POLITECNICO DI TORINO
Repository ISTITUZIONALE

Life Cycle Assessment Comparison of Orchard Tractors Powered by Diesel and Hydrogen Fuel Cell

Original

Life Cycle Assessment Comparison of Orchard Tractors Powered by Diesel and Hydrogen Fuel Cell / Martelli, Salvatore;
Martini, Valerio; Mocera, Francesco; Soma', Aurelio. - In: ENERGIES. - ISSN 1996-1073. - 17:18(2024).
[10.3390/en17184599]

Availability:
This version is available at: 11583/2992664 since: 2024-09-22T11:33:03Z

Publisher:
MDPI

Published
DOI:10.3390/en17184599

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

22 November 2024



energies

Article

Life Cycle Assessment Comparison of Orchard Tractors Powered
by Diesel and Hydrogen Fuel Cell

Salvatore Martelli *

check for
updates

Citation: Martelli, S.; Martini, V.;
Mocera, F; Soma’, A. Life Cycle
Assessment Comparison of Orchard
Tractors Powered by Diesel and
Hydrogen Fuel Cell. Energies 2024, 17,
4599. https://doi.org/10.3390/
en17184599

Academic Editor: Praveen

Cheekatamarla

Received: 17 August 2024
Revised: 3 September 2024
Accepted: 10 September 2024
Published: 13 September 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Valerio Martini

, Francesco Mocera *' and Aurelio Soma’

Department of Mechanical and Aerospace Engineering, Politecnico di Torino, Corso Duca degli Abruzzi, 24,
10129 Turin, Italy; valerio.martini@polito.it (V.M.); aurelio.soma@polito.it (A.S.)
* Correspondence: salvatore.martelli@polito.it (S.M.); francesco.mocera@polito.it (F.M.)

Abstract: To reduce the impact of the agricultural sector on the environment, human health and
resource depletion, several steps should be taken to develop innovative powertrain systems. The
agricultural sector must be involved in this innovation, since diesel-powered tractors are an important
source in terms of pollution. In this context, fuel-cell systems have gained importance, making them
one of the possible substitutes due to their characteristics featuring almost zero local emissions, low
refueling time and high efficiency. However, to effectively assess the sustainability of a fuel-cell
tractor, a cradle-to-grave life cycle assessment, comprising production, use phase and end of life, must
be performed. This article presents a comparative analysis, according to different impact categories,
of the life cycle impacts of a traditional diesel-powered tractor and a fuel-cell hybrid tractor, designed
considering operative requirements and functional constraints. The study was conducted according
to the LCA technique (defined by ISO 14040 and ISO 14044 standards), combining secondary data,
mainly derived from studies and reports available in the literature, with the use of the Ecoinvent 3.0
database. The results are presented according to ten different impact categories defined by ReCiPe
2016 v 1.03 at the midpoint level. The findings obtained showed that the fuel-cell tractor allows for a
relevant reduction in all the considered categories. The highest-impact reduction, more than 92%,
was obtained in the human toxicity non-carcinogenic category, while the lowest reduction, around
4.55%, was observed for the fossil fuel scarcity category, mainly due to the adoption of gray hydrogen
which is produced from fossil fuels. As for the climate change category, the fuel-cell tractor showed a
reduction of more than 34% in the life cycle impact. Finally, the authors also considered the case of
green hydrogen produced using solar energy. In this case, further reductions in the impact on climate
change and fossil fuel resource depletion were obtained. However, for the other impact categories,
the results were worse compared to using gray hydrogen.

Keywords: environmental impact; life cycle assessment; sustainable agriculture; fuel cell; hybrid
electric tractors; agricultural tractors

1. Introduction

Climate change mitigation and adaptation can be considered one of the most important
challenges that humanity will face in the near future. Indeed, the effects of climate change
are already revealing their potential on different levels: ecosystems, health and economy.
The results are changes in biodiversity, species abundance and distribution [1], increasing
extreme weather events [2] and human diseases [3]. For these reasons in 2016, 195 countries
approved an international treaty, known as the Paris Climate Agreement [4], in order to
reduce the risks linked to climate change effects. In this sense, most anthropogenic activities,
from the primary to the tertiary sector, must be rethought in order to be compatible with
the aims set by several political organizations. One of the best strategies identified to
accomplish this duty is the shifting from a linear economy to a circular economy (CE)
model. Indeed, CE well supports sustainability and green-economy concepts because it
aims to maximize resource circularity and gives great importance to the end-of-life (EOL)
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phase of a product according to a zero-waste vision [5,6]. In this context, the agricultural
sector is an important source of emissions, both directly produced during farming activities
and indirectly produced due to other sources and processes [7]. The agricultural machinery
industry is strongly involved in these dynamics, since the use of such vehicles implies
the production of greenhouse gases, as a consequence of fuel combustion within the
thermal engine [8]. In addition, agricultural vehicles also emit several pollutants such as
NOy, unburnt hydrocarbons, particulate matter and so on. These pollutants have several
negative effects both on the environment and human health. Taghizadeh-Hesary et al. [9]
highlighted that CO, and PM; 5 are major risk factors for lung cancer, with latent effects
on the economy due to public health issues. Dai et al. [10] evaluated the possible effects
of climate change, using regional climate models, on the Hanjang river basin, observing
that significant changes will occur in terms of temperatures and extreme weather events.
Since food production sustainability will be fundamental in the near future considering the
current worldwide population growth trend [11], both tractor manufacturers and academics
are developing new innovative solutions in order to improve vehicle efficiency and pursue
sustainability purposes [12,13]. Thus, recently, more and more tractor manufacturers have
developed vehicles equipped with alternative powertrains, such as hybrid or full-electric
architectures, or started using new propellants such as hydrogen [14-18].

In this context, fuel-cell powertrains have gained attention due to their characteristics
featuring zero local emissions, long mileage and fast refueling, which, combined with
the high energy density of hydrogen, make them a promising alternative to traditional
powertrains for heavy-duty vehicles.

DiIlio et al. [19] investigated the possibility of adopting a fuel-cell /battery hybrid pow-
ertrain for a heavy-duty yard truck used for operations in ports, showing promising results
in terms of energy performance. Ahluwalia et al. [20] analyzed the cost competitiveness
of agricultural vehicles powered by different fuel cells, observing that in some cases, they
are already competitive with their traditional diesel counterparts in terms of the total cost
of ownership. Pardhi et al. [21] performed a comprehensive review of the main technical
features and opportunities of adopting fuel-cell powertrains for long-haul heavy-duty
vehicles, showing that, thanks to a longer range, fast refueling and higher payload capacity,
fuel-cell alternatives have a higher technical potential for substituting traditional systems
with respect to battery electric trucks. Nevertheless, from a technical point of view, there
are still some barriers, in particular durability issues, that are preventing the large-scale
adoption of fuel-cell systems for vehicular applications, and thus, noticeable efforts are
performed by the scientific community to analyze and overcome these limitations [22,23].

In the literature, several studies investigated the benefits and drawbacks of adopting
fuel-cell powertrains for passenger cars and buses [24-26], demonstrating that, depending
on the hydrogen production method, they can effectively reduce the environmental impact
of the transport sector. Indeed, according to [27], hydrogen from electrolysis powered
with renewables has an associated global warming potential per kilogram that can be ten
times lower with respect to hydrogen produced from steam methane reforming. However,
off-road vehicles, such as agricultural tractors, are characterized by different operative
requirements, work scenarios and design constraints [28], and thus, a dedicated analysis
must be performed. Indeed, these vehicles are characterized by different constraints and
requirements, and their typical work scenarios are completely different from those of a
passenger car. To the authors” knowledge, most of the literature focuses on the design
stage or energy management optimization of fuel-cell-powered agricultural tractors [29-31],
while a complete evaluation of their environmental impact on the complete life cycle is, at
present, missing. As a consequence, there is a lack of knowledge about the effectiveness
of reducing the impact of agricultural practices on the environment, human health and
resource depletion by substituting the traditional diesel-powered tractors with the fuel-
cell-powered counterparts. Among the different techniques that can be used to assess the
environmental impact of a product or a service, life cycle assessment (LCA) methodology
was adopted, because it is a standardized methodology, defined by ISO 14040 [32] and
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ISO 14044 [33] standards, and its results are presented according to well-defined impact
categories [34]. In this way, the analysis is more robust and easier to understand, avoiding
possible misleading results.

