elements of the vehicle, namely the hydrostatic transmission, hydraulic
system and gearbox, were considered the same as the traditional vehicle. The main proper-
ties of the electric motor, fuel cell stack and battery pack for the proposed configuration
are reported in Table 2. The fuel cell system was dimensioned considering the average
expected power required by the vehicle, to guarantee a high productivity comparable with
that of the traditional counterpart. As for the battery pack, it was sized to have enough
power capabilities to satisfy sudden and abrupt changes in the power request without
excessive C-rates. Indeed, considering a discharge current of 5C, the battery pack is able
to provide an electric power that is equal to 75% of the electric motor nominal power.
Moreover, the two units were selected considering reasonable space availability constraints
for the on-board integration. The vehicle mass was assumed to be the same, or at least not
substantially different, as the traditional case.

Unidirectional

H2 tank Fuel cell DC-DC
| DC
oL =
I DC ’
] Hydraulic
Boom
Bidirectional l
Battery pack DC-DC Inverter Electric Motor
<+—>
DC DC ;
- 4+ E Hydrostatic
- DC > > AC I- Transmission| Gearbox
++++ Chemical Path
------ Electric Path = LB
= Mechanical Path

<> Current directionality

Figure 2. Schematic representation of the fuel cell hybrid electric powertrain.

Table 2. Proposed fuel cell powertrain main properties.

Element Parameter Value
Stack max power 53 kW

Fuel cell svstem Number of cells 300

y Max operating point 3125 A@170V

Stack efficiency 47.5% @ 50 kW
Rated Capacity 50 Ah

Battery Pack Rated Voltage 320V
Rated Power 105 kW

Electric Motor Rated Torque 502 Nm

Maximum Efficiency 95%
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3. Numerical Modelling
3.1. Traditional Vehicle Numerical Modelling

The numerical models were built in MATLAB/Simulink using the Simscape tool. As a
consequence, a Physical Network modelling approach was used [45]; thus, each entity is
considered as a physical entity capable of exchanging energy with all the other elements to
which it is connected. The same modelling approach was used for previous studies from
the author’s research group [15,16,18,22]. During the development of the numerical model,
the following aspects were covered:

*  Vehicle dynamics;

e  Transmission;

¢  Hydro-mechanical system;

¢  Lifting arm and extension boom;

¢ Engine power output and fuel consumption.

As for the vehicle dynamics, the approach adopted by the authors consisted of a 1D
longitudinal model, represented in Figure 3, and was characterized by the following equations:

mVx = Z(Fxf + Fxr) - Faero —mg - Sl'Tl(,B) (1)
_ —h(Faero +mg -sinf) + b - mg - cos(B)
Fep = 2(a+b) @)

+h(Fpero + mg - sinB) +a - mg - cos(B)
2(a+b)

E zr — (3)

where:

* 4,b,and h represent the relative position of the center of gravity of the vehicle with
respect to the front and rear axles.

* mis the tractor mass; g is the acceleration of gravity.

*  Bisthe road slope angle.

eV, is the vehicle longitudinal speed.

®  Fuero is the aerodynamic drag force as Fero = 0.5pCdAszsign(Vx), with p being the
air density, C; being the drag coefficient and A being the frontal cross-sectional area of
the vehicle.

e F % and Fy, are the contact forces between the wheels and the ground on the longitudinal
direction (front and rear axel); these forces are determined by the tire—soil interaction.

*  F;yand F; are the contact forces between the wheels and the ground on the longitudi-
nal direction (front and rear axel).

Figure 3. One-dimensional longitudinal model for the vehicle dynamics.
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The contact between the tires and the soil was parameterized in terms of static and
kinetic coefficients. The first determines the applied torque at which the tire loses traction
and begins to slip, and the second determines the amount of torque the tire transmits to the
pavement once it begins to slip. Thus, the traction force was evaluated according to the
following equations:

Tpheel se Towoneel

R if uhed < . % E..

in — Rwheel ) I;"w;:eell — VStath z1 (4)
Hkinetic * Fzi  if % > Ustatic * Fri

where F,; is the traction force on the i-axle, F,; is the normal force on the i-axle, T is the
torque at the wheel downstream from the driveline, Ry, is the wheel radius, and ps,4ic
and Hgynamic are, respectively, the static and kinetic friction coefficients.

