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Abstract:

The decarbonization of agricultural machinery represents a critical challenge for reducing greenhouse
gas emissions in energy-intensive farming operations. While electrification strategies are increasingly
investigated in on-road transport, comparative thermodynamic and environmental assessments of
alternative tractor powertrains under realistic field workloads remain limited. This study presents
an integrated evaluation of alternative compact tractor architectures, comparing a battery-electric
configuration, two hydrogen fuel-cell hybrid configurations with 350 bar and 700 bar onboard storage,
and a conventional diesel internal combustion baseline.

A forward quasi-static vehicle model is used to reproduce representative agricultural duty cycles, in-
cluding traction dynamics, terrain slope effects, auxiliary consumption, and implement-driven Power
Take-Off demand. The powertrain configurations are parameterized to reflect component sizing con-
straints, onboard storage characteristics, conversion efficiencies, and hydrogen refuelling require-
ments. The analysis combines tank-to-field and well-to-field exergy indicators with operational and
embodied greenhouse gas emissions, allowing energy consumption, exergy efficiency, storage trade-
offs, and life-cycle-related environmental impacts to be evaluated within a unified framework tailored
to agricultural operation.

The results reveal distinct architecture-dependent trade-offs. The battery-electric configuration
achieves the highest tank-to-field exergy efficiency, with values up to about 0.89, due to the direct
use of electrical energy and the high efficiency of the electric drivetrain. The fuel-cell hybrid configu-
rations show intermediate exergy efficiencies, around 0.44—0.47, and provide lower onboard storage
volume than the battery-electric solution, particularly at 700 bar. However, this compactness is ob-
tained at the cost of higher hydrogen refuelling energy demand and additional conversion losses.
The diesel configuration exhibits the lowest exergy efficiency and the highest greenhouse gas emis-
sions. Under the assumed green hydrogen pathway, the fuel-cell configurations achieve the lowest
total emissions per cultivated hectare, while the battery-electric configuration remains penalized by
the embodied contribution of the battery pack.

By integrating thermodynamic, environmental, and architectural considerations, this work provides a
methodological basis for comparing alternative tractor powertrains under realistic agricultural work-
loads. The proposed framework supports the design of next-generation low-carbon agricultural ma-
chinery and can be extended to scenarios involving renewable on-farm energy production, hydrogen
refuelling infrastructure, and uncertainty-based assessment of energy carrier pathways.
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1. Introduction

Recent years have seen a growing interest in the electrification and decarbonization of agricultural
and heavy-duty vehicles, driven by increasingly stringent environmental regulations and the need to
reduce greenhouse gas emissions. The agricultural sector plays a significant role in this transition, as



conventional diesel-powered tractors are a major source of greenhouse gases and air pollutants, with
direct impacts on environmental quality and human health [1]].

From a system-level perspective, several studies have compared different drivetrain configurations in
terms of energy performance and economic viability. Maggini et al. [2]] highlighted that while diesel
technologies remain cost-effective in many scenarios, fuel cell electric vehicles (FCEVs) can become
competitive for medium-to-long driving ranges when considering total cost of ownership (TCO) and
operational conditions. These findings underline the importance of duty cycle characteristics in de-
termining the optimal propulsion technology.

Focusing on the agricultural sector, electrification presents additional challenges due to highly vari-
able and non-standard operating conditions. Agricultural tractors operate under combined traction and
power take-off (PTO) loads, resulting in strongly transient and application-specific power demands.
Martini et al. [3] demonstrated that hybrid fuel cell-battery configurations can effectively handle such
variability, improving system efficiency and reducing emissions compared to conventional diesel sys-
tems.

Beyond energy performance, the environmental impact of alternative powertrains must be evaluated
over the entire life cycle. Martelli et al. [1]] performed a cradle-to-grave life cycle assessment of diesel
and fuel cell-powered orchard tractors, showing that fuel cell systems can reduce climate change
impacts by more than 30%, with even higher reductions in other environmental categories. However,
the results strongly depend on the hydrogen production pathway, highlighting the need for integrated
system-level and environmental analyses.

Hydrogen-based systems introduce additional complexity related to storage, compression, and supply
chain efficiency. High-pressure hydrogen storage and multi-stage compression systems significantly
affect the overall system performance and efficiency, as discussed in studies on hydrogen storage
technologies and compression processes [4-60]. These aspects are particularly relevant for off-road
applications, where refuelling infrastructure and operational flexibility are critical.

In parallel, exergy-based approaches have been increasingly adopted to provide a rigorous thermo-
dynamic assessment of energy conversion systems. Exergy analysis enables the identification of
irreversibilities and inefficiencies within complex powertrains and has been widely applied to fuels,
hydrogen systems, and energy conversion processes [/, 8]. Compared to conventional energy-based
metrics, exergy provides deeper insight into the quality of energy flows and the real potential for
system optimization.

Despite the growing body of literature addressing techno-economic, environmental, and thermody-
namic aspects, these analyses are often conducted separately. Furthermore, many studies rely on
standardized driving cycles, which are not representative of real agricultural applications. In practice,
agricultural machinery operates under highly specific duty cycles, where load variability, auxiliary
systems, and PTO usage significantly influence system performance.

Unlike conventional approaches, the present work employs experimentally derived agricultural duty
cycles, including both traction and PTO loads, enabling a more realistic representation of actual op-
erating conditions. Building on previous work by the authors [9], the analysis integrates vehicle
simulation, exergy-based performance indicators, and environmental metrics within a unified frame-
work.

In this context, while BEV solutions are often considered a viable pathway for decarbonization, their
application in agricultural machinery is constrained by limitations in energy density, operational au-
tonomy, and charging infrastructure. Conversely, hydrogen-based systems offer potential advantages
in terms of refuelling time, energy density, and suitability for high-duty applications, making them
particularly attractive for agricultural scenarios.

Therefore, the present work aims to provide a comparative thermodynamic and environmental assess-
ment of alternative tractor powertrains under realistic field operations. By combining exergy-based
analysis with system-level and environmental considerations, the study addresses the existing gap in
the literature and provides a comprehensive evaluation of electric and hydrogen-based agricultural



vehicles.

2. Powertrain Description

In this study, three powertrain configurations have been modeled and investigated: a conventional
diesel internal combustion engine (ICE) powertrain, a battery electric powertrain (BEV) and a hydro-
gen fuel cell electric powertrain (FCEV). In all cases, the key powertrain components are represented
by means of quasi-static efficiency maps, which relate the operating point of each component to its en-
ergy consumption or efficiency, avoiding the computational overhead of dynamic component models
while retaining sufficient accuracy for energy analysis over driving cycles.