In this study, the impact, according to different impact categories comprising the
effects on the environment, human health and resource depletion, of the entire life cycle
of an orchard tractor equipped with a hydrogen fuel cell was evaluated and compared
with its traditional counterpart. The main goal of the study is to determine and quantify
the benefits of the implementation of fuel-cell systems to propel agricultural tractors and
their effects on the overall sector-related impacts. The study presented stands in continuity
with other similar works already developed by the authors [35,36], which investigated
the carbon footprint of ICE and hybrid-electric orchard tractors, in order to understand
the bottlenecks of different kinds of powertrains in terms of environmental impact. The
assessment was conducted by combining secondary data, available in the literature, and
the use of the Ecoinvent v 3.0 database (cut-off system model). The paper is divided into
four parts: after a brief introduction of the two case studies, the boundaries, the functional
unit (FU) and the goal and scope of the analysis are defined. Then, a life cycle inventory
(LCI) is described for each stage (production, service life and EOL) of the life cycle of the
vehicles. The results according to “gate-to-gate” and “cradle-to-grave” approaches are
presented, and, lastly, the case using green hydrogen is introduced and compared to diesel
and gray hydrogen.

2. Materials and Methods

This study was conducted using LCA methodology, as described in ISO 14040 and
ISO 14044 standard series [32,33]. According to this technique, the analysis is structured in
four sections:

Goal and scope definition.

Life cycle inventory (LCI) description.
Impact assessment (LCA results).
Analysis of results and discussion.

It is important to underline that the purpose of this kind of study is to supply a global
vision of very intricate and large assets and to provide possible solutions. Hence, final
users have to manage it as a support tool during the design-making phase or, for example,
to make the appropriate considerations regarding disposal scenarios.

2.1. Goal and Scope, System Boundaries and Functional Unit

The assessment proposed in this paper aims to make a comparison between two
orchard tractors equipped with two different powertrains. The first one is a diesel inter-
nal combustion engine tractor (ICET), representing the traditional vehicle currently used,
whereas the second one is a fuel-cell hybrid electric tractor (FCHET). Both tractors are con-
sidered to operate in Europe. Orchard tractors have a central role in European agriculture:
indeed, orchards and vineyard cultivation represent one of the fastest-growing businesses
in the last years in terms of both hectares and tractor selling intended for this kind of
farming activity [37,38]. Furthermore, its main features, such as compactness, handling,
etc., make orchard tractors one of the most versatile working vehicles currently present on
the market.

For these reasons, the research activity performed by the authors could be addressed
to a diversified audience:

e  Tractor manufacturers to help them during the design process.
e  Environmental impact specialists and researchers.
e Institutional agencies to help them during the regulation-making process.

As said previously, the study focuses on orchard-specialized tractors. This kind of
agricultural tractor presents some common features like small-medium power (up to
90 kW), a compact shape and the ability to operate in tough environments characterized by
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tight and high-slope paths. The assessment activity is based on the comparison between an
ICET and an FCHET of the same power size. The architectures of both tractors are shown
in Figure 1. From a technical point of view, a hybrid configuration with a battery pack as a
secondary power source was selected since it can enhance the fuel-cell system’s durability,
avoiding excessive output power fluctuations in the FC system. Indeed, the battery pack
has enough energy capacity to handle the dynamic part of the external load for a sufficient
time. Therefore, in this configuration, the FC system should manage the average power
demand, while the battery pack should handle the power oscillations that are common
during typical orchard tractor work scenarios [16,39]. The PEMFC type was selected for
the powertrain since it is the most promising fuel-cell technology for vehicular applications
due to its compactness, low operating temperature, durability and efficiency.
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Figure 1. ICET (a) and FCHET (b) driveline architectures. Please note that, for simplicity, the BoP of
the fuel-cell system is not represented in (b).

The ICET driveline (Figure 1a) is the most common for this kind of vehicle: the
power developed by the thermal unit is directly provided to the driveshaft, which then
delivers power to the gearbox and tires for motion, PTO and hydraulics for implements
and auxiliary services.

The powertrain for the fuel-cell hybrid electric tractor (FCHET) considered in this
work (Figure 1b) is composed of a primary energy source, namely a polymer-electrolyte
membrane fuel cell (PEMFC) stack, and a secondary energy source, a Li-ion battery pack.
They provide the electric energy to the electric motor, which then delivers power to the
same loads of the ICET. For simplicity, in Figure 1b, the BoP of the fuel-cell system is
not represented. The proposed architecture was presented in a previous study of the
research group and was designed considering the on-board space availability constraints
deriving from the operative requirements of orchard tractors [40]. Apart from the different
components of the powertrain system, the other parts of the vehicle were assumed to be
the same as the traditional vehicle. In Figure 2, the boundaries of the system are shown.
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Figure 2. Boundaries of the analysis.

The system considers only orchard tractors, which means that all the implements used
during the service life of the tractor are not considered. Furthermore, from Figure 2, it is
possible to observe that the life cycle of each tractor can be subdivided into 3 main stages:

e  Production phase: every step from raw material extraction to the final assembly to
obtain one ICET and one FCHET is considered.

e  Use phase: this stage considers the service life of the tractor which is constituted by
two essential elements, namely propellant consumption and ordinary maintenance.

e  End-of-life phase: once the service life ends, both tractors undergo a series of disposal
and waste treatments in order to avoid raw materials and energy production from
primary sources.

Concerning the FU, it was set to 1 kgvehide_l year‘1 (shortened 1 kgv_1 y_l). The use
of weight models based on product mass is very useful to permit the reuse of the model
data for research purposes. The temporal reference, which allows the enlargement of the
audience who can be interested in this research field [35,41], is related to the supposed
operational life of the vehicle and was set equal to 10 years.

2.2. LCI Production Phase

Production-phase LCI consists of the data collection of all material and energy flows
linked to the manufacturing of the product system. In this study, data collection by
component was conducted in order to understand the composition of both orchard tractors
and better detect any bottlenecks depending on the specific impact category considered.

Thus, all the main components of an orchard tractor were split into 5 groups, called
“sub-assemblies”:

e  Power Generation: It comprises all the components that allow the power generation
of the tractor. For the ICET, it mainly considers the engine and the aftertreatment
system. For the FCHET, it considers the whole FC system, comprising the Balance of



Energies 2024, 17, 4599

6 of 29

oW

Tractor
Mass

ICET =2500kg
FCHET =2500kg

Plant (BoP), the hydrogen tank, power converters, the electric motor and the Li-ion
battery pack.

e  Chassis and Transmission: It comprises the components that constitute the main
chassis of the vehicle and the powertrain system downstream from the power source;
furthermore, in this category, also tires and rims were added.

e  Electrical Auxiliary Services System: It comprises the main components linked to the
service electrical system of the vehicles such as a 12 V lead-acid battery, vehicle control
units, etc.

e Cooling and Hydraulic Systems: This group contains all the components used for
the cooling and hydraulic services of the vehicle. It should be noted that, for the
FCHET, the fuel-cell heat management system is not considered in this category as it
is part of the BoP, while cooling systems for the electric motor, battery pack and power
converters are taken into account.

e  Other Category: This category is composed of all the remaining components neces-
sary to complete the tractor such as the driver’s workplace, external bodywork, a
rollbar, etc.

In Figure 3, a global overview of how the tractor mass was split into the different sub-
assemblies is shown. It should be noted that the two vehicles have almost the same mass.
This result was obtained downstream of the process of defining the two vehicle inventories
and derives from the actual state of the art of the two different power systems. The only two
groups with noticeably different masses are the Power Generation and Electrical Auxiliary
Services System, while for the other groups, the differences are negligible. This is due to the
assumption that, apart from the powertrain, the other parts of the two vehicles are almost
the same. The Electrical Auxiliary Services System presents some differences due to some
additional electrical auxiliary services that must be added to the electric vehicle.

=) \

nnnnn .-
Electrical Auxiliary Cooling and Other

Services Systems Hydraulic Systems Category
1.6 % 5.2% 4.8 %

2.23% 5.27 % 4.86 %

Figure 3. Tractor mass distribution among the different sub-assemblies.

In the following paragraphs, each sub-assembly is analyzed, providing their main
components’ composition and the relative value according to the functional unit defined in
the previous section.

2.2.1. ICET Production-Phase LCI

Concerning the ICET, its data collection was essentially based on the previous work
developed by the authors of this article [35,36]. The Power Generation sub-assembly of the
ICET is essentially composed of two macro-components: the engine and the aftertreatment
system, composed of a Diesel Particulate Filter and a Diesel Oxidation Catalyst, since the
ICET is equipped with a 75 kW EU stage IIIB diesel internal combustion engine. The engine
was modeled considering its main material composition—cast iron, steel and aluminum—
according to Liu et al. [42], whereas the Diesel Particulate Filter was modeled considering a
metallic structure and only silicon carbide as active material, as stated by Larsson et al. [43].