As for the transmission, the hydrostatic transmission was modelled considering three
main elements: a variable displacement pump, a fixed displacement motor and a pressure
relief valve. The characteristics considered for those elements are reported in Table 3. The
no-load torque and friction torque vs. pressure gain/drop coefficients of the hydraulic units
were modelled so that the hydrostatic transmission was characterized by the efficiency
curve shown in Figure 4. That efficiency curve was obtained considering that the datasheets
of hydraulic pumps and motors had similar applications and nominal specifications in the
proposed case study.

Table 3. Hydrostatic transmission characteristics.

Parameter Value
Pump max displacement 150 cm®
Motor displacement 150 cm®
Pump nominal pressure gain 250 bar
Motor nominal pressure drop 250 bar
Pump and motor nominal shaft speed 2000 rpm
Pump nominal volumetric efficiency 92%
Motor nominal volumetric efficiency 92%
Valve pressure setting 300 bar

85 , v v v v

80

75

Efficiency (%)
(o2} ~
(&)} o

D
o

55+

50

45 ‘ ‘ ‘ ‘ ‘
0 50 100 150 200 250 300

Pressure (bar)

Figure 4. Hydrostatic transmission efficiency (pump displacement = 150 cm3; pump shaft
speed = 2000 rpm).

As for the hydraulic system for the lifting arm and the extension boom, the following
approach was adopted: firstly, the hydro-mechanical system was modelled considering
an hydraulic pump, two four-way directional valves and two double-acting hydraulic
cylinders. Secondly, the lifting arm and extension boom were modelled using Simscape
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Multibody. For the development of the Multibody, the kinematics of the system was
defined in accordance with [46]. In detail, the Multibody model included two hydraulic
cylinders, one to control the lifing angle of the telescopic arm, and the other to control the
extension of the boom. The hydraulic pistons were modelled as cylindrical solids and were
connected to the cylinder barrels, modelled as revolved solids, by means of prismatic joints.
The head of the hydraulic piston for the regulation of the lift angle was connected to the
body of the lifting arm by means of a bearing joint. The bottom of the hydraulic cylinders
was connected to the chassis of the vehicle using revolute joints. The body, representing
the bucket, was linked to the head of the hydraulic boom using a revolute joint that was
controlled so that it maintained the same angle with respect to the pavament during lifting
operations. To take into account the presence of a mass in the bucket, an external force,
as a function of time, was added and placed in the middle of the bucket. After defining
the Multibody system, it was interfaced with the hydro-mechanical network so that the
translational force coming from the physical network model was used to evaluate the
movement of the multibody joints, and, as a consequence, of the lifting arm and extension
boom. As a feedback from the multibody network, the hydraulic cylinders received the
information of position and speed. The two four-way directional valves were used as
actuators for the hydraulic cylinders. A pressure relief valve, with a pressure setting of
300 bar, was introduced in the hydraulic system to prevent excessive peaks in the circuit.

The internal combustion engine was modelled using its speed-torque profile. As
for the fuel consumption, the fuel consumption estimation model described in [47] was
adopted. According to this model, the brake-specific fuel consumption (BSFC) is evaluated
using a polynomial curve that is a function of the engine speed and torque:

Z=b4+by-X+b3-Y+by - X>+bs5-X-Y+bg-Y? (5)
where:
¢  Xis the normalized engine speed: X = -100.
Myom
* Yisthe normalized brake torque: Y = -100.
Tnom

Z is th lized BSFC: Z BSFC 100

[ ] M = ——
is the normalize : BSEC,. :

*  bj—, ¢ are the polynomial coefficients.

According to this model, the region of the minimum BSFC is usually located at about
73-77% of the nominal engine rotational speed and at a high load, namely 85-95% of the
nominal torque. Finally, the power required by the vehicle auxiliaries was considered,
assuming that they require around 8% of the rated engine power. The numerical model
developed in MATLAB/Simulink is shown in Figure 5.

Low Speed N High Speed
-— —>

Controller ICE

Hydrostatic Transmission Gearbox Vehicle Body

Fuel Consumption Model

Telescopic Arm

Figure 5. Numerical model for the traditional powertrain.
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3.2. Fuel Cell Vehicle Numerical Modelling

As for the fuel cell vehicle, the authors assumed that, apart from the engine, all
the other subparts are the same as the traditional counterpart. Thus, the vehicle chassis,
transmission, hydraulic system, lifting arm and extension boom were not modified. As for
the powertrain, the following elements were considered during the modelling:

e The fuel cell system.