2.1. ICE Model

The tractor is equipped with a diesel internal combustion engine with a rated power output of 28.8
kW. The engine model is derived from a unit available in the literature [10] and included in the
authors’ internal database, which has been appropriately scaled to match a nominal power of 28.8
kW, representative of typical agricultural tractor applications. The resulting steady-state performance
maps provide a consistent characterization of fuel consumption across the operating range in terms of
torque and rotational speed. The overall ICE powertrain configuration is illustrated in Fig.
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Figure 1: Schematic representation of the tractor ICE configuration

Specifically, the fuel mass flow rate 7y is expressed as a function of the requested torque 7}.q and
rotational speed Wyeq:

mf = f(TreQ7 Wreq) (1)

This functional relationship is represented through a two-dimensional map interpolated over a dis-
cretized grid of operating points. The corresponding engine performance map is shown in Fig.



Efficiency Map

150

0.3253

"\ 0,
 —
AD 0. 332 13

0.33213

0.28

0.26

0.24

0.22

0
800 1000 1200 1400 1600 1800 2000 2200 2400
Speed [rpm]

Figure 2: Internal Combustion Engine Efficiency Map

2.2. Electric Motor Model

The electric motor (EM) is modeled within the powertrain block together with the inverter and driv-
eline, accounting for the main physical constraints of the traction system. The mechanical power
required at the motor shaft is derived from the wheel demand by considering the overall transmission
efficiency. The overall BEV powertrain configuration is illustrated in Fig. 3]
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Figure 3: Schematic representation of the tractor BEV configuration

The electric motor (EM) adopted in both the BEV and fuel cell configurations is based on a Danfoss
EM-PMI375-T800 permanent magnet machine. This motor has been appropriately scaled to deliver
torque and speed characteristics consistent with the requirements of agricultural tractor applications.
The resulting efficiency map, derived from the original machine and adapted to the target operating
range, is used to represent the motor behavior across its working domain [11]]. In particular, the motor
efficiency gy is expressed as:

nem = f(Tem, wem) ()

The corresponding electric motor efficiency map is shown in Fig. ]
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Figure 4: Electric motor efficiency map

Based on the torque-speed operating envelope adopted in this study, the electric motor delivers a
maximum torque of approximately 110 Nm and reaches a peak power of about 30 kW at intermediate
rotational speeds. This behavior is consistent with typical traction electric machines, characterized by
a constant torque region at low speeds followed by a constant power region.

The drivetrain is modeled through a constant efficiency, accounting for mechanical losses between the
motor shaft and the wheels. Consistently with typical agricultural tractor transmissions, a constant
efficiency is assumed for each component of the driveline.

The inverter is not explicitly modeled; its losses are implicitly included within the overall efficiency
of the electric powertrain.

Regenerative braking is not considered in the present model. Agricultural tractors typically operate at
low speeds and under continuous traction load, resulting in limited opportunities for energy recovery.
Therefore, neglecting regenerative braking has a negligible impact on the overall energy consumption
estimation.

Table 1: Characteristics of the electric motor investigated in this study.

Specification Traction Electric Motor
Model / Type Danfoss EM-PMI375-T800 scaled
Power 30kW @ 110 Nm
Voltage [V] 200 V DC - 400V AC

2.3. Battery Model

The primary objective of the battery model is to estimate the evolution of the State of Charge (SoC)
during operation. To this end, a second-order Equivalent Circuit Model (ECM) is adopted, provid-
ing a suitable compromise between computational efficiency and accuracy in capturing the battery’s
dynamic behavior. The model evaluates the instantaneous battery voltage, Vi, as a function of the
battery current Iy, the open-circuit voltage OCV (SoC, T'), and the internal resistive and dynamic
contributions of the circuit elements.

Voat = OCV — Rolpat — Vrer — Veeo (3)

where OC'V is the open-circuit voltage and Ry is the ohmic internal resistance. The dynamic behavior



of the RC branches is governed by:

dVre 1 1
= — V) — I 4
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The SOC is updated using a coulomb counting approach:
dSOC Iva
—— == (©6)
dt Qbat

where (J,,; denotes the nominal battery capacity.

Both the open-circuit voltage and the internal resistances are modeled as functions of SOC, allowing
the nonlinear dependence of battery behavior on its charge level to be captured. The temperature
influence is neglected, as the battery is assumed to operate under controlled thermal conditions at a
constant temperature of 25°C.

From a thermal perspective, heat generation is attributed to ohmic losses in the internal resistive
elements:

Qgen = Lpae (Ro + Ry + Ry) ()
while heat dissipation to the environment is modeled via convection:
Qloss =hA (Tbat - Tamb) (8)

where h is the convective heat transfer coefficient, A is the battery surface area, and T, is the
ambient temperature.

The battery pack considered in this study is composed of cylindrical lithium-ion cells with lithium
iron phosphate (LFP) chemistry, each characterized by a nominal capacity of 14 Ah.

The main characteristics of the adopted cells are summarized in Table [2]

Table 2: Characteristics of the battery cells investigated in this study.

Specification 32140 (LFP)
Chemistry LFP
Cathode LiFePO,
Anode Graphite
Voltage Range [V] 2.5-3.7
Nominal Capacity [Ah] 14
Standard Discharge Current [A] 8
Max. Continuous Discharge [A] 60
Max. Continuous Charge [A] 14
Geometry Cylindrical
Dimensions DxH [mm] 32 x 140
Mass [kg] 380

The pack is properly sized to achieve a total energy capacity of 50 kWh, ensuring sufficient energy
autonomy for the considered agricultural duty cycles while maintaining realistic packaging constraints
for compact tractor applications.

The sizing procedure accounts for both energy and power requirements, resulting in a configuration
that guarantees sufficient autonomy while maintaining the battery within safe operating limits in terms
of current and SOC range. The adopted modeling approach allows capturing both steady-state and
transient electrical behavior, making it suitable for system-level simulations of the overall powertrain.
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2.4. Fuel Cell Model

The powertrain has been sized according to the vehicle energy demand and operating strategy require-
ments. The system consists of a 30 kW fuel cell system, a reduced-capacity battery pack of 3.3 kWh,
and an electric traction motor identical to the one used in the baseline BEV configuration, modeled
using the same efficiency maps in order to ensure consistency and comparability between the two
architectures. An overview of the fuel cell powertrain configuration is provided in Fig. [5
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Figure 5: Hybrid fuel cell powertrain configuration.

