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Abstract
Hydrogen, as a fuel source in material handling, has become a viable option for achieving carbon reduction targets. The 
objective of this work was to apply vehicle drive train and energy simulation in MATLAB/Simulink to guide a discussion of 
the challenges and opportunities of incorporating hydrogen fuel cell drive trains into the current form factors of mine haul 
trucks. We built and validated a model based on the Komatsu 830-E truck and used it to estimate the hydrogen requirements 
for typical short-haul, medium-haul, and long-haul cycles; in the short-haul case (cycle time = 852 s) the truck consumed 
23.6 L of diesel compared to 17,729 L of hydrogen at standard temperature and pressure (STP), and in the medium-haul 
case it consumed 29.0 L of diesel compared to 24,081 L of hydrogen at STP. We also estimated the size of the required 
fuel cell stack based on power, voltage, and current demands. The results show that the truck requires 75.98–110.16 L and 
37.99–55.08 L of hydrogen at 350 and 700 bars, respectively, compared to 23.60–82.92 L of diesel. To retrofit a diesel haul 
truck with a hydrogen fuel cell drive train with the same driving range, the most likely pressure for hydrogen storage must 
be 700 bars. Even at 700 bars, the current diesel trucks do not have adequate space to install the hydrogen storage, fuel cell 
stack, and other components of the fuel cell drive train to allow for retrofitting them as hydrogen fuel cell trucks. Thus, the 
mining industry’s adoption of hydrogen fuel cell trucks will likely require a more extensive redesign with significant invest-
ment from original equipment manufacturers. Additionally, mining companies that adopt hydrogen fuel cell trucks must 
address safety and security risks and invest in hydrogen storage and transportation infrastructure.
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1  Introduction

Decarbonization has become one of the top issues for the 
mining sector in recent years. For example, Ernst & Young’s 
annual survey of business risks and opportunities has listed 
decarbonization among the top five risks and opportunities 
since 2020. The mining industry is responsible for about 
4–7% of global greenhouse gas emissions [1]. While the 
greenhouse gas emissions of individual mined products vary, 
the life-cycle emissions of some mined products are high, 
particularly for certain metals required for green energy 
solutions to mitigate climate change. A significant portion 
of mining-related greenhouse gas (GHG) emissions comes 

from methane emissions in coal mines, while the remainder 
stems from GHG emissions related to mining operations, 
including material handling and energy usage in mines. 
Several mining companies, including members of the Inter-
national Council on Mining and Metals (ICMM), have com-
mitted to decarbonization targets in response to investor and 
social expectations [2]. As a result, the mining sector has 
been exploring ways to reduce carbon emissions through 
electrification and other initiatives. Material handling is a 
significant source of greenhouse gases due to its energy 
intensity [3]. Truck haulage, a popular method of material 
handling because of its flexibility, is a major contributor to 
greenhouse gas emissions due to the mining industry’s reli-
ance on diesel fuel to power haul trucks. Emissions from 
mining vehicles amount to over 68 million tonnes of CO2-eq 
each year, accounting for 30–80% of the total GHG emis-
sions from mining operations [4]. Consequently, the mining 
sector has dedicated considerable effort to improving the 
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energy efficiency of haul trucks and finding ways to integrate 
clean energy sources into truck haulage.

Electric trucks, such as Epiroc’s Minetruck MT42 Battery 
Truck, a 42-ton articulated underground vehicle, powered 
by lithium-ion batteries [5], are the most common approach 
to electrifying the mining truck haulage fleet. The use of 
electric trucks can enable mining operations to take advan-
tage of renewable energy sources to reduce their greenhouse 
gas emissions. However, the disadvantages of battery-elec-
tric trucks include low energy density, high upfront costs, 
extended charging times (mining applications often use bat-
tery swapping, to overcome this limitation), short lifespan, 
and safety concerns in the event of battery failure [6]. Trol-
ley-assist mine truck haulage [7] also provides opportunities 
to leverage renewable energy capacity from the grid, thereby 
minimizing reliance on diesel. Trolley-assist offers some of 
the same advantages as battery-electric trucks without rely-
ing on battery storage. However, it also comes with a sig-
nificant upfront cost to install trolley lines and still requires 
diesel power for portions of the duty cycle not covered by 
trolley-assist (trolley lines are often installed only on the 
main haulage ramps).