The tractor chassis was assumed to be realized essentially using cast iron parts and a
small amount of steel sheet parts. The transmission comprises all the principal components
necessary to transmit power from the engine to the external loads, mainly steel shafts
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and steel gears [44]. Lastly, the tires were modeled according to the material composition
defined by Dong et al. [45].

The LCI of the electronic group was developed considering a typical 12 V system used
for medium-power agricultural vehicles. Cabling refers to a basic LV electrical system and
considers both cables and connectors, whereas the vehicle control unit is composed of 46%
of steel (housing), 32% of plastics, 14% of printed wiring boards and 8% of cables according
to the Ecoinvent 3.0 database.

Lastly, in the Other Category group, falls all the remaining main components of the
vehicles. Specifically, screws, tractor paint, plastics for external bodywork and the main
components that constitute the driver’s workplace, namely the seat, rollbar and dashboard,
were considered. In Table 1, the LCI of the ICET production phase is reported.

Table 1. ICET Production-Phase LCI.

Sub-Assembly Macro-Component Value [kg per FU]
P G t_ Engine 1.30 x 1072
owerseneration Aftertreatment system 8.00 x 104
Chassis 4.54 x 1072
Chassis and Transmission Transmission 1.94 x 1072
Tires 8.00 x 1073
12 V lead-acid battery 8.00 x 10~*
Electrical Auxiliary Services PCB 4.00 x 1072
System Cabling 6.00 x 1074
Vehicle control units 1.20 x 1074
Radiators (aluminum) 1.60 x 1073
Cooling and Hydraulic Steel pipe 2.20 x 1073
Systems Rubber 1.12 x 1073
Brass 2.60 x 1073
Seat 6.00 x 104
Rollbar 120 x 1073
—4

Other Category Dashboard 4.00 x 10

External bodywork 1.00 x 1073
Paint 2.00 x 107*
Screw 1.40 x 1073

2.2.2. FCHET Production-Phase LCI

The FCHET orchard tractor, as said before, presents the same architecture as the ICET
vehicle. Thus, with the exception of the Power Generation and Electrical Auxiliary Services
System groups, the remaining sub-assemblies were assumed to be approximately the same
as the traditional orchard tractor.

The FCHET considered in this work is equipped with a primary energy source, a
PEMEC stack with a rated power of 66 kW, and a secondary energy source, a 6 kWh
Li-ion battery pack. The main properties of the FCHET are reported in Table 2. As
mentioned before, the proposed powertrain was designed considering the requirements
and constraints typical of orchard tractors and was presented in previous work from the
authors’ research group [39]. The size of the fuel-cell system was defined considering
the endurance requirements (up to 8 h of continuous working) in the most demanding
tasks, such as the use of a rotary harrow [15]. The battery pack capacity was consequently
determined taking into account the on-board space constraints that are particularly strict
for orchard tractors, since compactness is crucial to move among the plant rows.
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Table 2. FCHET powertrain main properties.

FC stack rated power 66 kW
Li-ion battery pack capacity 6 kWh
Li-ion battery pack rated voltage 240V
Electric motor rated power 75 kW
Electric motor rated speed 2600 rpm

The fuel-cell system is generally composed of three main subsystems: the PEMFC
stack, FC system auxiliaries, namely the BoP, and the hydrogen storage system. The stack
comprises the membrane, the catalyst layer, gas diffusion layers, bipolar plates, the stack
housing and other minor elements. The system auxiliaries comprise the air management
system, the heat management system, the fuel supply system and the water management
system. As for the hydrogen storage system, it can be composed of pressurized tanks, metal
hydride tanks or cryogenic tanks [46].

To evaluate the FC stack inventory for the manufacturing stage, the approach adopted
by the authors is similar to the one used by Usai et al. [47]. According to this approach, the
stack can be completely defined and dimensioned considering some key parameters. The
total and active area of the stack was evaluated using the stack power density, expressed in
W /cm?, and the total-to-active-area ratio. The values adopted for this sizing procedure were
the same as used in [47] and are coherent with the US DOE targets [48]. As for the catalyst
layer, it was modeled as a platinum alloy deposited on a porous carbon layer. Generally,
the Pt loading is around 0.15-0.5 mg/ cm?,ctive [49-51]. To follow the same approach used
in [46], we considered a Pt load of 0.32 mg/ cm?,tive. As for the membrane, its material must
be characterized by high ionic conductivity, gas impermeability, mechanical robustness
and thermal stability. The most adopted material is Nafion, a material developed in the
late 1960s, even if other solutions are being investigated by the research community [52].
The membrane thickness is generally in the range of 10-100 um [49] and has a density
of 2 g/cm3. Another important element of the stack is represented by the gas diffusion
layers (GDLs), which allow the gas reactants to reach the catalyst layer. In most PEMFC
stacks, the GDLs are realized in carbon cloth or carbon paper with Polytetrafluoroethylene
(PTFE) [49-51] and have a thickness of 100-400 pm [49]. In addition, a microporous layer
is usually integrated between the GDL and the catalyst layer [49,51]. This layer was
assumed to be realized in carbon black and PTFE, with a thickness of 50 um [49]. As for
the bipolar plates, they can be realized with stainless steel, aluminum or carbon-based
composites [49-51], even if in some cases titanium is used [53]. In the case of metallic
bipolar plates, to improve corrosion resistance, a protective coating is applied. Usually,
the bipolar plates are the heaviest element of the stack. In our study, we assumed the
bipolar plates to be realized in stainless steel. Finally, other stack elements considered in
this study were end plates, current collectors, tie rods, gaskets and the stack housing [47,50].
In addition, electricity for the manufacturing of the stack was taken into account [54]. The
main assumptions made during the life cycle inventory of the stack are reported in Table 3.

Table 3. Assumptions made during the evaluation of the life cycle inventory of the FC stack.

Stack power density 1.095 W/cm?
Total-to-active-area ratio 0.625

Membrane active area 6.03 m?

Membrane material Nafion, 25.4 um thick

Pt load 0.32 mg/cm?,ctive
GDL Carbon paper with PTFE, 210 um thick
Microporous layer Carbon black and PTFE, 50 um thick

Bipolar plate material Stainless steel with coating

The BoP refers to all the peripherals critical to system integration, including air blowers,
control units, valves, water and thermal management subsystems, humidifiers, cooling
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units, fuel delivery systems and sensors [49]. Figure 4 shows a simplified scheme of a
PEMEFC BoP system [55]. Generally, the BoP is divided into four main subsystems: air
management, water management, heat management and fuel management. The heaviest
element of the air management system is the air compressor [47]. Its material composition
was evaluated using the bill of material given in [56], while the other elements, such as the
air filter, were modeled using the work in [57] as a reference. Regarding water management,
the elements considered were the air pre-cooler, humidifier and tubing. Heat management
comprised the radiator, fan and coolant pump. Finally, the hydrogen supply system was
modeled considering the ejectors, valves and pipes. For most of these components, the bill
of material was extrapolated combining the data available in [56,57].

For vehicular application, the most adopted technology for hydrogen storage is repre-
sented by pressurized tanks that can store hydrogen in gaseous form with pressures up
to 700 bar [58]. Modern 700 bar hydrogen tanks are known as Type IV tanks. According
to [59], the Type IV hydrogen tank weights approximately 102 kg and is composed of
76 kg of carbon fiber and 26 kg of epoxy resin, with a hydrogen capacity of 5.6 kg, and,
in addition, presents a plastic liner made from high-density PE (HDPE), with a weight of
approximately 7.5 kg. For the fuel-cell tractor proposed in this study, one Type IV tank was
considered as a storage system. The hydrogen storage system is the major contributor in
terms of weight to the fuel-cell system.

Ho Tank Pressure
— regulator Fuel Cell

Stack

[

Coolant
H2 F Heat
L an
recirculation exchanger |g—! Pump [€—

Air
compressor —»| humidifier

A

Air Filter
Air

Figure 4. Simplified schematic of a typical BoP system for PEMFC stacks. Green: hydrogen ad-
duction system. Orange: heat management system. Blue: air adduction system. Light Blue: water

Exhaust

management system.