The fuel cell system is based on a scaled Ballard stack model [12], adapted to meet the required
power range of the application. Its electrical output and hydrogen consumption are derived from
a polarization-based performance map as a function of the requested power P.,: The efficiency
behavior of the fuel cell as a function of the output power is reported in Fig. [6]
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Figure 6: Fuel Cell Efficiency curve as a Function of Power

The battery is used as a buffer element to handle transient loads and to support the fuel cell during
dynamic operating conditions. The state of charge (SOC) is actively managed within a restricted
operating window between 40% and 70%, which represents a design choice aimed at preserving
battery lifetime and ensuring optimal hybridization strategy performance.

To further ensure battery durability and long-term operation, the SOC operating window is con-
strained to avoid deep discharge and overcharge conditions, which are known to accelerate degrada-
tion phenomena such as capacity fade and resistance increase. Within this range, the battery operates
mainly as a power buffer, reducing stress associated with high C-rate cycling.
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The DC/DC converter is modeled using a constant efficiency approach, without detailed switching
dynamics, in order to reduce model complexity while preserving realistic energy flow losses.
Overall, the energy management strategy ensures that the fuel cell operates primarily in its efficient
region, while the battery compensates for fast load variations and peak power demands.

3. Model Description

A forward simulation framework is adopted to describe the interaction among driver behaviour, vehi-
cle longitudinal dynamics, and powertrain components under transient conditions. In this approach, a
virtual driver follows a predefined speed trajectory and generates control inputs that propagate through
the drivetrain, allowing the determination of instantaneous operating conditions and energy flows
within the system.

In contrast to backward quasi-static methods, the forward formulation captures the causal relationship
between driver input and vehicle response, providing a more representative description of real operat-
ing conditions. This makes the approach suitable for applications requiring time-domain consistency,
such as real-time simulations and hardware-in-the-loop environments.

At the component level, a quasi-static representation is employed. Since the overall energy balance is
predominantly influenced by the battery state-of-charge (SOC) evolution, higher-frequency dynamics
can be neglected without significantly affecting the accuracy of the results. This assumption enables
a reduction in model complexity while preserving fidelity at the system level.

The modelling framework is organized into three main subsystems:

* Driver block — determines the control actions, namely acceleration «(¢) and braking /5(%),
through a PI controller based on the tracking error;

* Vehicle block — evaluates the longitudinal motion and computes the required wheel power
Pyheel ();

* Powertrain block — delivers the requested power while updating the internal states of the
components (e.g., SOC and temperatures) according to the selected energy management strat-
egy.

3.1. Driver Block

The Driver block generates the control signal u(t) through a PI controller acting on the velocity
tracking error:

u(t) = Kpe(t) + K /Ot e(t)dr + Kg (1) (10)

where the error is defined as:

e(t) = vaes(t) — Ve () (11)

The controller parameters have been tuned to ensure accurate tracking of the reference speed profile
under the considered operating conditions. In particular, a feedforward contribution associated with
the road grade ~(t) has been included in order to compensate for slope-induced load variations, as the
simulated driving cycles are characterized by non-zero and time-varying gradients.

The effectiveness of the control strategy is evaluated by comparing the desired and actual vehicle
speed profiles, together with the corresponding acceleration and braking signals. These quantities are
reported in Fig.
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Figure 7: Comparison between reference and actual vehicle speed, along with the corresponding
acceleration and braking signals.

3.2. Vehicle Block

The Vehicle block determines the vehicle speed veg(t) by integrating the longitudinal acceleration
ae(t), which is fed back to the Driver block. The acceleration is obtained from the force balance
along the longitudinal direction:

Fr(t) = Fr (1)
i M
where Fr(t) represents the traction force at the wheels and F).(¢) accounts for the total resistive forces.

The overall vehicle mass is defined as the sum of a baseline chassis mass, the implement mass, the
ballast mass, and the mass contribution of the selected powertrain architecture:

aeii (t) = (12)

M =m,+m.+ my +mpr (13)

where m pp represents the additional mass associated with the considered powertrain configuration.
Specifically, different values are assumed for the ICE, BEV, and FCHEV architectures as reported in
Table[3l

The term k;, represents the contribution of rotating inertias within the drivetrain [[13].

The resistive force is expressed as:

1
F.(t) = 5 paCa Ay vgﬁ(t) + kyon M g cosO(t) + M g sin0(t) (14)

where p, is the air density and 60(t) is the road slope angle. The remaining parameters are listed in
Table[3l

The vehicle considered in this work is a compact agricultural tractor developed within the BRIC
Compact Tractor 4.0 project [[144|15]. The design is tailored for vineyard and orchard operations, with
a track width below 1150 mm and a maximum height of 1600 mm.

The main geometric and inertial properties, assumed unchanged across the different powertrain con-
figurations, are summarized in Table



Table 3: Main vehicle parameters common to all powertrain architectures.

Symbol Description Value
My Vehicle mass (bare) 2300 kg
Me Implement/equipment mass 400 kg
my Ballast mass 100 kg

mice ICE powertrain mass 150 kg
mppv BEV powertrain mass 450 kg
Mmrc FCHEV powertrain mass 200 kg
Ty Wheel rolling radius 484 mm
A Frontal area 1.75 m?
Cy Aerodynamic drag coefficient 1.5
kron Rolling resistance coeff. 0.08

4. Thermodynamic and Environmental Assessment Frame-
work

The comparison among the investigated tractor powertrain architectures was carried out through an
integrated thermodynamic, environmental and stochastic assessment framework. Four powertrain
configurations were considered: a conventional diesel internal combustion engine tractor (ICE), a
battery electric tractor (BEV), and two fuel-cell hybrid electric tractor configurations supplied with
compressed hydrogen at 350 bar and 700 bar, respectively.

The framework was coupled with the quasi-static vehicle simulation model developed for the agricul-
tural duty cycles. For each cycle, the model provides the useful mechanical energy delivered to the
wheels and to the Power Take-Off (PTO), together with the corresponding diesel, battery or hydrogen
consumption. Since the adopted vehicle model does not include temperature-resolved component
submodels, the thermodynamic assessment was performed at system level using exergy balance in-
dicators rather than local entropy generation analysis. This allows a consistent comparison among
different energy carriers and conversion technologies while remaining coherent with the available
simulation outputs.

4.1. System-level exergy analysis

The useful exergy output was assumed equal to the useful mechanical energy delivered by the tractor
during field operation. Accordingly, the useful exergy was defined as:

Ezysefl = Ewheel + EpT0 (15)

where Fyhee and Eppo are the mechanical energy contributions delivered to the wheels and to the
PTO, respectively.