Despite the current best available technology, the benefits 
of electric-powered haulage are limited by the fossil fuel 
content in the electricity mix of the jurisdiction in which the 
mine operates (or how much renewable “electrons” the mine 
can purchase from utilities). The current energy mix for the 
grids that mines draw from means mines contribute to GHG 
emissions to the same extent as the fossil fuel content of the 
electricity grid. Coal, oil, and natural gas continue to provide 
significant portions of electricity generation in major mining 
countries, including China, India, the USA, and European 
Union [8]. Additionally, in remote mines that are not con-
nected to the electric grid, electrification alone does not lead 
to decarbonization unless coupled with renewable energy 
generation on-site. While renewable installations at mines 
have increased from 42 MW annually in 2008 to 3397 MW 
in 2019 [9], they are still not the dominant energy source 
utilized for mining operations. This limitation has motivated 
interest in hydrogen fuel cell trucks, which can generate 
onboard power independent of the grid while still offering 
zero tailpipe emissions.

As a result, some mining companies and original equip-
ment manufacturers (OEMs) have been exploring hydro-
gen fuel cell powered trucks due to their ability to generate 
onboard clean energy. Fuel cells, when deployed with bat-
teries as hybrid electric vehicles, improve energy density 
and driving range, and reduce charging times [10] [11]. 
Examples of such technology include Toyota’s Mirai pas-
senger vehicle [12] and Hyundai’s Xcient highway truck 
[13]. The Toyota Mirai has a driving range of 402 miles, 
competing with the average range of conventional vehicles 
(300–400 miles) [12]. This concept can serve as a template 

for implementing well-performing electric mining trucks. 
In fact, Anglo American, in collaboration with Komatsu 
and First Mode, is piloting a hydrogen fuel cell hybrid elec-
tric truck at their Mogalakwena Mine in South Africa [14]. 
Unlike batteries, hydrogen fuel cells do not necessarily 
require frequent recharging because they generate energy 
via a chemical reaction between hydrogen and oxygen. This 
process produces an electric current that can drive electric 
motors while emitting only water and heat as waste. Thus, 
hydrogen fuel cells can power heavier-duty trucks, either as 
a hybrid with batteries or standalone, with a more extended 
operation duration than lithium-ion battery packs due to 
their energy density and the ability to refuel in minutes, 
whereas recharging the battery needs hours [10].

The quick deployment of hydrogen fuel cells in min-
ing trucks will likely involve using the same truck design 
and replacing the diesel drive-train components with bat-
teries and fuel cell stacks. This poses challenges in terms 
of efficiently using the truck’s “real estate” to power the 
trucks and achieve similar productivity and driving range. 
These are pertinent and timely questions that require rigor-
ous analysis to inform decarbonization strategies for mine 
haulage. Unfortunately, despite growing interest, there is a 
dearth of published research evaluating the feasibility of fuel 
cell truck haulage, although mining firms and OEMs have 
undoubtedly conducted these analyses in proprietary forms. 
Therefore, the objective of this work is to apply vehicle drive 
train and energy simulation in MATLAB/Simulink to elu-
cidate the challenges and opportunities of incorporating 
hydrogen fuel cell technology into the current form factors 
of mine haul trucks. We achieved this objective by build-
ing a drive train model of a fuel cell truck in MATLAB/
Simulink. The novelty of this work lies in its use of drive 
train simulation (validated with field data) to explore the 
feasibility and challenges of fuel cell mining truck haulage. 
This evaluation is crucial because government policy and 
private funding decisions will rely on such analyses, and it 
is in the public interest to have these analyses published in 
the open literature. The work is also novel because, unlike 
others published for smaller vehicles, it uses realistic mining 
haul cycles and associated duty cycles to estimate energy 
demands and hydrogen consumption.