®  The battery pack.

*  The power converters.
*  The electric motor.

The fuel cell system was modelled as an equivalent circuit using the following equa-
tion [22,48]:

Vstuck = Ncell * (ENernst — Vet — Vohm - Vconc) (6)

where Vg, is the overall voltage of the fuel cell stack, N, is the number of cells in the
stack, Enernst is the Nernst voltage, Vit represents the voltage loss due to activation, V,,,
represents the voltage loss due to internal ohmic resistance and V¢, stands for the voltage
loss due to concentration (mass transport processes). Given the operative conditions, the
following equations can be used to determine the voltage of the fuel cell stack:

1/2
4443  R,T PH,Po,
ENernst 1.229 + (T 298) * 2F 2F * l?’l( PH,0 ) ( :
R,T i
_ gt dens
Vact = 3 * 108050 ©
Vonm = Rohm * idens ©)
R, T i
act 2T * 0g< ilim ) ( 0)

where:

e  Tis the stack temperature.

e  Fis the Faraday constant, equal to 96,485.33 C/mol.

* Ry istheideal gas constant.

*  PH, Po, and pp,o represent, respectively, the hydrogen, oxygen and water
partial pressures.

*  uis the charge transfer coefficient.

® gy is the current density.

* i is the exchange current density.

® Ry is the ohmic resistance.

* i}y is the maximum current density.

Using the aforementioned equations with operational parameters generally adopted
for these systems, the voltage—current curve reported in Figure 6 was obtained. As for the
hydrogen consumption, the following equation was used:

_ NcelliFCMMHz

where gy, is the hydrogen mass flow that reacts at the anode, MMp, is the H, molar mass
and irc is the current delivered by the fuel cell stack.

However, the sole fuel cell stack model is not enough to properly simulate the be-
haviour of the whole fuel cell system. Indeed, to effectively evaluate the system efficiency,
the power absorbed by the Balance of Plant (BoP) system should be considered [22,26,33].
According to [49], the fuel cell BoP approximately absorbs around 13-19% of the power
delivered by the stack. To address this issue, the power required by the BoP was added
into the numerical model as an additional electrical load on the DC bus.
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Figure 6. Fuel Cell stack curves.
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As for the battery pack, it was modelled using a dynamic equivalent circuit
model [50,51]. In detail, the dual polarization model shown in Figure 7 was used. In
the adopted model, resistors and capacitors were considered constant, while the open
circuit voltage was modelled as a function of the SOC. The SOC was evaluated using a
simple Coulomb counting mode, neglecting more detailed models.

Concerning the power converters, their efficiency was considered constant and equal
to 95%. Finally, the electric motor was modelled considering the torque-dependent electrical
losses and the speed-dependent electrical losses. Moreover, a series resistance was consid-
ered between the DC bus and the electric motor, in order to take into account the ohmic
losses along the wires. The numerical model of the fuel cell hybrid electric telehandler is
shown in Figure 8.

Vbatt

Q

Figure 7. Dynamic equivalent circuit model for the battery pack.

mm

I

EM torque Motor_torque

Motor_torque |

Motor Speed Controller

N | B

DC

Electric Motor

Fuel Cell Stack

Duty_Cycle

Motor_speed

I
1

DC

bC Power Control System

Battery Pack

Low Speed N High Speed
— —

il | ]

Hydrostatic Transmission

—

Telescopic Arm

I Motor speed Motor_speed|
LEC
EM torque Motor_torque

Figure 8. Fuel Cell hybrid electric telehandler numerical model.