A tank-to-field (TF) boundary was first adopted to evaluate the onboard thermodynamic performance
of each architecture. In this formulation, the input exergy is defined at the vehicle boundary, according
to the energy carrier stored onboard:

mf exg?esel ICE
Exglgut = { Fhpatt BEV (16)

mH, (emﬂé + ex%};ys) FCHEV

where m; is the diesel fuel mass, Ei is the electrical energy delivered by the battery, my, is the
consumed hydrogen mass, and ex" and ex?"¥* are the specific chemical and physical exergy terms.
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For diesel fuel, the physical exergy contribution was neglected because storage occurs close to am-
bient conditions. The specific chemical exergy of diesel was evaluated from its lower heating value
through an empirical exergy factor [16]:

65173?6561 = Baiesel LH Viiesel a7

with ﬁdiesel = 1.06 and L H Vjeee) = 42.8 MJ kg_l.
For hydrogen, the specific chemical exergy was assumed equal to:

exfy, =117.11 MJ kg™ (18)

as reported in exergetic life-cycle studies of hydrogen systems [17]. The physical exergy associated
with compressed storage was explicitly evaluated as:

ey = (h — ho) — To(s — o) (19)

where h and s are the specific enthalpy and entropy of hydrogen at the storage condition, while 5
and s, are the corresponding values at the reference environment. The dead state was defined as
Ty = 298.15 K and pg = 1.01325 bar. Hydrogen thermodynamic properties were evaluated using
real-gas property relations implemented in CoolProp [?].

The tank-to-field exergy efficiency was then calculated as:

TF __ E:Euseful (20)
ex EZETF
input

and the difference between supplied and useful exergy was used as a system-level indicator of irreversibility-
related losses:

EajTF = ExTF - Exuseful (21)

loss input

4.2. Well-to-field exergy boundary

In addition to the vehicle-boundary formulation, a well-to-field (WF) exergy perspective was intro-
duced to account for the upstream processes required to supply each energy carrier. This boundary is
analogous to the well-to-wheel approach commonly adopted in vehicle studies, but it is adapted here
to agricultural operation, where the useful output is field work rather than road traction [1,[3, 18].
The well-to-field exergy input was defined as:

Ex)VF = Exlt 4+ Bz, (22)

input inpu

where E'x,, represents the upstream exergy required for fuel production, electricity generation, bat-
tery charging, hydrogen production and hydrogen refuelling.
The adopted WF formulation was:

( ch
mf €L Jiesel

ICE
Tex,diesel
Ebatt
) O A G BEV 23
mput Tlch Tlex elec ( )

eT ﬁlg WHRS phys
MH, + + exy, FCHEV
\ Nex,Ho Tex, elec

where 7y giesel accounts for diesel refining and distribution, 7, is the battery charging efficiency,
Nex.elec 18 the exergy efficiency of the electricity supply pathway, 7.« z, represents the hydrogen pro-
duction pathway, and wygs is the specific electrical energy demand of the hydrogen refuelling station.
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The corresponding well-to-field exergy efficiency was defined as:

Ex

WF useful

UNSES 24)
E xiVlY[Fut

This dual-boundary formulation allows the intrinsic onboard performance of each tractor architecture
to be separated from the upstream exergy penalty associated with the selected energy carrier.

4.3. Hydrogen refuelling station model

For the FCHEV configurations, the hydrogen refuelling station was modelled explicitly in order to
estimate the specific electrical energy required to deliver hydrogen at the selected pressure level.
Two refuelling scenarios were considered: H35, representative of 350 bar onboard storage, and H70,
representative of 700 bar onboard storage.

The model includes three main subsystems: hydrogen multistage compression, hydrogen precool-
ing through a heat exchanger located in the pressure control unit (PCU), and a two-stage vapour-
compression refrigeration cycle supplying the cooling duty. The refuelling cases were defined consis-
tently with SAE J2601-type pressure classes and dispenser temperature categories [[19,20]]. The pre-
cooling unit was modelled following the thermodynamic structure discussed by Elgowainy et al. [21]].
For each refuelling case, the filling time was calculated from the average pressure ramp rate:

Pﬁnal - Pinitial
APRR

where pressures are expressed in MPa and APRR in MPa min—!. The average hydrogen mass flow
rate was then obtained as:

tan = (25)

m
g, = —2 (26)
Ln

The filled hydrogen mass was calculated from the real-gas density variation inside a fixed-volume
tank:

man = (p5 — pi) Viank (27)

where p; and p; are the initial and final hydrogen densities evaluated at the tank temperature and
pressure, and V., 1s the tank volume. In the present analysis, the tank volume was sized to contain
5 kg of hydrogen at the nominal pressure level, namely 350 bar for H35 and 700 bar for H70.

Hydrogen compression was modelled as a multistage process with uniform pressure ratio among

StageS:
1/N
ﬁ — (pout) (28)
Pin

where N is the number of compression stages. For each stage, the isentropic outlet state was calcu-
lated as:

has = h(pz, s1) (29)
and the actual outlet enthalpy was obtained from the compressor isentropic efficiency:
has — h
hy = hy + % (30)

The shaft power of each compression stage was therefore:

Weompi = 1z, (ha — hy) (31)

12



and the total electrical compression power was calculated as:

Zi Wcomp,i

Tlmech,el

Wcomp,el = (32)
Intercooling between stages and aftercooling at the compressor outlet were included. The correspond-
ing thermal loads were calculated from the hydrogen enthalpy decrease across each cooling process.
The PCU cooling duty was evaluated from the hydrogen enthalpy change between the inlet and outlet
of the dispenser heat exchanger:

Qrcu = M, (hin — hout) (33)

where the outlet temperature corresponds to the selected dispenser temperature class. This thermal
duty was supplied by a two-stage vapour-compression refrigeration cycle using R404A as refrigerant.
The refrigeration model includes low-pressure and high-pressure compression, interstage cooling,
condensation, expansion and evaporation.
The coefficient of performance of the refrigeration system was calculated as:

COP = QPCU (34)

ref el

and the specific electricity consumption of the refuelling station was obtained as:

Wcomp,el + Wref,el
m Ho

SECygrs = (35)
expressed in kWh kg;é. In the baseline implementation, additional station overheads were neglected
in order to isolate the contribution of compression and precooling. However, the model structure
allows daily overhead electricity demand to be included as an additional term normalized by the daily
dispensed hydrogen mass.

The HRS model therefore provides pressure-specific values of wygrs for the WF exergy analysis,
distinguishing the 350 bar and 700 bar hydrogen pathways not only in terms of onboard physical
exergy, but also in terms of refuelling station electricity demand.

4.4. Environmental assessment

The environmental assessment was performed by combining operational greenhouse gas emissions
with the embodied impact of the main powertrain components. Operational emissions were calcu-
lated on a well-to-field basis according to the energy carrier consumed during each duty cycle. The
environmental model builds on previous LCA-based approaches for agricultural and road vehicle
powertrains [ 1}/14,|18]].