2 � Fuel‑Cell Haul Truck Drive‑Train Modeling 
and Simulation

Converting diesel-electric haul trucks to hydrogen fuel cell 
electric trucks presents a promising pathway for reducing 
GHG emissions in the mining sector while maintaining 
operational performance. This work assesses the feasibil-
ity of converting a diesel-powered haul truck into a hydro-
gen fuel cell truck. Since diesel-powered trucks are well 
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established within the mining industry, the goal of this work 
was to use a hydrogen fuel cell truck model to evaluate the 
challenges of incorporating a hydrogen fuel cell truck into 
the existing design of the diesel-powered truck. Specifically, 
the modeling approach in this study is built on existing truck 
specifications to assess whether a fuel cell system can match 
or exceed current performance standards while conforming 
to physical and operational constraints. This is important 
because converting the fleet of existing trucks is the most 
likely way for the broad adoption of fuel cell technology 
in mining. The main advantage of using the architecture of 
an existing mining haul truck is that it allows engineers to 
directly compare performance characteristics and infrastruc-
ture requirements between the two systems. This approach 
facilitates a realistic feasibility analysis, as it leverages 
known parameters such as weight, power demand, energy 
losses, and operational drive cycles. For example, in this 
study, the authors used the Komatsu 830E-5 truck specifica-
tions to build the model and experiment based on drive cycle 
data obtained from the truck during a mine operation. The 
truck’s specification and drive cycle serve as a reference for 
the model and allow one to obtain power demand and cor-
responding hydrogen fuel consumption during a particular 
drive cycle (this model should work for any truck specifica-
tion so long as the analyst has the data to specify the truck). 
The fuel consumption estimate enables us to predict the 
required size of the onboard hydrogen storage. Furthermore, 
it allows us to see if the storage sizes fit the current geometry 
or “real estate” of the existing mining haul trucks without 
significant changes to the truck’s structure and design. Fig-
ures 1 and 2 present an overview of the drive system of the 
diesel-electric drive truck and the proposed fuel cell electric 
drive truck, illustrating the fundamental difference in drive 
system architecture between the diesel-electric and proposed 
hydrogen fuel cell electric trucks.

Figure 1 shows the conventional diesel-electric con-
figuration, where a diesel internal combustion (IC) engine 
drives an alternator to generate AC power, which is then 
conditioned through a transformer and rectifier, inverted, and 
delivered to the electric drive motor connected to the wheels.

In contrast, the hydrogen fuel cell electric system, pre-
sented in Fig. 2, replaces the diesel engine and alternator 
with a fuel cell stack supported by a battery system. The 
hydrogen fuel cell generates electricity directly from hydro-
gen stored onboard, and this power, along with supplemental 
power from the battery, is processed through an inverter to 
drive the motor and, ultimately, the wheels.

This section of the paper presents the fuel cell truck 
modeling and verification process, as well as simulation 
experiments conducted to estimate the onboard hydrogen 
tank size requirements. The model consists of three primary 
subsystems: the driver sub-model (which includes the drive 
cycle and control strategy), the powertrain sub-model (fuel 
cell, battery, inverter, and motor), and the vehicle dynamics 
sub-model (mass, aerodynamic drag, rolling resistance, and 
road gradient).

We validated the model using a base-case experiment that 
replicates the operational cycle of the reference truck. The 
simulation outputs include total power demand, fuel cell out-
put, battery usage, and cumulative hydrogen consumption. 
From these data, we estimate the total hydrogen required 
to complete the drive cycle and translate this to the volume 
and mass of hydrogen storage needed onboard. Additionally, 
the simulation results inform the sizing of the fuel cell stack 
to ensure that the power output is sufficient to meet peak 
and average demands during haul operations. These findings 
enable a comparative analysis of spatial requirements and 
integration feasibility, evaluating whether hydrogen storage 
systems can fit within the geometrical constraints of existing 
truck designs without significant structural modifications.

Fig. 1   Overview of diesel-electric drive truck

Fig. 2   Overview of the pro-
posed fuel cell electric truck



	 Mining, Metallurgy & Exploration

2.1 � Modeling

This section presents the essential aspects of the simulation 
model and shows key specifications of the Komatsu 830E-5 
diesel-powered haul truck (Table 1), which is used to select 
the basic requirements such as the chassis, torque, and power 
requirement of the simulated haul truck.

The authors developed the models in the MATLAB/
Simulink environment. The input data that drives the model 
is the drive cycle data (velocity–time, vehicle weight, and 
inclination data) obtained from Komatsu 830E diesel-elec-
tric mine haul trucks in an actual mining operation. A driver 
subsystem model receives the velocity–time data and uses 
it to predict the required acceleration or braking to achieve 
the velocity at each time step in the data. The output of the 
driver sub-model is fed to the powertrain sub-model, which 
predicts the required power, torque, and force from the 
power supply and wheel, respectively. The truck model was 
designed using basic concepts of vehicle motion.

Figure 3 shows an overview of the model with the main 
components (each component is a subsystem explained fur-
ther in the subsequent sections).