Vehicle Body
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4. Numerical Simulations
4.1. Powertrain Control Strategy

Regarding the traditional vehicle, the internal combustion engine is set at a fixed
speed of 2000 rpm and is controlled using a proportional-integral (PI) controller. The
vehicle speed is determined by changing the displacement of the pump in the hydrostatic
transmission. As for the hydraulic system, it is controlled acting on the pump and on the
valves. As for the fuel cell hybrid electric vehicle, the approach is the same. However, since
there are two power sources, namely the fuel cell stack and the battery pack, an energy
management strategy must be defined to determine how to split the power required by the
motor between the two different sources. For this preliminary analysis, the authors opted
for a simple power follower control strategy. Power follower strategies, like other rule-
based strategies, have the advantage of easy implementation and integration in embedded
controllers, and are able to provide good and stable control even if they could lead to
not optimal fuel economy or component degradation with respect to optimization-based
energy management strategies [52]. However, the authors deemed that a simple power
follower strategy was sufficient for this preliminary analysis. The main goal of the strategy
is to operate in a charge-sustaining mode without exceeding the power limits of the fuel
cell. To prevent fast degradation, the fuel cell stack should operate following the low
frequency component of the load. Indeed, sudden and intense changes in the fuel cell
power output could reduce its lifetime due to reactant starvation or membrane flooding
processes [41,53-55]. In fuel cell powertrains, the power conditioning units are represented
by the DC-DC converters, which can be controlled both in the voltage or the current
reference mode. Therefore, to perform the power split between the fuel cell and the battery
pack, the power control system evaluates a reference current for the fuel cell, which is
used to control the unidirectional DC-DC converter. In detail, the current reference is
evaluated, using a predefined set of rules, according to the current required by the electric
motor. To operate in a charge-sustaining mode, the control strategy adopts penalty factors
depending on the batteries” State of Charge (SOC). The fuel cell minimum output was set to
be equal to its idle power and assumed to be approximately 10% of the nominal stack power.
A schematic representation of the control strategy for the fuel cell powertrain is represented
in Figure 9. As for the bidirectional DC-DC converter on the batteries’ side, it was used to
control the voltage of the DC-DC bus, which was set to 640 V.

Target EM Actual EM
speed ¢ speed
PI
controller

EM Torque

EM Speed —}

EM Power
PI n
controller iFC
signal to
Ai(SOC) + DC-DC
FC Actual
power

Figure 9. Fuel Cell hybrid electric powertrain control strategy.
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4.2. Simulated Work Scenarios

To assess the powertrain performance and to perform a comparison between the
traditional vehicle and the fuel cell hybrid electric counterpart, the simulations were
defined in order to evaluate the behaviour of the two vehicles in terms of acceleration time,
overcoming slopes, fuel economy and environmental impact. Moreover, the simulations
were also used to assess the maximum change rate, expressed in kW /s, in the fuel cell
power output. For the performance assessment, the following tests were performed:

*  Acceleration from 0 to 40 km/h with no load.

*  Acceleration from 0 to 40 km/h, handling a trailer with a total weight of 4200 kg.
e Maximum speed at 20% of slope.

*  Maximum approachable slope, handling a load of 4200 kg.

*  Maximum approachable slope at 15 km/h.

The acceleration tests were conducted using the high-speed regime gear. Thus, during
the acceleration, no gearshifting is performed. As for the slope tests, they were conducted
with a standing start at the prescribed slope. The friction coefficients for the wheel-ground
contact were defined according to a pavement road. To assess the fuel economy, a work
cycle based on a typical real operartive scenario was defined. The proposed real work
scenario was based on the one defined in [56], which corresponds to the telehandler picking
and handling a load, and is composed of the following phases:

¢ Approaching: the vehicle approaches to the load that must be moved.

* Loading: the vehicle picks up the load using the telescopic arm; in this phase, the
telescopic arm lift angle starts to increase, lifting the load and reaching a maximum
angle of approximately 50 degrees, and then decreases to 25 degrees, which is the
angle at which the vehicle handles the load during the transfer phase.

* Release: the vehicle moves back from the point where the load was located; the
telescopic arm maintains a constant lift angle of 25 degrees.

e  Transfer with load: the vehicle handles the load up to 15 km/h and reaches the point
where the load must be placed; the lifting angle remains constant at 25 degrees during
the whole phase.

*  Unloading: the vehicle deposits the load by means of the telescopic arm and the
extension boom; in this phase, the lift angle increases to 50 degrees, then the extension
of the telescopic boom starts to increase, reaching 1000 mmm, and then the load is
placed; after that, the extension boom returns to 0 mm and the lift angle decreases to
0 degrees.

*  Transfer without load: the vehicle moves back without the load.