The Li-ion battery pack considered for the proposed powertrain has a capacity of
6 kWh and a rated voltage of 240 V. The technology considered for the battery pack is
lithium iron phosphate (LFP). Its inventory was elaborated by combining data available in
the literature [60-64]. A battery is composed of negative electrodes, with graphite as active
material, and positive electrodes, whose active material depends on the battery technology
and, in the case of LFP batteries, is represented by LiFePO4. According to [60,63,64], the
%wt. of the anode is around 12-24%, while the %wt. of the cathode active material is in the
range of 25-33%. Polyvinylidene difluoride (PVDC) was assumed as the binder material,
with a %wt. of around 2% [60,63]. The electrolyte was assumed to be LiFP¢ dissolved in a
solution of 1:1 ethylene carbonate (EC) and dimethyl carbonate (DMC). The %wt. of the
electrolyte is generally in the range of 9-16% [60,61,63,64]. The separator was supposed
to be 80% wt. of polypropylene (PP) and 20% wt. of polyethylene (PE) and accounted for
about 5% of the total weight of the pack [60]. Finally, the BMS, the cell container and the
module casing were considered.

The inventory of the electric motor was evaluated combining the data available
in [65-67]. According to these data, the stator and rotor cores are mainly composed of
electrical steel, with a small percentage of silicon and aluminum (about 2% and 0.4%,
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respectively) and a thin coating of phenolic resin. The mass of the stator and rotor cores
represents around 40-50% of the whole machine mass. The conducting wire is composed of
copper insulated by one or multiple layers of insulation materials, typically polyester resins,
polyamide resins or alkyd resins. The stator is generally soaked in some impregnation
material to be partially or fully encapsulated. The rotor endplates and the motor shaft are
composed mainly of stainless steel, and their size depends on the maximum torque of the
motor. The housing, whose size is generally a function of the rated power, is supposed to be
made of aluminum. As for the magnets, they are hypothesized to be neodymium magnets
Nd(Dy)FeB, with a mass of approximately 3% of the electric machine mass. Finally, other
elements that were considered in the inventory were the bearings, made with low-alloyed
steel, terminals, screws and nuts. The total mass of the machine is coherent with the state
of the art of electric motors [68].

As for the power converters, the fuel-cell tractor architecture is characterized by two
main elements: the inverter and the DC-DC converter for the connection between the fuel
cell and the battery pack. The inventory of the two power converters was determined using
the data available in [69] and scaling the mass in accordance with the rated power. For
simplicity, the inventory was considered the same for both the DC-DC and the inverter.
According to [69], the power converter can be divided into the following subparts: the
casing, in aluminum protected by a varnish, the power module, composed of power devices,
diodes, chips, etc., with a baseplate in copper and power terminals in galvanized steel,
the DC link capacitor, the busbar, made with copper layers insulated by Polyethylene
terephthalate (PET), the printed circuit board (PCB) and other minor parts such as screws,
washers, spacers and so on. The subpart with the major contribution in terms of mass
is the aluminum casing, which represents more than 60% of the entire power converter
mass. The other subparts’ masses range between 7 and 10% of the total mass, apart from
the PCB mass which generally is around 2-4%. Table 4 summarizes the material and mass
distributions for the battery pack, electric motor and power converters.

Table 4. Battery pack, electric motor and power converter material and mass distribution.

P(});lfvertram Sub-Component Material % wt.
ement
Cathode LiFePOy (active material) 25%
Anode Graphite (active material) 20%
Binder PVDC 2%
Electrolyte LiFP6 + solution 1:1 EC and DMC 9%
Battery Pack Separator PE + PP 5%
BMS - 5%
Cell container Aluminum 4%
Module casing Aluminum 20%
Pack case Aluminum and steel 10%
Stator and rotor cores Electrical steel with coating 46%
Conducting wire Copper with insulation materials 11%
Rotor endplates Stainless steel 1.5%
Electric Motor Motor shaft Stainless steel 4%
Housing Aluminum 25%
Magnets Nd(Dy)FeB 3%
Other - 9.5%
Casing Aluminum with varnish 62%
Busbar Copper layers insulated by PET 9%
Power Converter Power module Copper, plast}cs, silicone gel, 79
galvanized steel
DC link capacitor Plastic-film-type capacitance 7%
PCB - 4%
Other - 11%

In Table 5, the LCI of the FCHET Power Generation sub-assembly is reported.
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Table 5. FCHET Power Generation sub-assembly LCL

Macro-Component Value FU [kgkgy 'y~
FC Stack 1.60 x 1072
Air Compressor 2.00 x 10~*
Water Management 3.00 x 104
Heat Management 6.00 x 107*
Hydrogen Supply System 1.60 x 1074
Hydrogen Tank 4.40 x 1073
DC/DC Converter 2.40 x 10~
Battery Pack 2.40 x 1073
Inverter 2.40 x 10~*
Electric Motor 1.80 x 1073
Signal and Power Cabling 6.00 x 10~*

To complete the life cycle inventory of both tractors” manufacturing, two last inter-
mediary flows must be defined: the final assembly energy and the transport contribution.
Indeed, once each component has been produced, the whole vehicle must be assembled in
the final assembly-production line to obtain the final product. The energy required to assem-
ble one single tractor was assumed to be only in the form of electricity and was estimated as
13% of the entire production energy necessary to produce one vehicle, as described in [70].
The total amount of energy necessary to obtain one vehicle was calculated considering an
average value of 50 M] per vehicle kilogram, as stated by Mantoam et al. [44]. As a con-
sequence, the amount of energy to assemble one orchard tractor is 6.50 x 10~! MJ per FU
for each vehicle. Since the two vehicles have almost the same mass, the assembling energy
is almost the same for both of them. To consider the impact associated with assembly
electricity, the European generic grid mix was considered.

Focusing on transport contribution, each intermediary flow was subdivided into two
groups, depending on the places of origin of the component:

e  Group 1: An average distance of 250 km from the assembly-line plant was assumed;
in this case, road transport by lorry was considered. The vehicle considered operates
with diesel, and it is equipped with a EURO 6 diesel engine.

e  Group 2: An average distance of 2500 km from the assembly-line plant was assumed;
in this case, sea transport by container ship (43,000 tonnes of load capacity) was
considered.

In Group 1 falls every flow whose production could be placed in Europe, such as
metal components. In Group 2 falls every flow whose production typically is not placed in
Europe, such as all electronic devices (Li-ion cells, PCBs, vehicle control units, etc.) and
precious materials like platinum. The LCI of transport contributions for both tractors are
shown in Table 6. The values of each item were obtained by multiplying the emissions per
kilometer produced to transport one kilogram of material by the masses of the transported
element and the considered average distance.

Table 6. Production phase transport contribution.

km-keolyv1
Group Transport Value FU [kg-km-kgy -y ™1

ICET FCHET
Group 1 3.39 x 10 3.33 x 10
Group 2 1.97 4.59

2.3. Use-Phase LCI

In this section, the emissions produced by both tractor architectures during their
service life were evaluated. The scenario assumed consists of an annual working time
of 1000 h for 10 years [71,72]. For both powertrains, the use-phase emissions are mainly
related to the following:



Energies 2024, 17, 4599

12 of 29

Propellant production and consumption.
Service maintenance: lubricant and tire substitutions.
Transport of the maintenance elements.

Focusing on propellant production and consumption, for traditional vehicles, the
use phase is generally the major contributor to the total life cycle emissions for most of
the impact categories considered [73]. On the other side, for fuel-cell vehicles, the impact
of the use phase on the total emissions strongly depends on the hydrogen production
mix [74]. In this study, the authors decided to adopt a realistic-case approach; hence, the
total amount of hydrogen produced was assumed to come from fossil energy sources
(so-called “grey hydrogen”). The annual duty cycle considered is composed of five field
tasks and is described in Table 7. This duty cycle refers to common operations performed
in vineyard cultivations.

Table 7. Annual duty cycle of an orchard tractor, according to Beligoj et al. [75].

Task Annual Work Time (%) Avg. Power (kW)
Weeding 14.3% 35.6
Use of atomizer 14.3% 421
Grape harvesting 14.3% 20.7
Plant lifting plowing 28.6% 11.0
Use of tying machine 28.6% 5.3

For the evaluation of the diesel consumption during the use phase, a numerical model
of the powertrain, developed in Matlab Simulink (v. 2022b) was used. This model comprises
a fuel consumption estimation model [39,76] that evaluates the normalized brake-specific
fuel consumption (BSFC) using a polynomial function that considers the actual engine
speed and torque:

Z=by+by*X+bs*Y+by*X>+bsx XY+ bg * Y? (1)

where:

X is the normalized engine speed: X = n/npom * 100

Y is the normalized brake torque: Y = T /Ty * 100

Z is the normalized BSFC: Z = BSFC/BSFC,, * 100

b; are the polynomial coefficients; the values of these coefficients can be found in
Appendix A.