2.1.1 � Driver Model

The driver model takes in the truck velocity–time data as 
the desired speed and the feedback velocity of the simulated 
truck as input. The sub-model uses a feedback mechanism 

to ensure that the actual velocity of the vehicle follows the 
desired velocity (velocity provided in the input data) by pro-
viding an acceleration and brake command as an output. The 
errors are derived when the desired velocity is compared to 
the simulated truck velocity. The driver sub-model uses a 
proportional-integral (PI) controller to minimize and control 
the error between the desired and feedback truck velocities. 
Equation (1) describes the control function of a PI feedback 
controller, where Kp is proportional gain, Ki is integral gain, 
e(t) is error signal distribution, Ti is integral time step, and c 
is the initial value. Both the proportional and integral com-
ponents have a gain that help manage different errors [16] 
[17].

3 � Powertrain Model

Figure 4 shows an overview of the powertrain sub-model. 
The traction force and power request are the main outputs of 
the powertrain model. The model takes in the acceleration 
and brake command (values between − 1 and 1) as inputs. 
The sub-model uses the maximum and minimum torque val-
ues of the motor and the acceleration and brake commands 
to derive the torque and acceleration at every time step. The 
sub-model obtains the torque as a product of the accelera-
tion and brake commands and the maximum and minimum 
torque values, respectively. The requested torque is then the 
sum of the accelerating and braking torques.

The sub-model also estimates the power from the 
torque estimate and the motor angular velocity. The sub-
model uses the velocity profile of the vehicle to obtain 
the angular velocity of the motor. First, the sub-model 
estimates the vehicle angular velocity from the tire radius, 
r, and the vehicle velocity. Then, the model estimates the 
motor angular velocity as a product of the vehicle angular 
velocity, � , and the gear ratio GR . Equation (2) shows 

(1)
u(t) = Kpe(t)

⏟⏟⏟
Proportional component

+
Ki

Ti ∫ e(t)dt

⏟⏞⏞⏞⏞⏟⏞⏞⏞⏞⏟
Integral component

+c

Table 1   Key specifications of the Komatsu 830E-5 truck [15]

Attributes Value

Gross power 1865 kW at 1800 rpm
Tire diameter 3741 mm
Nominal gross vehicle weight 408,875 kg
Empty vehicle weight 182,051 kg
Nominal rated payload 226,800 kg
Calculated frontal area 49.25 m2

Top speed 64.5 km/h
Gear ratio 32:1
Fuel tank 4542 L

Fig. 3   Overview of the model at the system level



Mining, Metallurgy & Exploration	

the instantaneous power of the motor, Pm , as a function 
of the electric motor angular velocity, �m , and the motor 
torque, �m[18].

The sub-model also estimates the traction force from 
the requested torque. The traction force is adjusted to 
account for the braking effect by subtracting the product 
of the vehicle mass, brake command, gravity constant, and 
vehicle tire radius from the actual torque. These torque 
values multiply the tire radius to obtain the traction force 
passed to the vehicle model. The powertrain sub-model 
also includes an energy management system model that 
determines where the truck draws power from. The model 
in this study uses the fuel cell energy and battery sources 
that are available in Simulink. Just as the Hyundai Xcient 
fuel cell on-highway truck, the model assumes a fuel cell 
powered mining truck will have fuel cell stacks and bat-
teries as energy sources. The Xcient fuel cell truck has a 
battery rated at 661V/73.2 kWh as support energy source 
in the vehicle, while the fuel cells can power up to 190 
KW. The motor is rated at 350 kW capacity, and it has 
a hydrogen capacity of 32.09 kg 1. For the Toyota Mirai 
hydrogen fuel cell passenger car, the primary energy pro-
vider is the fuel cell while the battery helps with energy 
recovery during regenerative braking and assists the fuel 
cell sometimes during acceleration 2. This study used these 
existing designs as guidelines during the modeling. How-
ever, the batteries are mainly used as an auxiliary energy 
source in fuel cell vehicles. For heavier vehicles with sig-
nificant energy needs, adding more batteries detracts from 
the effective use of space, payload capacity, and fuel cell 
energy capacity. Therefore, the model tries to keep the 
energy needed from the batteries as close as possible to 
that of the Xcient fuel cell road truck. In this model, the 
power distribution determines the energy source based on 
the amount of power requested. When the battery exceeds 
90% state-of-charge, regenerative braking is disabled to 

(2)P
m
= �

m
�
m
= GR × �

prevent overcharging, and excess braking energy is dissi-
pated via friction brakes. Figure 5 shows the power source 
allocation algorithm in the model.