The work cycle is reproduced twice with two different loads, one corresponding to
approximately 3000 kg and the other to 1500 kg. As for the wheel-ground contact, in a real
work scenario the friction coefficients were defined considering off-road conditions.

5. Results and Discussion
5.1. Simulations Results
5.1.1. Performance Tests

The results of the performance evaluation tests are reported in Table 4. As expected,
the two powertrains showed approximately the same performances. The traditional vehicle
performed slightly better due to the higher power of the internal combustion engine in the
range 1400-1900 rpm with respect to the electric motor. As for the slope tests, it should be
highlighted that the maximum performance was limited, not by the capacity of the wheel
to transmit force to the ground, but by the available power at the driveline downstream
from the hydrostatic transmission.
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Table 4. Performance test results.
Performed Test Traditional Vehicle Fuel Cell Hybrid Vehicle
Time for 0—40 km/h no load 12s 125
Time for 0-40 km/h with 4200 kg 20s 21s
Max speed with 20% slope 9km/h 8 km/h
Max slope with 4200 kg 15% @5 km/h 15% @5 km/h
Max slope at 15 km/h 12% 10%

However, the aim of the performance tests was also to evaluate the behaviour of the
fuel cell powertrain under peak power conditions. Therefore, the maximum instantaneous
hydrogen consumption, the maximum C-rates in charge and discharge for the battery pack
and the mean change rate in the fuel cell power output were evaluated. The results are
shown in Table 5. As stated, the acceleration tests were the most impactful in terms of stress
on both the FC system and the battery pack.

Table 5. Fuel cell powertrain behaviour during the performance tests.

FC System Battery Pack
Max Change Rate (kW/s) Max H; Flow (g/s) Max Charge C-Rate Max Discharge C-Rate
0-40 km/h no load 8.7 0.69 0.6 6.3
0-40 km /h 4200 kg 51 0.66 0.35 6.1
Top speed 20% slope 42 0.47 0.35 5.6
Max slope with 4200 kg 3.4 0.52 0.35 52
Max slope at 15 km/h 4.0 0.55 0.35 49
5.1.2. Real Work Scenario
The simulation results for the real work scenario are reported in Figures 10 and 11. As
can be observed from the figure, the 0-15 km/h acceleration phase is the most demanding
one due to the high vehicle mass, with a peak power of approximately 55 kW when carrying
a 3000 kg load. Also in this case, the simulation was used to evaluate the behaviour of the
fuel cell powertrain, and the results are summarized in Table 6.
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Figure 10. Real work scenario results for the traditional powertrain.
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Figure 11. Real work scenario results for the fuel cell hybrid electric powertrain.

Table 6. Fuel cell powertrain behaviour during the real work scenario test.

Parameter Value
Max FC change rate (kW/s) 4.04
Max H, consumption (g/s) 0.23
Max charging C-rate 1.7C
Max discharging C-rate 27C
Total Hy consumption (g) 60.4

5.2. Fuel Cell System Degradation Analysis

To estimate the fuel cell system durability, in this section a degradation analysis, based
on models available in the literature, is proposed. According to [41], the lifetime of a fuel
cell system can be defined as follows:

o AP

where Tjjfetime,rc i the expected lifetime, AP is the maximum acceptable reduction in
the fuel cell output performance, generally fixed at 10%; B;=1,. 4 are the performance
degradation rates related, respectively, to load change cycling, start-stop cycling, idle
condition and high power condition; n1, 1y, t; and ¢; are the load changing cycles, start
and stop cycles, idle condition time and high-power condition time; and finally, k; is an
accelerating coefficient. The main limitations of this model are related to the coefficients
that may not be updated since the study was published in 2008. However, this model is
considered a key reference for fuel cells” degradation evaluation and was used in more
recent studies that proposed this kind of analysis [53,54,57,58]. Nevertheless, fuel cell
systems’ durability has experienced relevant improvements in the last few years. Indeed,
according to [59], in 2007, the state of the art in terms of the durability for fuel cell systems in
automotive applications corresponded to 1250 h. Considering the present DOE targets [60],
the ultimate targets in terms of durability are set to 8000 h. However, to be conservative,
the authors opted for considering the coefficients used in [41]. In [53], an additional
coefficient, related to the natural degradation of the fuel cell due to material aging, was