According to this model, the region of minimum BSFC is usually located at about
73-77% of the nominal engine rotational speed (2600 rpm) and at high load, generally
around 85-95% of the nominal torque (335 Nm). The engine parameters were assumed
according to datasheets available for commercial engines with very close characteristics
to the case study of this work [77]. The vehicle speed during the field task was assumed
to be 7 km/h, while the engine speed was set at 1600 rpm with the PTO working at a
540eco regime. According to simulations, the average diesel fuel consumption during its
operational life was estimated to be 6.71 L per working hour. This value was obtained
as the ratio between the overall diesel consumed during the vehicle life, according to the
annual duty cycle described in Table 7, and the total amount of hours during the use phase
in which the vehicle is turned on.

For the evaluation of hydrogen consumption, the powertrain model presented in [39]
was used. The parameters of the fuel-cell model were updated according to the values
assumed for the life cycle inventory of the manufacturing stage. According to this model,
the fuel-cell voltage was evaluated using the following equations [39,78,79]:

Vstack = Neell * (VNernst — Vact — Vohm — Vconc) (2)
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R,T iq
Veone = —-log (1 — 2 6
where:
®  Vck is the overall stack voltage.
®  Vpnemst is the Nernst voltage.
®  Vaet, Vohm and Veene represent, respectively, the voltage losses due to activation
processes, ohmic resistance and concentration processes.
o V0 represents the standard cell potential, equal to 1.229 V.
e N is the number of cells in the stack.
e Fis the Faraday constant, equal to 96,485.33 C/mol.
e Ry is the ideal gas constant.
* P20, Po2 and piy are, respectively, the water, oxygen and hydrogen partial pressures.
e  Tis the stack temperature.
e  «isthe charge transfer coefficient.
®  igens is the current density.
e i is the reaction exchange current density.
® i}y is the maximum current density.

The ohmic resistance of the stack was supposed to be a function of the stack temper-
ature, membrane water content and membrane thickness [80,81]. As for the hydrogen
consumption, the mass flow reacting at the fuel-cell anode was evaluated according to the
following equation:

react _ NeelifcMMpy, 7)

o 2F
where MMy, is the H, molar mass, and ipc is the fuel-cell current. The powertrain model
considered the power absorbed by the fuel-cell system auxiliaries, represented mainly by
the air compressor. According to simulations, the average hydrogen consumption during
the FCHET operational life was estimated to be 1.27 kg per working hour. Also in this case,
the average hydrogen consumption was obtained as the ratio between the total hydrogen
consumed during the FCHET life and the overall amount of hours for which the vehicle is
turned on.

According to Lovarelli et al. [72], the service maintenance consists of 3 operations:

Engine lubricant oil substitution every 300 h (only for ICET).
Hydraulic oil substitution every 1500 h.
Tire substitution every 2500 h.

Unintended failures were not considered in this study. Indeed, their inventory results
were quite difficult to model, since multiple factors affected them such as tractor operating
conditions, tractor quality and attention paid by the farmer during tractor operation. How-
ever, the propellant production and consumption usually affect almost all emissions during
the use phase, and thus, unexpected maintenance can be considered negligible [35,36].

Also, in the use phase, transport contribution was taken into account, assuming an
average distance of the manufacturing plants and propellant production sites of 250 km
from the tractor working place in the form of land transport by lorry. In Table 8, the
use-phase LClIs of the ICET and FCHET are reported. According to the numerical models,
the mean efficiency of the fuel-cell powertrain was around 46%, which is in line with values
available in the literature considering that these vehicles generally operate at medium-low
load, where the efficiency of the FC system is higher [82]. In contrast, the efficiency
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of the internal combustion engine is lower at low loads, resulting in a mean vehicle
efficiency of around 27% according to the considered work scenarios and the adopted
fuel consumption model.

Table 8. ICET and FCHET use-phase LClIs.

Vehicle Macro-Component Value FU [1-kg,} -y~
Propellant (Diesel Fuel) 224 kg
Engine Lubricant Oil 1.08 x 10? kg
ICET Hydraulic Oil
Tires 240 x 1072 kg
Transport (Road Transport) 5.69 x 10% kgkm
Propellant (Gray Hydrogen) 5.08 x 107! kg
Hydraulic Oil 3.60 x 103 kg
FCHET Tires 240 x 1072 kg

Transport (Road Transport) 1.34 x 102 kgkm

2.4. End-of-Life-Phase LCI

The EOL phase is the last stage of the tractor life cycle and defines how the disposal
will be managed. In this study, the EOL scenario assumed is shown in Figure 5. The idea
at the base of the assumed scenario is to recover as much as possible, both in the form
of secondary raw materials and energy, in order to avoid their production from primary
sources. All the disposal procedures were modeled according to the ones already present in
the Ecoinvent 3.0 database, using exactly or quite similar processes for all the components.
The first step consists of the tractor disassembling to obtain the single components, which
then will be transferred to the recycling plants. This action required a certain amount of
energy, and it was assumed as the same as the one required to assemble a single tractor
during the production stage (50 MJ/kgyehicle)- Once the tractor has been dismantled, the
different components are transferred to the corresponding recycling plants. The transport
assumption is the same as that of the use phase: the recycling plants are located at an
average distance of 250 km from the disassembling site. The transport occurs by lorry,
according to the generic European freight transport by a EURO 6 standard lorry. The
different components of the vehicles can be subdivided into 3 main categories:

e  Metal components.
e  Plastic components.
e  Special components and electronic devices.

Special Components

% TRACTOR DISASSEMBLING - R TRANSPORT TO RECYCLING PLANTS m

Metal Components Plastic Components

and Electronic Devices

$3SS3004d
ONITOADIY
$3$S3004d
ONITOADIH

$3SS3004d

A9HINI-OL-3LSYM

$3SS300Ud
ONITOAD3YH

™ SO T
Lo Lo Lo
Recycled Recycled Recovered Recycled Precious

Materials Materials  Energy Materials Metals

Figure 5. EOL scenario for both orchard tractors.
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The metal components present the same recycling approach. Indeed, firstly, the
different materials are collected, sorted and pressed. Then, the materials are recycled,
according to their specific recycling process. The result is the production of secondary raw
materials from scraps. However, a recovery rate for each single metal was assumed [83]
to reflect a realistic recycling scenario: 88% for steel and cast iron, 96% for aluminum and
100% for brass and copper.

The plastic components can be subdivided into 3 sub-categories, depending on the type
of plastic material: thermoplastic components, thermoset components and rubber-derived
products. Thermoplastic materials are usually recyclable. Thus, their disposal treatments
are finalized to recover some secondary raw materials, using an average recovery rate of
84% [83]. The other 2 groups usually belong to the unrecyclable material category; hence,
they received a waste-to-energy process. Specifically, thermoset components were assigned
to municipal incineration to obtain thermal energy, instead of natural gas (net energy
production 7.66 MJ /kg). Rubber-derived components, most of which are represented by
tires, are incinerated in order to avoid steam production from primary sources (heating
value of 31.99 MJ/kg), which is one of the most important elements necessary in tire
production [45]. The heating values were chosen according to the Ecoinvent 3.0 database.

The last category brings together complex components, such as all the electronic
components present in the tractor or the fuel-cell stack. The purpose of disposal treatments,
reserved for these components, is to recover secondary materials and precious metals, like
the ones contained in the PCBs or fuel-cell stack:

e  PCBs’ end-of-life treatments consist of PCB collection, shredding and separation with
the purpose of retrieving secondary copper and precious metals by electrolytic refining.

e Used cable treatments consist of shredding and the separation of copper from the
other materials to recover secondary copper scrap.

e 12V lead-acid battery undergoes a remelting treatment in order to recover lead scrap
from used batteries.

e  Vehicle control units, the inverter and the DC/DC converter receive a similar treatment:
separation from the external metallic case (steel or cast iron), PCBs and cabling, which
then get one of the respective aforementioned disposal treatments. Furthermore, the
big capacitors present in the inverter and DC/DC converter undergo a hazardous
waste incineration process in order to produce thermal energy (net energy production
17.11 MJ /kg) according to the Ecoinvent 3.0 database.

e  The electric motor EOL scenario consists of manual separation from the steel rotor
and stator and copper windings which are then recycled according to the procedure
reserved for metal components described above; the magnets are recycled according
to the magnet-to-magnet process described in [84].

e  The aftertreatment system end-of-life scenario is based on the Ecoinvent 3.0 database,
using catalytic converter waste treatment.