For the ICE configuration, operational emissions were calculated from the consumed diesel mass:

G(]{Gjop,ICE =my EFdiesel (36)

where F Feqq 18 the selected diesel emission factor.
For the BEV configuration, operational emissions were calculated from the battery energy demand:

GHGop,BEV = Ebatt EFelec (37)

where E'F,.. represents the carbon intensity of the electricity supply pathway.
For the FCHEV configurations, operational emissions were calculated from the consumed hydrogen
mass and the selected hydrogen production pathway:

GHGopveurv = Mu, EFu, + mp, wars B Feec (38)
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where E FYy, is the pathway-dependent hydrogen carbon intensity and the second term accounts for
the electricity required by the refuelling station when modelled separately.

Table 4: Main operational emission factors adopted in the environmental assessment.

Energy carrier / pathway Emission factor Unit
Diesel, tank-to-field combustion 3.24 kgCO, kgf’ulel
Diesel, well-to-field supply 3.74-3.82 kgCO,y kgf_u}el
Electricity, EU mix 0.40-0.42 kgCO, kWh™!
Electricity, renewable supply 0.02-0.05 kgCO, kWh™!
Hydrogen, renewable electrolysis 0.7-2.8 kgCO, kg,
Hydrogen, grey SMR 7.5-13.0 kgCO; kg,
Hydrogen, blue SMR/ATR with CCUS 0.2-4.8 kgCO; kgy;,

Hydrogen was not treated as a single fuel pathway. Instead, the uncertainty analysis included ten
hydrogen production routes, following the hydrogen colour classification and carbon-intensity ranges
reported by Incer-Valverde et al. [22]]. The adopted values are summarized in Table 5]

Table 5: Hydrogen production pathways and carbon-intensity ranges adopted in the uncertainty anal-
ysis.

Hydrogen pathway Main production route CI [kgCOqzeq kgl_{i]
Green Electrolysis supplied by dedicated RES 0.7-2.8
Blue SMR/ATR with carbon capture and storage 0.2-4.8
Grey SMR without carbon capture 7.5-13.0
Black Bituminous coal gasification 18-25
Brown Lignite gasification 18-25
Turquoise Methane pyrolysis with solid carbon by-product 1.9-4.8
Pink Electrolysis supplied by nuclear electricity 0.3-0.6
Red High-temperature nuclear thermochemical route 0.05-0.20
Yellow Electrolysis supplied by dedicated photovoltaic electricity 1.0-1.7
Orange Electrolysis supplied by average grid electricity 1040

Although selected representative hydrogen pathways are discussed in the deterministic baseline, the
stochastic analysis includes all ten hydrogen pathways reported in Table[5] This allows the FCHEV
results to be interpreted as a function of the hydrogen supply route rather than as a single fixed
technology assumption.

4.5. Component manufacturing impact

In addition to operational emissions, the embodied impact associated with the manufacturing of the
main powertrain components was considered. A simplified component-based approach was adopted,
focusing on the subsystems that differ among the investigated architectures.

The embodied impact was calculated as:

Tomb = Y mic; (39)

where m; is the mass of the i-th component and ¢; is the corresponding specific impact factor. For
battery systems, a capacity-based formulation was used:
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Ibat = Ebat,instEbat (40)

where Eya inst 18 the installed battery capacity and ey, 1S the specific battery manufacturing impact
per unit capacity.

The analysis included the internal combustion engine, electric motor, battery pack, fuel cell system,
power electronics and compressed hydrogen storage tank. For hydrogen storage, different tank as-
sumptions were adopted for the 350 bar and 700 bar cases, allowing the mass and embodied impact
of the storage system to be pressure-dependent. The tank assumptions were based on literature data
for Type III and Type IV compressed hydrogen storage systems [?]. Fuel-cell manufacturing impacts
were based on recent cradle-to-gate PEMFC data [23]], while battery manufacturing impacts were
derived from vehicle LCA studies [[18]].

Table 6: Specific environmental impact factors adopted for component manufacturing.

Component Impact factor Unit
Battery pack 80-131 kgCO, kWh™!
Fuel cell system 60-90 kgCO, kW1
Hydrogen tank, 350 bar 15 kgCO, kgt’a}lk
Hydrogen tank, 700 bar 18-25 kgCOq kgt_a;1k
ICE engine 5-10 kgCO, kg™ !

The total environmental impact of each configuration was then calculated as:

GHGtot = GHGop + Icmb,alloc (41)

where I alloc 1 the embodied impact allocated to the considered duty cycle according to the selected
functional basis, either operating hours or cultivated area.

4.6. Uncertainty and sensitivity analysis

To account for the uncertainty of key parameters, a Monte Carlo analysis was implemented. The
uncertain parameters include energy carrier carbon intensities, component manufacturing factors, hy-
drogen pathway emissions, storage tank assumptions, component lifetime and selected drivetrain ef-
ficiencies. Latin Hypercube Sampling was used when available; otherwise, random sampling was
adopted. For each sampled set of parameters, the thermodynamic and environmental indicators were
recalculated. The results were reported in terms of median values and 5th—95th percentile intervals. In
addition, a one-at-a-time sensitivity analysis was performed to identify the parameters with the largest
influence on the well-to-field exergy efficiency and total greenhouse gas emissions. This stochastic
formulation allows the comparison among ICE, BEV and FCHEV architectures to be interpreted not
only through deterministic baseline values, but also through uncertainty ranges associated with the
main technological and supply-chain assumptions.

5. Case study

To evaluate the performance of the different powertrain architectures under realistic operating condi-
tions, three representative agricultural duty cycles are considered. Each cycle reproduces a specific
field operation typically performed by compact tractors in vineyard and orchard applications:

* Duty cycle 1 — Shredding (mulching operations)

* Duty cycle 2 — Treatments (spraying operations)

* Duty cycle 3 — Soil tillage (high-load field operations)
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The three cycles differ in terms of speed profile, terrain gradient, load intensity and power-demand dy-
namics, ranging from relatively steady conditions with quasi-constant PTO load (shredding) to highly
transient operations with intermittent implement demand (treatments) and to high-traction operations
with lower variability (soil tillage). Together, they capture the main characteristics of agricultural
workloads, which are generally defined by low operating speeds, frequent load transients and com-
bined traction and implement power demands.

The duty cycles are derived from experimental data collected during real agricultural operations. Each
cycle includes a speed—time profile representative of typical phases such as field work, manoeuvring
and transfer. To improve the accuracy of the load estimation, terrain effects are explicitly considered
through grade profiles, since operations are often carried out on uneven or sloped terrain which sig-
nificantly affects traction demand and energy consumption. In addition to traction, the power demand
associated with the Power Take-Off (PTO) system is included, because a significant fraction of the
total energy consumption in agricultural machinery is related to implement operation. The resulting
profiles therefore represent complete operating cycles rather than simple driving cycles.