(12)
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added. However, no details are provided about how that coefficient was determined.
Therefore, in the present paper, the authors opted for not considering it. The adopted
values for the degradation analysis of the fuel cell systems are reported in Table 7. The
degradation analysis was conducted considering the real work scenario, which should be
the most common operating condition, and the 0—40 km /h acceleration test with no load,
which was the test that exhibited the highest change rate in the fuel cell power output. The
results in terms of the expected life, considering a maximum decrease of 10% in the system
performance for the two scenarios, are reported in Table 8. As it can be stated, severe and
frequent accelerations can lead to a reduction in the lifetime expectancy. On the contrary,
the lifetime estimation considering the real work scenario exceeded the DOE ultimate
target of 8000 h. However, the authors wanted to highlight that the adopted powertrain
control strategy was not optimized through an optimization process, but was a simplified
control based on a power follower algorithm with a low dynamic response of the fuel cell
system. The aim was to roughly reduce the load changes in the fuel cell power output,
but no optimization algorithm was used. Future works might focus on a more developed
aging-aware control strategy.

Table 7. Adopted coefficients for the degradation analysis of the fuel cell system. The coefficients
were defined according to [41].

Factor Condition Value Unit

B1 Load cycling 5.93 x 107° %/ cycle
B2 Start and Stop 1.96 x 1073 %/ cycle
B3 Idling (Ppyt rc < 10%) 1.26 x 1073 %/h

By High power (P, rc > 90%) 1.47 x 1073 %/h

kp - 1.72 -

Table 8. Degradation analysis results for the two considered scenarios: real work scenario and
0-40 km /h acceleration test with no load.

Test Scenario FC System Expected Life
0-40 km/h acceleration test no load 1257 h
Real work scenario 9410 h

5.3. Environmental Analysis

To assess the environmental performances of the fuel cell powertrain with respect
to the traditional model, the authors opted for using a WtW approach. This approach is
useful for evaluating the environmental performances of a vehicle during its use phase,
since it accounts for the emissions related to fuel extraction, treatment, distribution and
conversion [61]. The authors opted for considering the use of hydrogen from the actual
hydrogen production mix, which is mainly from fossil fuel resources; hydrogen from
steam methane reforming but with a carbon capture system, namely blue hydrogen; and
hydrogen from electrolysis, based on the grid, nuclear and renewables. The authors
also decided to consider the global warming potential as an impact category, since the
climate change issue is one of the major challenges that humankind has to face within
the near future, and the efforts to mitigate it are among the main reasons behind the
electrification of powertrains. For hydrogen from the actual production mix and Diesel
consumption, the WtW factors for the equivalent CO; emissions were derived from [8],
while the coefficients for the other considered hydrogen production methods were taken
from [34]. The WtW emission factors adopted for the environmental impact analysis are
summarized in Table 9. The factor for the hydrogen from electrolysis based on renewables
was determined considering the average values for electrolysis based on biomass, wind
and solar. As for the electrolysis based on the grid, the WtW emission factor may vary
depending on the country, since it mainly depends on the electricity production mix.
The analysis was conducted considering the real work scenario. The results are shown
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in Table 10. As can be stated, with the present hydrogen production mix, the fuel cell
powertrain can reduce the CO, equivalent emissions of 68.6%. However, with cleaner
and greener production methods, the emission reduction can be enhanced. In detail,
the emission reduction can reach 97.5% using electrolysis with electricity from nuclear,
and 92.6% using hydrogen from electrolysis powered with electricity from renewables.
Furthermore, a noticeable reduction in GHG emissions can also be achieved using hydrogen
produced from fossil fuel resources with carbon capture technologies. Instead, with the
production of hydrogen from electrolysis using the electricity grid mix, no effective emission
reduction might be obtained. This demonstrates that coupling electrolysis with clean
electricity is a key element to achieve greater results in terms of the environmental impact
reduction in hydrogen-powered vehicles. The results obtained from the environmental
analysis were coherent with other studies that estimated the life cycle CO; emissions of fuel
cell vehicles to be less than 50% of that of the traditional counterpart, with very low-use
phase impacts when hydrogen is produced from renewables [62—-64].

Table 9. WtW equivalent emission factors for Diesel and H; according to [8,34].