The last three components that deserve a more detailed description are the battery
pack, the fuel-cell stack and the hydrogen tank. Regarding battery pack recycling, the first
step is the mechanical manual dismantling of the battery pack and the battery modules.
Thanks to this step, the battery and module case, electric wires, plastic materials and PCBs
can be easily taken and subdued to their respective recycling processes. The cells are
recycled as described in [85]. Specifically, cells” EOL is divided into three phases: pre-
treatments, metal extraction of cathode material by hydrometallurgical processing and
cathode active material leaching in order to recover metals (97% of Li and 93.3% of Fe [86]).
The fuel-cell stack disposal treatment consists of the manual dismantling of the different
components, followed by the subdivision of the components by material, which are then
recycled according to the processes described in the previous paragraphs. Particular
importance was given to the EOL management of platinum contained in the stack, since
it is a critical raw material with a high associated impact [87]. Its recycling process was
modeled using the most efficient EOL scenario (recovery rate of 76%) described in [88]. It
consists of HyO, /HCI solvent leaching with liquid /liquid extraction. Lastly, regarding the
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hydrogen tank, whose main materials are HDPE and CFRP, after a mechanical separation,
the HDPE is recycled to recover some secondary granulate, whereas the CFRP is the only
material allocated to landfilling.

3. Results and Discussion

In this section, the results of the environmental assessment will be exposed, analyzed
and discussed. The LCA impact assessment allows us to divide the emissions associated
with the product inventory into a certain number of impact categories, in order to make
them more understandable [89]. For this study, some of the impact categories defined
by ReCiPe 2016 v 1.03 at the midpoint level were considered [89,90]. In particular, the
authors selected 10 impact categories whose effects can affect human health, ecosystems
and resource availability:

e  Global warming potential (GWP): measured in kgCOzq,, it is associated with the
global emissions of greenhouse gasses (GHG).

e  Human toxicity carcinogenic (HTP.) and non-carcinogenic (HTPy¢): measured in kilo-
grams 1,4 dichlorobenzene-equivalents (kg1,4DCBeq ), it expresses the increased risk
of carcinogenic and non-carcinogenic disease associated with the chemical emission of
the product.

e  Particulate matter formation potential (PMFP): measured in kgPM245eq_, it is associated
with the increased risk of inhalation of particulate matter by humans.

o  Terrestrial (TETP) and freshwater (FETP) ecotoxicity: measured in kilograms 1,4
dichlorobenzene-equivalents (kg1,4DCBeq.), it expresses the increased risk for ter-
restrial and freshwater species due to a change in the chemical composition of the
environment.

e  Photochemical oxidant formation for terrestrial ecosystems (EOFP) and humans
(HOFP): both measured in kgNOyeq., they express the increased risk for humans
and terrestrial species due to the incremented ozone intake caused by NOy and non-
methane volatile organic compound (NMVOC) emissions.

e  Mineral resource scarcity (Surplus Ore Potential, SOP): measured in kgCueq., it is
correlated with the future ore grade decrease of minerals caused by its extraction.

e  Fossil resource scarcity (Fossil Fuel Potential, FFP): measured in kg oil eq., it is defined
as the ratio between the upper heating values of a fossil resource and crude oil.

In the following paragraphs, the results are discussed firstly according to a gate-to-gate
approach and then according to a cradle-to-grave approach.

3.1. Production-Phase Results

In this section, the results related to the production phase are shown. As asserted be-
fore, the production phase takes into account all the processes, from raw material extraction
to final vehicle assembly, necessary to obtain the ICET and the FCHET. The environmental
impact comparison of the production phase for the two vehicles is shown in Figure 6, while
the numerical values are reported in Table 9. The results are presented in percentage with
respect to the ICET case for each impact category. As a consequence, the ICET production
assessment is always reported as 100%. This way, the different environmental impact
between the two tractors is more graphically understandable.
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Figure 6. Production-phase gate-to-gate results.

To quantify the increase in the environmental impact, it is also useful to observe
Table 9.

Table 9. Production-phase numerical results. Please note that a positive delta percentage means a
higher impact for the FCHET with respect to the ICET.

Impact Category ICET FCHET A%
GWP100 [kgCOZeq_-kg;,l.y—l] 6.01 x 107! 1.11 83.72%
HTPc [kg1,4DCBeq.~kg\71-y_1] 4.04 x 1071 4.03 x 1071 —0.34%
HTPne kg1, 4DCBeg.-kgy 'y '] 122 3.53 189.42%
PMFP [kgPM2.5eq.-kg(,1-y*1] 9.88 x 10~* 222 x 1073 124.60%
TETP |kgl,4DCBeq.-kgy 'y ~! 3.20 6.17 93.05%
FETP |kgl,4DCBeq.-kgy -y ! 7.01 x 1072 1.67 x 107! 138.85%

HOFP |kgNOxeq.-kgy !y 1.52 x 1073 3.51 x 1073 127.56%
EOFP [kgNOyeq.kgy 'y 2.66 x 1073 3.67 x 1073 38.22%
SOP |kgCueq.-kgy 'y ! 1.48 x 107! 2.54 x 1071 72.01%
FFP |kgOileq.-kgy 'y ! 211 x 107! 348 x 107! 65.26%

Observing the chart, it is possible to note that, with the only exception of the HTPc
impact category, where the results obtained for the two vehicles are comparable, the impact
assessment of the FCHET production is considerably higher than the ICET. The reasons
that may explain this can be found in the production of the two “Power Generation” sub-
assemblies. Indeed, just observing the chart in Figure 6, it can be noted that the most
impactful sub-assembly of the ICET is mainly the “Chassis and Transmission” group, since
it is composed of large quantities of iron metals (almost 68% of the tractor’s total mass). In
contrast, the most impactful sub-assembly of the FCHET is “Power Generation”, despite
the chassis and transmission of both vehicles being essentially the same. In particular, what
emerges is the environmental impact of the hydrogen tank and the fuel-cell stack with peaks
accounting for, on average, between 40% and 50% of the entire vehicle production. The
explanation for these results can be found in the large amount of carbon-fiber-reinforced
polymer (CFRP) used to produce the tank and in the extraction and production of pure
platinum used in the stack. It should be noted that the high impact of the tank production
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also affects powertrain systems that adopt a hybrid engine running on hydrogen. In this
case, the absence of the stack reduces the production phase impact; however, use-phase
emissions are expected to be higher since the combustion process involves the production
of emissions as by-products. This result assumes more relevance considering that they
represent only 6% of the total mass of the FCHET. The other macro-components of the
FCHET power generation system do not have a meaningful impact overall, but their
contributions are focused on certain impact categories such as the impact of the electric
motor in the SOP category (36% of the total) and the impact of the battery pack in the TETP
and FETP impact categories (7 and 5%, respectively). In summary, the higher impact of the
FCHET production phase with respect to the traditional counterpart can be attributed to
those components, required for the Power Generation sub-assembly, that require a certain
amount of precious metals, electronic devices, non-ferrous metals (such as lithium, copper
and so on) or elements that must have very specific and demanding properties (such as
the hydrogen tank), etc., whose production is associated with an extremely high impact.
Instead, the Power Generation sub-assembly of the ICET is mainly composed of steel and
cast iron components and, furthermore, is a more mature and well-developed technology.

Further consideration can be given to the contribution of assembly and transport.
The former has a non-negligible impact only in the GWP100 and FFP categories since
the majority of the electric energy in Europe is produced by fossil fuels. The transport
contribution for both systems is meaningless in almost all impact categories (less than 1%
on average).

3.2. Use-Phase Results

For the traditional powertrain, the emissions were evaluated considering both the
local emissions due to the combustion process and the fuel production processes, related
to crude oil extraction, treatment and transport. As for the fuel-cell powertrain, it was
assumed that no local emissions were produced, and thus, all the emissions are related to
the H, production and supply. As for the hydrogen production mix, the authors considered
only gray hydrogen, mainly produced through steam methane reforming [91]. The authors
decided to consider gray hydrogen since it corresponds to the worst-case scenario in
terms of environmental impact, and in the current scenario, low-emission hydrogen is
less than 1% of the total global production. However, the authors also want to point
out that the use-phase emission can be significantly reduced if green hydrogen, namely
hydrogen from the electrolysis of water powered with renewables, is used to feed the fuel-
cell system [92,93]. The results of the comparative analysis for the use phase are shown in
Figure 7, while the results in terms of the FU are presented in Table 10. It can be stated that
a major impact comes from fuel consumption, with service maintenance having a negligible
effect on the total use-phase emissions. In all the selected impact categories, the fuel-cell
powertrain showed an important reduction in the related emissions. Specifically, for the
HTPnc, PMFP, FETP, HOFP and EOFP categories, the fuel-cell powertrain was estimated
to reduce more than 90% of the impact of the vehicle use phase. The category in which
the difference between the two powertrains was found to be smaller is the FFP category
(—10%), mainly because the hydrogen was assumed to be obtained from fossil fuels, mostly
methane. Indeed, steam methane reforming is the most adopted process for gray hydrogen
production and involves natural gas as feedstock. Thus, the process has a relevant impact
in terms of fossil fuel resource depletion. Specifically, the reforming reaction produces Hp
and CO starting from CHy and H,O and is characterized by a strong endothermic behavior.
As for the GWP100 category, the fuel-cell powertrain showed a reduction of approximately
41%, which is coherent with the results obtained in other papers available in the literature
when comparing fuel-cell hybrid electric cars with their traditional counterparts [94,95].