Figure 8| shows the three duty cycles adopted in this study.
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Figure 8: Agricultural duty cycles adopted in the analysis.

Each duty cycle is associated with a representative cultivated area, derived from the simulated oper-
ating conditions. The three duty cycles correspond to 2.3 ha (Cycle 1), 3.2 ha (Cycle 2) and 1.90 ha
(Cycle 3). These values are used to normalize the results on a per-hectare basis, which represents
the most relevant functional unit for agricultural applications and enables a consistent comparison of
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energy, exergy and environmental indicators across operations of different extent.
Table [/| summarizes the main characteristics of the three cycles, including duration, cultivated area
and corresponding onboard fuel or energy demand for each powertrain configuration.

6. Simulation results

The simulation results highlight the performance of the three powertrain configurations under the
considered agricultural duty cycles. All architectures successfully complete the assigned tasks, con-
firming that the component sizing is adequate for the required operating conditions.
Table[7]summarizes the total onboard energy demand over the three duty cycles. The systems are sized
to guarantee at least 4 h of continuous operation, corresponding to a typical half-day working session.
Across all cycles, the BEV configuration consistently exhibits the lowest energy consumption, fol-
lowed by the FCHEV and the conventional ICE. The BEV requires between 25.40 and 41.69 kWh
depending on the duty cycle, while the FCHEV demand ranges from 43.51 to 74.55 kWh, approx-
imately 1.7-1.8 times higher than the BEV. The ICE configuration shows the highest consumption
levels, ranging from 96.74 to 134.40 kWh, i.e. about 3.2-3.9 times higher than the BEV.

The superior performance of the BEV is primarily due to the high efficiency of the electric drivetrain
and the absence of intermediate energy conversion processes. The FCHEV exhibits a higher energy
demand due to additional losses associated with hydrogen conversion in the fuel cell system and
power electronics: although the fuel cell operates at relatively high efficiency, the overall system
efficiency remains lower than that of a direct battery-electric configuration.

From an operational perspective, the soil tillage cycle (Cycle 3) is characterized by the highest specific
energy demand per hectare, due to higher traction loads and lower average speeds, although its total
per-cycle consumption is lower than Cycle 2 because a smaller area is covered. The treatment cycle
(Cycle 2) exhibits the highest total energy demand, with more transient behaviour and frequent load
variations due to intermittent implement operation. The shredding cycle (Cycle 1) represents an
intermediate condition with a quasi-steady PTO load.

It should be noted that the energy comparison refers to onboard energy demand (tank-to-field), while
upstream contributions are discussed separately in the exergy and environmental analysis.

Table 7: Characterization of the agricultural duty cycles and corresponding energy demand for differ-
ent powertrain architectures.

Parameter Duty cycle 1 Duty cycle 2 Duty cycle 3
Operation type Shredding Treatments Soil tillage
Duration 4 h 4h 4h
Cultivated area 2.29 ha 3.16 ha 1.89 ha
Average working rate 0.55hah™! 0.75hah™! 0.46 hah™!
Onboard energy demand
Diesel consumption (ICE) 8.14kg (9.78L) 11.31kg(13.59L) 8.26kg (9.93L)
Hydrogen consumption (FCHEV) 1.54 kg 2.24 kg 1.31 kg
Battery energy (BEV) 28.74 kWh 41.69 kWh 25.40 kWh
Equivalent onboard energy demand (kWh)
BEV 28.74 kWh 41.69 kWh 25.40 kWh
FCHEV 51.34 kWh 74.55 kWh 43.51 kWh
ICE 96.74 kWh 134.40 kWh 98.17 kWh

From a system integration perspective, the different energy demands translate into significantly differ-
ent onboard storage requirements. The BEV configuration is equipped with a 50.1 kWh LFP battery
pack, corresponding to an estimated mass of approximately 385 kg and a volume of about 210 L. In
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contrast, the FCHEV requires hydrogen storage on the order of a few kilograms. Hydrogen storage
was evaluated for both 350 bar (H35) and 700 bar (H70) configurations. The tank volume was calcu-
lated assuming a nominal storage capacity of 5 kg of hydrogen at 20°C. Based on real-gas hydrogen
properties, the resulting internal tank volume is 211.4 L for the H35 configuration and 126.0 L for
the H70 configuration. These values correspond to SAE J2601 CHSS Capacity Category C for the
H35 case (174-248.6 L, 4.18-5.97 kg Hs) and Capacity Category B for the H70 case (99.4-174 L,
4-7 kg Hy).

For the most demanding duty cycle, the required hydrogen mass is approximately 2.24 kg (see Ta-
ble [7). This corresponds to an estimated internal storage volume of about 97 L for the H35 config-
uration and about 58 L for the H70 configuration. Therefore, the 700 bar configuration reduces the
required storage volume by approximately 40 % compared with the 350 bar case.

However, this increased compactness is achieved at the expense of higher refuelling energy demand.
The hydrogen refuelling station (HRS) model shows that the specific electricity consumption ranges
from 1.98 to 2.20 kWh kgﬁ; for the H35 cases and from 2.55 to 2.77 kWh kgﬁ21 for the H70 cases,
depending on the dispenser temperature class. This increase is mainly associated with the higher
compression work required to reach the 700 bar storage level, while the contribution of the precooling
unit remains of similar magnitude for both configurations. As a result, the total refuelling energy
demand is systematically higher for the H70 case.

Table 8: Hydrogen storage and refuelling station results for H35 and H70 configurations.

Parameter H35 configuration H70 configuration
Nominal storage pressure 350 bar 700 bar

Tank volume for 5 kg H, 2114L 126.0 L
Estimated volume for 2.24 kg Hy 97L S8 L
Compression energy 1.82 kWhkg! 2.39 kWhkg;!
PCU electricity demand 0.16-0.38 kWhkgy;! 0.17-0.39 kWhkg;;!

Total HRS electricity demand ~ 1.98-2.20 kWhkgy  2.55-2.77 kWhke,!

Overall, the comparison highlights a clear trade-off between energy efficiency, storage compactness
and system complexity. The BEV provides the lowest energy demand but requires a larger onboard
storage mass. The FCHEV offers higher energy density, particularly at 700 bar, but at the cost of
additional energy losses associated with hydrogen conversion and refuelling processes.

The following figures provide a more detailed view of the dynamic behaviour of the electrified ar-
chitectures during the selected duty cycle. In particular, the power split and battery state-of-charge
profiles are analysed to verify the consistency of the component sizing and the adopted energy man-
agement strategy.
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Figure 9: Power split comparison between BEV and FCHEV architectures during Duty cycle 1.