The power system runs on a 630-V nominal voltage, and 
the battery source is a battery of 100-kWh capacity, which 
helps with the regenerative braking and power requests of 
up to 200 kW. The fuel cell will provide energy for power 
requests of more than 200 kW.

The algorithm also ensures the system uses fuel cell 
power as a backup for when the battery is low. The model 
first determines whether the power request is positive or 
negative. Positive power request means energy should be 
provided to the truck, while negative power request indicates 
the truck generates energy that can be used to charge the 
battery. Therefore, all negative power values will go into 
the battery, provided that the battery’s state of charge is less 
than 90%. The energy management system model tests for 
the magnitude of the power requests and the state of charge 
of the battery to determine which energy source will provide 
the power.

3.1 � Vehicle Model

Figure 6 illustrates the conceptual model of the primary 
forces acting on a vehicle during its motion on an inclined 
surface. These forces collectively determine the vehicle’s 
dynamic behavior and are critical inputs to the vehicle mod-
eling framework used in this study.

The tractive force, generated by the vehicle’s power-
train, acts in the direction of motion to propel the vehicle 
forward. Opposing this motion are several resistive forces: 
rolling resistance, caused by the deformation of tires and the 
road surface; grade resistance, resulting from the gravita-
tional component acting along the slope defined by angle θ; 
aerodynamic drag, which increases with vehicle speed and 
opposes forward motion; and inertial force, representing the 
resistance to acceleration or deceleration due to the vehicle’s 
mass. (Here, we distinguish between grade resistance and 
inertial force to align with the convention in the literature.) 

Fig. 4   Fuel cell signal variation parameters
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This force balance informs the development of the vehicle’s 
longitudinal dynamics model, enabling accurate predictions 
of fuel consumption, velocity, and traction performance 
under varying terrain and load conditions.

The vehicle model estimates the propelling force from the 
resistances and the tractive force (provided by the powertrain 
model) by subtracting the resistances from the tractive force 
(Fig. 7).

The model estimates the acceleration from the mass of the 
vehicle, M, and the propelling force. The model estimates 
the vehicle velocity by integrating the acceleration. The 
model uses fundamental formulas to model and account for 
the aerodynamic drag, grade resistance, and rolling resist-
ance. The aerodynamic drag is a resistive force in the oppos-
ing direction of the moving vehicle due to the air [19]. The 
airflow from high to low pressure caused by the moving 

vehicle results in resistive forces opposite to the vehicle’s 
direction. The model uses the generic aerodynamic drag 
equation (Eq. 3) that considers the drag coefficient, air den-
sity, velocity, and frontal area of the truck [20]. In the model 
in this work, this equation is implemented as a Simulink 
function that takes in the values of the vehicle velocity as a 
variable, and the constant values ( � , A , and Cdrag ) and uses 
these to estimate the aerodynamic drag. V is the vehicle 
velocity, ρ is air density, A is the frontal area of the vehicle, 
and Cdrag is the drag coefficient.

The grade resistance is the resistance to truck motion 
when it moves uphill on an inclined surface. The grade 
resistance depends on the vehicle’s mass (M), the accelera-
tion due to gravity (g), and inclination (θ) (Eq. 4) [19]. The 
inclination changes with time during a typical mine drive 
cycle depending on the haul road profile, and the model in 
this work accounts for this by reading the inclinations from 
the input data.

The rolling resistance is due to the constant contact 
between the tires of the vehicle and the surface of the road. 
A frictional force between the tires and the road acts as a 
form of resistance to the forward motion due to the trac-
tion force. As shown in Eq. 5, the rolling resistance depends 
on the mass of the vehicle, acceleration due to gravity, and 
inclination of the vehicle [19].

(3)Aerodynamic drag = 0.5V2�ACdrag

(4)Grade resistance = M × g × sin (�)

Fig. 5   Overview of the power distribution algorithm

Fig. 6   Conceptual model of forces on vehicle
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3.2 � Model Verification

To verify the model, this work used data from a real mine 
running Komatsu 830E-5 trucks for verification. It was not 
possible to conduct validation because the authors did not 
have access to data from a hydrogen-powered truck. How-
ever, by verifying that the model behaved as intended, the 
authors believe that the model is useful for achieving the 
objectives of this work.