Energies 2024, 17, 4599

19 of 29

100%

80%

60%

40%

20%

0%

=
=
O
—

rcHET [N

CO2eq)

=
=
&)
—

Table 10. Use-phase numerical results. Please note that a negative delta percentage means a lower
impact for the FCHET with respect to the ICET.

Impact Category ICET FCHET A%
GWP100 [kgcokq,kg;,l.y—l 8.60 5.05 —41.28%
HTPc [kg1,4DCBeq.~kgV1-y% 6.82 x 107! 1.02 x 107! —85.08%
HTPnc [kg1,4DCBeq.-kg\_,1~y*1] 3.09 x 10 6.15 x 1071 —98.01%
PMFP [kgPMz_seq.~kg\71-y_1] 2.03 x 1072 1.30 x 1073 —93.60%
TETP [kgl,4DCBeq. kgy 'y} 3.08 x 10 3.97 —87.08%
FETP [kg1,4DCBeq.-kgV1-y_1J 343 x 1071 3.57 x 1072 —89.61%

HOFP [kgNOxeq.-kgy 'y '] 6.66 x 1072 4.08 x 1073 —93.88%
EOFP ngoxeq.-kg;1~y—1] 6.84 x 1072 4.88 x 1073 —92.87%
SOP |kgClieq.-kgy 'y 1 2.75 x 1071 4.04 x 1072 —85.30%
FFP [kgOileq.kgy 'y '] 242 217 —10.07%
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Figure 7. Use-phase gate-to-gate results.

3.3. End-of-Life Results

The EOL analysis considered the following steps: transport of the elements, disman-
tling, disposal and recycling processes. Figure 8 shows a comparative analysis between the
ICET and FCHET for the EOL phase. The transport and dismantling processes contribute
with additional impact since they require additional energy to be performed. Neverthe-
less, other involved processes, such as energy extraction or material recycling, generally
reduce the overall life cycle impact. In particular, the high recycling rates of metals allow
for a significant reduction in the equivalent emissions of most of the considered impact
categories. The only case in which the EOL phase contributes to an increase in emissions
is the ICET in the FETP category. As can be seen from Figure 1, the EOL phase emission
reduction is more relevant for the FCHET, mainly due to the Pt recycling process. The only
impact category in which the ICET showed a higher emission reduction with respect to
the FCHET is the HTPc category. On the other hand, the HTPnc category is the one in
which the FCHET showed a greater difference compared to the ICET. Table 11 reports the
results of the EOL analysis in terms of the functional unit. The delta percentages reported
in the table represent the percentage difference of the FCHET in comparison with the ICET.
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Consequently, a negative delta percentage means a higher impact reduction for the FCHET
due to its end-of-life phase.

End-of-Life Impact Assessment
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Figure 8. EOL gate-to-gate results.

Table 11. End-of-life numerical results.

Impact Category ICET FCHET A%
GWP100 [kgcozeq,-kg(,l.y—l ] —2.74 x 1071 —3.04 x 101 —10.85%
HTPc [kg1,4DCBeq.-kg\71-y*1] —2.97 x 1071 —2.68 x 107! +9.72%
HTPnc [kgl,4DCBeq.-kg\71-y*1] ~5.73 x 107! -1.92 —234.30%
PMFP [kgPMZ,E-,eq..kg\—,l-y—l] —515x 1074 —7.80 x 1074 —51.42%
TETP |kgl,4DCBeq.kgy 'y ! —1.05 x 10 —1.16 x 107! —10.70%
FETP |kgl,4DCBeq.'kgy 'y '] 157 x 1072 —2.39 x 1073 —115.21%

HOFP |kgNOyeq.-kgy 'y 11 ~7.19 x 10~* —1.46 x 1073 —102.56%

EOFP |kgNOyeq."kgy 'y —8.59 x 1074 —-1.53 x 1073 —78.24%
SOP |kgCueq.-kgy 'y '] —1.20 x 107! —2.03 x 107! —69.71%
FFP |kgOileq. kgy 'y 1] ~-1.28 x 1071 —1.36 x 107! —6.34%

3.4. Global Results

In this section, the overall results for the entire life cycle of both vehicles are presented.
In Figure 9, the chart of the results for each impact category is shown, reported as percent-
ages with respect to the traditional case, whereas in Table 12, the numerical results of the
entire life cycle are presented.
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Figure 9. Cradle-to-grave results. Please note that the sum of Manufacturing, Use phase and EOL is
always 100% for the ICET case.

Table 12. Cradle-to-grave numerical results.

Impact Category ICET FCHET A%
GWP100 [kgCOseq kgy ' -y 8.93 5.85 —34.46%
HTPc [kg1,4DCBeq..kg(,1.y—1] 7.89 x 1071 2.36 x 1071 —70.04%

HTPnc [kg1,4DCBeq.-kg\71-y_1] 3.15 x 10 2.23 —92.92%
PMFP [kgPM2.5eq.-kg(,1-y*1] 2.08 x 1072 2.74 x 1073 —86.82%
TETP |kgl,4DCBeq.-kgy 'y '] 329 x 10 8.99 —72.71%
FETP |kgl,4DCBcq.kgy 'y '] 429 x 1071 2,01 x107* —53.20%
HOFP |kgNOyeq.-kgy 'y 1 6.75 x 1072 6.13 x 1072 —90.91%
EOFP |kgNOyeq."kgy 'y '] 7.02 x 1072 7.02 x 1073 —90.00%
SOP |kgCueq.-kgy 'y !] 3.03 x 107! 9.19 x 1072 —69.71%
FFP |kgOileq. kgy 'y '] 2.50 2.38 —4.55%

As can be seen, both the chart and the table underline the great potential of the FCHET
to reduce the vehicle impact in all the selected impact categories. Indeed, the use of an
FCHET can lead to several benefits in terms of damage to human health, ecosystems and
resource availability. Specifically, considering the HTPnc, HOFP and EOFP categories, the
FCHET showed a reduction of more than 90% in the related equivalent emissions. The only
category in which the two tractors reported almost the same impact is the FFP category, in
which the difference in the life cycle emissions was estimated at 4.55%. This can be related
to the hydrogen production process, which in this study involves fossil fuel resources.
Another important difference that can be highlighted from the comparison between the
two tractors regards the relative most impactful life cycle stage. For the ICET, the major
contributor is represented by the use phase. This result is in accordance with other studies
available in the literature [35,36,96]. On the contrary, for the FCHET, the manufacturing
stage is the most critical in six of the ten considered impact categories. The use phase is the
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principal contributor in those categories, such as GWP100 and FFP, whose related emissions
are strictly correlated to the use of fossil fuels. Another important consideration concerns
the importance of recycling. To explain this concept, the authors defined “EOL relative
effectiveness” (EOLRE) as the ratio (expressed in percentage) between the EOL impact, with
a minus sign, and the production impact for each impact category considered in this study:

EOLimpact

EOLgg = — .
RE Productionjmpact

* 100 8)

It can be considered as an expression of how much the impact can be reduced thanks
to the recovery of materials and energy in the product system considered, according to
a circular economy vision. Observing the chart in Figure 10, it can be stated that, with
the only exception of the FETP category, the EOL stage allows for a reduction of between
25% and 80% in the impact related to the production stage. This is valid for both tractors,
demonstrating how powerful the recycling process can be.