The power split profiles for the BEV and FCHEV architectures during Duty cycle 1 are shown in
Fig. [0l In both cases, the PTO load represents a quasi-constant baseline demand, onto which the
time-varying traction power is superimposed. In the BEV configuration, the battery directly supplies
both traction and PTO loads, and the resulting power profile follows the instantaneous load demand
of the vehicle. In the FCHEV configuration, the fuel cell operates at a smoother and more stable
power level, while the battery acts as a buffer to compensate for fast load variations. This behaviour
is consistent with the adopted energy management strategy and reduces the exposure of the fuel cell
to high-frequency transients.
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Figure 10: State of Charge evolution for BEV and FCHEV architectures during duty cycle 1.

The battery State of Charge evolution confirms that the selected storage capacities are sufficient to
complete the duty cycle while maintaining an adequate energy margin. In the BEV case, the SoC
decreases progressively because the battery is the only onboard energy source. In the FCHEV case,
the battery SoC remains within the prescribed operating window, since the fuel cell provides the
average power demand and the battery compensates for transient load variations. Negative battery
power values correspond to charging phases driven by the fuel cell during low-demand periods.
Figure [[T] summarizes the exergy efficiencies and the balance between input and useful exergy for all
configurations.
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Figure 11: Exergy efficiency and exergy balance for the investigated powertrain architectures (duty
cycle 1).

The BEV configuration exhibits the highest exergy efficiency, reaching 7ex tr ~ 0.88 and 7ex wr ~
0.79. This behaviour is directly related to the absence of intermediate energy conversion processes
and to the high efficiency of the electric drivetrain. The FCHEV configurations show intermediate
efficiencies, with 7e, wr ~ 0.45 for both 350 and 700 bar storage. The difference between the two
pressure levels is small (about 0.5-0.8 percentage points), indicating that the additional compression
work required for 700 bar storage only slightly penalizes the overall system efficiency. The ICE con-
figuration exhibits the lowest efficiency, with 7., wr ~ 0.21, due to the intrinsic irreversibilities asso-
ciated with combustion processes. Despite a comparable useful exergy output across all architectures,
the ICE requires a significantly higher exergy input, highlighting the inefficiency of thermochemical
conversion.

In the following, results are primarily discussed on a cultivated-area basis (kgCOyeq ha~! and MJ ha™1),
which represents the most relevant functional unit for agricultural applications. Absolute values per
duty cycle are also reported for completeness.

Table 9: Thermodynamic and environmental performance indicators of the investigated powertrain
architectures.

Duty cycle Powertrain ~ 7.F nvE Bais Eafl GHG,, GHG\o
[-] [-] [MJha=!'] [MJha'] [kgCOseqha=!] [kgCOseqha™!]

1 ICE 0.2408 0.2119 160.06 181.88 13.195 13.352
1 BEV 0.8813 0.7931 45.07 50.07 3.825 5.075
1 FCHEV350 0.4632 0.4581 83.05 83.98 1.460 1.901
1 FCHEV700 0.4586 0.4503 83.89 85.44 1.572 2.000
2 ICE 0.2522 0.2220 161.49 183.52 13.313 13.471
2 BEV 0.8920 0.8028 47.48 52.76 4.030 5.280
2 FCHEV350 0.4692 0.4640 87.57 88.55 1.540 2.040
2 FCHEV700 0.4645 0.4561 88.45 90.08 1.657 2.140
3 ICE 0.1891 0.1664 197.08 223.95 16.247 16.404
3 BEV 0.8049 0.7244 48.33 53.70 4.102 5.352
3 FCHEV350 0.4408 0.4360 85.39 86.35 1.501 1.922
3 FCHEV700 0.4365 0.4285 86.25 87.85 1.616 2.026

Table [0] summarizes the main thermodynamic and environmental indicators obtained for the investi-
gated powertrain architectures. The results are reported on a cultivated-area basis in order to provide
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a direct comparison among the three agricultural duty cycles.

From a thermodynamic perspective, the BEV configuration shows the highest exergy efficiency in all
cycles, with tank-to-field values ranging from 0.805 to 0.892. This behaviour is mainly associated
with the direct use of electrical energy and with the high efficiency of the electric drivetrain. The
FCHEYV configurations exhibit intermediate exergy efficiencies, with values around 0.44—0.47, due to
the additional conversion step from hydrogen to electricity in the fuel cell system. The ICE configura-
tion shows the lowest exergy efficiency, with tank-to-field values between 0.189 and 0.252, reflecting
the intrinsic irreversibilities of combustion-based power generation.

The well-to-field formulation reduces the exergy efficiency of all architectures because upstream en-
ergy supply processes are included. The effect is particularly evident for the ICE and BEV config-
urations, where diesel supply and electricity generation affect the overall balance. For the FCHEV
cases, the difference between tank-to-field and well-to-field efficiency is smaller in the adopted refer-
ence case, because green hydrogen was assumed and the upstream exergy penalty was limited to the
refuelling station electricity demand.

The comparison between FCHEV350 and FCHEV700 shows that the 700 bar configuration is slightly
less efficient than the 350 bar configuration. This is due to the higher physical exergy at the higher
pressure level and to the higher refuelling station energy demand associated with compression to
700 bar. However, the difference remains limited, and the main advantage of the 700 bar case is the
reduction in onboard storage volume.

From an environmental perspective, the ICE architecture presents the highest greenhouse gas emis-
sions, with total values between 13.35 and 16.40 kgCOseqha~!. The BEV significantly reduces
operational emissions, but its total impact is increased by the embodied contribution of the battery
pack, reaching approximately 5.1-5.4 kgCOseqha~!. The FCHEV configurations show the lowest
total emissions in the green hydrogen scenario, with values around 1.9-2.1 kgCOseqha™'.

The embodied contribution was allocated to each operation assuming a 10-year life cycle and the
corresponding operating lifetime of each component. This allocation allows the manufacturing burden
of the main powertrain components to be consistently combined with the operational emissions of
each duty cycle. In the BEV case, the battery pack dominates the embodied contribution, while in the
FCHEYV configurations the impact is distributed among the fuel cell system, the buffer battery and the
hydrogen storage system.

Overall, the results indicate that the BEV architecture provides the best thermodynamic performance,
whereas the FCHEV configurations can achieve the lowest greenhouse gas emissions when low-
carbon hydrogen is assumed. The ICE architecture remains penalized both thermodynamically and
environmentally. This confirms the importance of evaluating alternative tractor powertrains through
a combined tank-to-field, well-to-field and life-cycle perspective.