Emission Source WtW Emission Factor Unit

Diesel 3.18 kg COy-eq./L
Actual Hydrogen production mix 9.13 kg COy-eq./kg
Blue Hydrogen 3.70 kg COy-eq./kg
Hydrogen from Electrolysis (based on nuclear) 0.71 kg COy-eq./kg
Hydrogen from Electrolysis (based on grid) 29.21 kg COy-eq./kg
Hydrogen from Electrolysis (based on renewables) 1.87 kg COy-eq./kg

Table 10. Environmental impact comparison for the real work scenario.

Fuel Consumptions

Diesel consumption 0.55L

Hydrogen consumption 604¢g

Fuel Emissions (kg CO»-eq.) Difference (%)
Diesel 1.75 -

Hydrogen (actual production mix) 0.55 —68.6

Blue Hydrogen 0.22 —87.4
Hydrogen from Electrolysis (based on nuclear) 0.043 -97.5
Hydrogen from Electrolysis (based on grid) 1.76 +0.1
Hydrogen from Electrolysis (based on renewables) 0.13 —-92.6

5.4. Discussion

The degradation and environmental analysis showed that fuel cell powertrains can be a
feasible solution to mitigate the impact of Non-Road Mobile Machinery on the environment
in terms of equivalent CO; emissions. However, the applicability of these systems on a real
vehicle is not straightforward. From a technical point of view, one of the major challenges
is the integration of the fuel cell system on-board the vehicle. Another technical issue
is regarding the on-board hydrogen storage system. Considering the simulation results
for the real work scenario, to operate for 8 h straight without the need for refuelling, the
hydrogen storage system should be able to stock around 4.5 kg of Hy. This storage capacity
requirement can be satisfied implementing a modern type IV tank, which can store 5.8 kg
of hydrogen in its gaseous form at 700 bar. The system weighs approximately 133.6 kg
and has a volume of 229.6 litres [65]. Alternatively, to reduce the volume of the storage
system, another possible solution is represented by metal hydride tanks. These systems
can reach higher volumetric densities, up to five times higher, but have a lower gravimetric
density compared to gaseous tanks [66]. Furthermore, metal hydride tanks require a heat
management system to operate properly, thus a higher complexity of the whole powertrain



World Electr. Veh. ]. 2024, 15,91

16 of 20

might be introduced [67]. On the contrary, the adoption of a type IV storage tank involves
safety issues that must be considered during the design stage of the vehicle [68]. However,
the most insidious challenges are related to other factors that go beyond the technical issues
related to the realization of a first propotype. As stated in [38], one of the most critical
factors that is slowing the diffusion of fuel cell systems on vehicular applications is the
early stage of development of the hydrogen refuelling network. Furthemore, the hydrogen
refueling infrastructure requires an investment cost that is extremely high compared to
the cost of other fuel refueling stations [69]. Another important challenge is represented
by the higher purchasing cost of fuel cell vehicles with respect to their traditional and
battery electric counterpart [70]. Indeed, the hydrogen tanks and the stack are the most
expensive components of the fuel cell system due to the presence of expensive materials,
such as platinum, used as catalyst in the stack; and carbon fibre, used to manufacture the
type IV tank [39,65,71]. To reduce the cost of the fuel cell systems, DOE targets have been
defined for the future [72,73]. Along with the problem related to the high cost, another
aspect that must be faced is the lack of consumer awareness about fuel cell vehicles, which
results in a distorted perception about their safety and performances [74]. According to [75],
in vehicle users there is a combination of aversion to high purchase costs and negative
perceptions of environmental benefits from adopting hydrogen that is creating a barrier
between the market and fuel cell vehicles. As a consequence, overcoming the problem
of a social attitude towards the acceptance of fuel cell vehicles is mandatory to promote
their diffusion [76]. However, environmental policies and regulations might be important
drivers for the adoption of hydrogen technologies [77,78]. In this context, the European
Community is pursuing the goal of reaching a reduction of 55% in net greenhouse gas
emissions for 2030 with respect to the emission levels of 1990, and of achieving carbon
neutrality for 2050 [79]. However, the sector of Non-Road Mobile Machinery is at an earlier
stage of decarbonisation with respect to passenger vehicles. Indeed, the actual regulation
for Non-Road Mobile Machinery focuses on the emission levels of CO, HC, NOx and
particulate matter, while no limits for CO, are, at present, introduced [80]. Nevertheless,
the limits for the aforementioned pollutants are becoming more and more stringent and are
requiring more complex and bulky exhaust gas aftertreament systems. Thus, this poses
technical challenges that may be drivers for the adoption of fuel cell systems, which instead
do not require an aftertreatment system since they produce water at the exhaust.