ICET EOL Relative Effectiveness FCHET EOL Relative Effectiveness

FFP (kg oil eq) 1 FFP (kg oil eq) |
SOP (kg Cu eq) I SOP (kg Cu eq) I
EOFP (kg NOx eq) | — EOFP (kg NOx eq) |
HOFP (kg NOx eq) 1 HOFP (kg NOx eq) |
FETP (kg 1,4 DCBeq) [N FETP (kg 1,4 DCB eq) |
TETP (kg 1,4 DCB eq) || TETP (kg 1,4 DCB eq) 1
PMFP (kg PM2.5 eq) 1 PMFP (kg PM2.5 eq) |
HTPnc (kg 1,4-DCB eq) | HTPnc (kg 1,4-DCB eq) |
HTPe (kg 1,4-DCB eq) O/ HTPe (kg 1,4-DCB eq) | |
GWP100 (kg CO2 eq) _ GWP100 (kg CO2 eq) -
-25% 0% 25% 50% 75% 100% -25% 0%  25% 50% 75% 100%
(a) (b)

Figure 10. ICET (a) and FCHET (b) EOL relative effectiveness.

Although this study demonstrates the relevant benefits of adopting FCHETSs in substi-
tution with ICETs, several aspects could be further improved. Firstly, increasing the amount
of green and blue hydrogen, namely hydrogen coming from renewable sources and fossil
fuels but with carbon capture technologies, will certainly reduce the impact of the use phase
(60-90% GHG emission reduction) [27,97]. As said before, in the analysis of the production
stage of the FCHET, the fuel-cell stack and the hydrogen tank emerged as bottlenecks
for the environment. Thus, academics and manufacturers should investigate alternative
solutions to produce them, such as considering the reduction in platinum loading or the
redesign of the hydrogen tank [47,59]. Another important aspect that should be addressed
regards fuel-cell system efficiency, which can be improved in the upcoming years [98].
Lastly, another aspect that could be addressed and is valid for both the FCHET and the
ICET concerns vehicle mass optimization, which could lead to spare emissions because of
propellant consumption and production emission reduction [35].
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3.5. Life Cycle Impact Adopting Green Hydrogen

In recent years, with the growing interest in hydrogen-based powertrains, the involved
stakeholders began to economically invest in greener and more sustainable ways to produce
hydrogen. For this reason, in this section, a brief overview of the potential environmental
impact of the FCHET using green hydrogen as a propellant is discussed. The expression
“green hydrogen” is usually used when referring to hydrogen produced through the
electrolysis of water powered with electricity coming from renewables. Sometimes, the
expression is used more generally for hydrogen produced with associated emissions or
under other specific sustainability criteria. To assess the impact of using green hydrogen
to propel the FCHET, in this paper, the electrolysis of water is considered. According to
this process, an electrolyzer is powered with electricity to separate H,O, namely deionized
water, into oxygen and hydrogen ions. At the cathode, hydrogen ions then combine to form
Hj;. The whole process can be described according to the following reactions:

Anode : 2H,O(1) — Oy(g) +4H" (aq) + 4e™ ©9)

Catode : 4H™ (aq) 4+ 4e~ — 2H,(g) (10)

In this study, the green hydrogen production scenario considers the production of
in-house green hydrogen by the farmer using a small PEM electrolyzer and a 3 kWp (peak
kW) solar panel to provide the electricity necessary for hydrogen generation. Furthermore,
an 80% efficiency of the electrolyzer is assumed [99]. Table 13 reports the LCI for the
production process of 1 kg of green hydrogen.

Table 13. LCI to produce 1 kg of green hydrogen.

Element Quantity
Deionized water 9kg
Electrical power (from PV panels) 160 kWh

The results of the cradle-to-grave life cycle assessment of the FCHET powered with
green hydrogen are reported and compared with the ICET and FCHET with gray hydrogen
cases in Table 14.

Table 14. Cradle-to-grave result comparison among the three cases.

Difference with

Impact Category G FCHET with Difference with Respect t.o

reen Hydrogen  Respect to ICET FCHET Using

Gray Hydrogen
GWP100 [kgCOzeq kg "y '] 231 —74% —60%
HTPc [kg1,4DCBeq.-kg(,1-y_1] 3.67 x 107" ~53% +55%
HTPnc [kgl, 4DCBeq.kgy 'y 1] 9.21 ~71% +313%
PMFP {kgPMz,Seq.-kg(,?yfl] 5.80 x 103 —72% +112%
TETP |kgl,4DCBeq.kgy 'y '] 6.90 x 10 +110% +668%
FETP |kgl,4DCBeq.-kgy 'y 1.01 +135% +401%
HOFP |kgNOxeq. kgy 'y~ 1 7.19 x 1073 —89% +17%
EOFP |kgNOyeq.'kgy 'y '] 7.50 x 1073 —89% +7%
SOP |kgCueq.-kgy !y '] 122 x 107" —60% +32%
FFP |kgOileq. kgy 'y '] 6.80 x 107" ~73% ~71%

The obtained results highlighted that, for certain impact categories such as GWP
and FFP, which are particularly linked to the exploitation of fossil fuels, the use of green
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hydrogen allowed a further reduction in the environmental impact of the tractor with
respect to the FCHET using gray hydrogen. Thus, green hydrogen can be a feasible path to
mitigate global warming and fossil fuel resource depletion. On the contrary, for most of
the other impact categories, the use of green hydrogen showed worse results compared
to the use of gray hydrogen and, in the TETP and FETP categories, even worse than the
ICET case. These results may be explained by the use of photovoltaic panels that are
constituted using materials that may have a significant impact in those categories [100].
Indeed, the use of electricity coming from other renewables, such as wind farms, might
have a lower impact [101]. However, the authors wanted to focus on the case in which the
electrolysis was powered using solar panels since it is a more feasible way in which a farm
can independently produce electricity on its own. Even if the results might be surprising,
they are coherent with other studies available in the literature, which showed that, in some
specific impact categories, green hydrogen might be worse than hydrogen coming from
fossil fuels [102].

4. Conclusions

The purpose of the presented study is to perform an environmental impact comparison
between a traditional internal combustion engine (ICET) and a fuel-cell hybrid electric
(FCHET) orchard tractor. The comparison was conducted using life cycle assessment
methodology and considering the entire life cycle of the two products. The entire life
cycle comprises three main stages: production, use phase and end of life. As for the
production, it takes into account all the processes involved from raw material extraction
to the final vehicle assembly. The use-phase stage considers the emissions related to the
operative life of the tractor, thus concerning fuel consumption and maintenance. Finally, the
end-of-life stage aims at reducing the overall life cycle impact through material recycling
and energy extraction processes. According to ISO 14040 and ISO 14044 standard series,
the analysis was conducted by defining goals and scopes, system boundaries and the
functional unit. Then, the life cycle inventories for the production and end-of-life stages
of the two product systems were developed grouping the main components into five
categories: power generation, chassis and transmission, electric and electronics, cooling
and hydraulics and other. As for the use phase, numerical models were exploited to
determine the propellant consumptions of the ICET and FCHET according to typical
work scenarios. The impact assessment was conducted considering ten different impact
categories, defined by ReCiPe 2016 v 1.03 at the midpoint level and related to human health,
ecosystem preservation and resource depletion. From the analysis, it can be stated that the
FCHET tractor showed relevant reductions in almost all the considered impact categories,
with estimated reductions ranging from 4.55% for the FFP category to more than 92% for
the HTPnc category. However, the analysis also highlighted that the production stage of
the FCHET is critical compared to the traditional ICET. Indeed, in most of the categories,
the production of the FCHET exhibited higher impact levels, with peaks of almost +200%.
However, the stage that swings the balance is the use phase. As a matter of fact, even if
considering the use of gray hydrogen, the FCHET reported very high emission savings in
most of the considered impact categories. Finally, the EOL stage results highlighted the
importance of energy and material recovery, especially for some materials, like platinum,
whose production process is particularly impactful. However, there are several areas that
should be improved to reduce the overall impact of the FCHET, regarding both the fuel-cell
system design, involving the introduction of new materials or the development of more
efficient systems, and the hydrogen production mix, with the amount of green and blue
hydrogen that should progressively increase at the expense of gray hydrogen. In this
context, the authors also considered the case of the FCHET tractor powered using green
hydrogen produced through the electrolysis of water powered with solar panels. The results
showed that, using green hydrogen produced in this way, a significant further reduction in
the impact in the GWP100 and FFP categories can be obtained. On the other hand, for the
other categories, the results were worse than the FCHET powered with gray hydrogen. In
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conclusion, the study demonstrates that fuel-cell powertrains can be an effective strategy
to replace traditional systems in the sector of Non-Road Mobile Machinery, with the aim of
reducing their impact on human health, environmental pollution and resource depletion.
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Appendix A

The values of the polynomial coefficients for the engine fuel consumption estimation
model are reported in Table Al.

Table A1. Coefficients for the engine fuel consumption estimation model.
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