Finally, uncertainty and sensitivity analyses were performed to evaluate the robustness of the deter-
ministic results. The Monte Carlo analysis accounts for variability in hydrogen carbon intensity, elec-
tricity carbon intensity, embodied manufacturing factors, component lifetime and selected efficiency
parameters. The corresponding results are reported below.

Figure |12| presents the breakdown of greenhouse gas emissions for each architecture, distinguishing
between operational and embodied contributions.
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Figure 12: GHG emissions breakdown and total emissions (duty cycle 1, Hy green, electricity EU
mix).

The ICE configuration shows the highest emissions, dominated by the operational phase, with total
values between 29 and 41 kgCOqeq per duty cycle across the three operations. The BEV significantly
reduces operational emissions; however, its total impact remains influenced by the embodied contri-
bution of the battery system. The FCHEV configurations achieve the lowest total emissions under the
assumed green hydrogen pathway, with values between 3.5 and 6.1 kgCOseq per cycle. In this case,
the environmental burden is more evenly distributed between operational and embodied contributions.
The robustness of these results is further assessed through a Monte Carlo analysis, as shown in Fig.[T3]
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Figure 13: Monte Carlo distribution and CDF of e, wr (Duty cycle 1).

The distributions confirm the ranking observed in the deterministic analysis. The BEV configuration
shows the highest efficiency but also a wider spread, reflecting its sensitivity to upstream electricity
assumptions. In contrast, the FCHEV configurations exhibit narrower distributions, indicating a more
stable performance with respect to parameter uncertainty. The ICE configuration remains consistently
characterized by low efficiency and limited variability.

The Monte Carlo results for total GHG emissions are shown in Fig.[T4]
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Figure 14: Monte Carlo distribution and CDF of total GHG emissions (Duty cycle 1).

The ICE configuration remains clearly separated from the other architectures, with consistently high
emissions and negligible overlap with alternative solutions. The BEV shows a wider distribution,
reflecting its dependence on the electricity mix and on the embodied assumptions. The FCHEV
configurations maintain low and relatively stable emissions, confirming their robustness under the
selected hydrogen pathway.

A further analysis is performed by considering different hydrogen production pathways, as shown in
Fig. [T5]for the FCHEV350 case.
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Figure 15: GHG emissions distribution for FCHEV350 under different hydrogen production pathways
(Duty cycle 1).

The results highlight the strong dependence of hydrogen-based configurations on the upstream pro-
duction pathway. Low-carbon pathways such as green, pink and red hydrogen lead to emissions
significantly lower than both the BEV and the ICE baselines. Conversely, carbon-intensive pathways
(grey, black, brown) result in emissions comparable to, or even exceeding, those of the diesel config-
uration. This analysis demonstrates that the environmental advantage of hydrogen technologies is not
intrinsic, but strictly conditional on the decarbonization of hydrogen production. The variability ob-
served across pathways also explains the dispersion observed in the Monte Carlo analysis, particularly
for hydrogen-based systems.

Overall, the results confirm that while BEV architectures maximize thermodynamic efficiency, hydrogen-
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based solutions offer competitive environmental performance under low-carbon supply conditions and
provide advantages in terms of energy density and operational flexibility. The use of real-world duty
cycles, representative of shredding, treatment and soil tillage operations, ensures that the results are
directly applicable to practical agricultural scenarios. This well-to-field task-based approach allows
capturing both traction- and implement-driven energy requirements, overcoming the limitations of
conventional on-road driving-cycle analysis.

7. Conclusions

This study presented an integrated thermodynamic and environmental assessment of alternative pow-
ertrain architectures for agricultural tractors, combining energy analysis, exergy-based metrics, and
life cycle considerations under realistic field operating conditions.

The use of representative agricultural duty cycles, derived from real operations such as shredding,
treatments, and soil tillage, allowed capturing the combined effects of traction and implement-driven
loads. This approach provides a more meaningful evaluation compared to conventional on-road driv-
ing cycles, particularly for machinery where PTO demand plays a dominant role.

From a thermodynamic perspective, the BEV configuration consistently exhibits the highest exergy
efficiency, with tank-to-field values approaching 0.9 and well-to-field values around 0.8. This result
is primarily due to the direct use of electrical energy and the absence of intermediate conversion
processes. In contrast, the FCHEV architectures show intermediate efficiencies (approximately 0.44—
0.47), reflecting the additional hydrogen-to-electricity conversion step, while the ICE configuration
remains significantly penalized by combustion irreversibilities, with efficiencies below 0.25.

The comparison between hydrogen storage at 350 and 700 bar highlights a clear trade-off between
system compactness and upstream energy demand. While the 700 bar configuration enables a re-
duction in storage volume of about 40%, it requires higher compression work and refuelling energy,
resulting in a slight decrease in overall exergy efficiency. However, the impact on useful exergy
output remains negligible, indicating that the choice between storage pressures is mainly driven by
packaging and infrastructure considerations.

From an environmental perspective, the ICE architecture exhibits the highest greenhouse gas emis-
sions, dominated by the operational phase. The BEV configuration significantly reduces operational
emissions, but its total impact is influenced by the embodied contribution of the battery system. The
FCHEYV configurations achieve the lowest emissions under the green hydrogen scenario, with a more
balanced distribution between operational and manufacturing contributions.

The analysis of different hydrogen production pathways confirms that the environmental performance
of FCHEV systems is strongly dependent on the upstream carbon intensity. While low-carbon path-
ways (e.g., green, pink, or red hydrogen) enable substantial emission reductions, carbon-intensive
routes can offset or even negate the environmental benefits compared to conventional diesel systems.
This highlights that hydrogen-based solutions are not intrinsically sustainable, but conditional on the
decarbonization of the supply chain.

Uncertainty analysis based on Monte Carlo simulations demonstrates the robustness of the main
trends. The BEV architecture shows higher sensitivity to electricity-related assumptions, while FCHEV
systems exhibit more stable behavior under the selected parameter ranges. The ICE configuration re-
mains consistently characterized by high emissions and low efficiency, with limited variability.
Overall, the results indicate that BEV architectures maximize thermodynamic efficiency, whereas
FCHEV systems can achieve superior environmental performance under low-carbon hydrogen sup-
ply conditions, while offering advantages in terms of energy density and operational flexibility. The
ICE configuration remains the least favorable option both thermodynamically and environmentally.
Future work will focus on the integration of renewable energy systems at farm level, including on-site
hydrogen production and storage, as well as the development of advanced energy management strate-
gies. In this context, the proposed framework provides a robust basis for coupling tractor operation
with hybrid energy systems and for supporting the design of next-generation sustainable agricultural
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machinery.
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