6. Conclusions

Fuel cell hybrid electric powertrains represent a promising strategy to replace tradi-
tional internal combustion engines in the sector of Non-Road Mobile Machinery. Indeed,
fuel cell vehicles feature zero local emission levels, high-energy density and low refuelling
time, which make them more interesting than battery electric vehicles for applications
where endurance and productivity are crucial with a view to be competitive on the mar-
ket. In this article, the preliminary design of a fuel cell hybrid electric powertrain for
a telehandler was presented. The proposed system is characterized by the presence of
a PEMFC stack, with a rated power approximately equal to 50% of the electric motor
nominal power, whose role is to satisfy the low-frequency component of the external load,
and a battery pack, which has to handle the high frequency part of the load to avoid the
fast degradation of the fuel cell system. To make a comparison between the proposed
system and the traditional one, numerical models of both the powertrain were built in a
MATLAB/Simulink environment. The modelling included a Multibody model to simulate
the use of the telescopic arm and the extension boom. For the simulations, the authors
developed a simple charge-sustaining power follower strategy to determine the power
split between the fuel cell and the battery pack. The simulations were regarding two type
of tests: peak power performance tests and the real work scenario simulation test. The
first set of tests aimed at evaluating both the performances in terms of the acceleration and
overcoming of slopes, and the behaviour of the fuel cell powertrain in terms of stress on
its main components. On the contrary, the real work scenario test aimed at evaluating the
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fuel economy and the environmental impact of the powertrains during a typical operative
scenario, characterized by the handling of loads by the mean of the telescopic arm. The
results of the simulations are summarized as follows:

¢ The fuel cell powertrain was able to show almost the same performances of the
traditional one without excessive stress on its components; indeed, a degradation
analysis was conducted to address the fuel cell durability issue.

*  The most stressful tests for the fuel cell powertrain were the acceleration tests, since
the max change rate in the fuel cell output was equal to 15% of the rated stack power
per second, and the max discharge C-rate of the battery pack was equal to 6.3.

*  During the real work scenario test, the fuel cell powertrain showed a reduction in terms
of the equivalent CO, emissions of 69% with respect to the traditional powertrain; this
result was obtained considering the use of grey hydrogen for the fuel cell system and
can be improved using hydrogen from a cleaner production mix.

Therefore, the authors concluded that the adoption of fuel cell systems are a feasible
solution for replacing traditional internal combustion engines in telehandlers, since they can
have the same performances without excessive degradation and with a reduction in terms
of equivalent CO, emissions. However, a higher purchase cost is expected for the fuel cell
vehicle with respect to the diesel-powered counterpart. Therefore, to be competitive on the
market, consumers’ awareness of environmental performances and safety of the proposed
powertrain is mandatory. A further analysis might be regarding the development of a
more detailed and optimized energy management strategy, with the aim of minimizing fuel
consumption, component degradation or both of them according to a predefined objective
function. As demonstrated in the literature, the adoption of optimization algorithms can
enhance the powertrain performance. Other future works could investigate the possibility
of introducing supercapacitors to reduce batteries” degradation. Furthermore, due to the
lack of experimental data, the adoption of a monitoring device that could be installed
on-board a real telehandler, to outline its realistic mission profile, could be the subject of
research and attention. To immprove the simulation reliability, tests on a scaled test bench
with a real fuel cell system might be conducted in the future. To promote circular economy,
another subject of research could be the integration of green hydrogen production systems,
powered using electricity from renewable sources, to locally produce clean hydrogen to
be used in the vehicle. A typical case study might be a farm with an electrolyser powered
using renewable sources. In that scenario, the farm is able to produce green hydrogen with
very low equivalent CO, emissions using water and, for example, electricity coming from
solar panels. That hydrogen can be used to power the vehicle. Furthermore, the water
produced at the exhaust can be re-used in the electrolyser for the hydrogen production.
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