The main metric of verification was how closely the simu-
lated vehicle velocity matched the desired (input) velocities. 
The model input for each simulation includes truck specifi-
cations, duty cycle (desired velocities, haul road profile, roll-
ing resistance, etc.), and fuel cell specifications. Tables 2–4 
contain the input data for the verification experiment. 
Table 2 contains the input data on the Komatsu 830E-5 
truck, while Tables 3 and 4 contain fuel cell specifications.

In addition to these, the simulation requires duty cycle 
data. For this, the authors relied on data from a real mine 

(5)Rolling resis tan ce = M�g� sin(q)

(the authors are keeping the name of the mine confidential 
as per the non-disclosure agreement between Missouri S&T 
and Komatsu) that included 30 drive cycles over various 
haul routes and terrain. The authors selected a drive cycle 

Fig. 7   Overview of vehicle model

Table 2   Vehicle parameters

Parameter Value

Air density 1.225 kg/m3

Drag coefficient,CDrag 0.65
Gravity, g 9.81 m/s2

Road angle,� Varies
Rolling resistance coefficient,Crol 0.03

Table 3   Fuel cell nominal parameters

Parameter Value

Stack power 900 kW—Nominal
1500 kW—Maximal

Fuel cell resistance 0.07224 Ohms
Nerst voltage of one cell 1.1325
Nominal utilization Hydrogen = 99.94%

Oxidant = 59.52%
Nominal consumption Fuel = 10,000 slpm

Air = 23,810 slpm
Exchange current [i0] 1.504 A
Exchange coefficient [alpha]  − 0.93237

Table 4   Fuel cell signal variation parameters

Parameter Value

Fuel composition 99.95%
Oxidant composition 21%
Fuel flow rate at nominal hydrogen utiliza-

tion
10,010 lpm—Nominal
20,020 lpm—Maximal

Air flow rate at nominal oxidant utilization 40,000 lpm—Nominal
80,000 lpm—Maximal

System temperature 273 K
Fuel pressure 1 bar
Air pressure 1 bar
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that was typical in the data set for verification. Figure 8 
shows the grade (angle of inclination), weight, and velocity 
for the selected drive cycle. The duration of the drive cycle 
and, thus, the simulation is 1100 s (18.33 min).

Figure 8 illustrates the road grade (angle of inclination), 
total vehicle weight, and velocity profiles over a selected 
drive cycle lasting approximately 1100 s (18.33 min). The 
grade profile exhibits dynamic elevation changes, including 
uphill and downhill segments ranging from − 15° to + 15°, 
representative of realistic road conditions. The total weight 
shows a sharp increase midway through the cycle, simulating 
a loading event, followed by a gradual decrease toward the 
end, indicating unloading. The velocity profile captures typi-
cal drive cycle behavior with multiple stop-and-go phases, 
variations in acceleration, and extended idle periods, reflect-
ing real-world operational dynamics used for the vehicle 
simulation Figs. 9–14 show the results of the verification 
experiments. 

Figure 9 shows the simulated and input truck velocities. 
As shown by the figure, the simulated velocity matches the 
input velocities indicating the model’s ability to replicate the 
drive cycle. This is the main metric for verification in this 
work. The truck duty cycles in the data used in this research 

begin when the truck starts moving towards the shovel to 
get a load. The idle time shown in the cycle (t = 420–637 s) 
is for when the truck is waiting at the shovel to get a load. 
Figure 10 shows the torque, angular velocity, and propelling 
force, while Fig. 11 shows requested power from the simu-
lation. Based on the simulated power requests, the model 
predicts the fuel cell and battery power shown in Fig. 11.

The velocity output of the vehicle sub-model is directly 
related to the angular velocity at the wheel as a function of 
the gear ratio (Fig. 10b). These further builds confidence in 
the model as it implies the sub-models are consistent with 
the fundamental equations used to estimate truck param-
eters such as power, force and speed. Power is the product of 
angular velocity and torque (Eq. 2). A careful examination of 
the torque, angular velocity, and force (Fig. 10) together with 
the power (Fig. 11) shows the model is working as intended. 
An examination of Fig. 11 also shows that the battery and 
fuel cell power draws follow the power distribution system in 
the model (Fig. 5). Also, the entire power request (Fig. 11) is 
within the rated power of the 830E − 5 Komatsu truck, which 
has a gross operating power of 1865 kW.

Figure 12 shows the operating conditions of the fuel 
cell, which are aligned with the power specifications of the 

Fig. 8   Input data about duty 
cycle: a haul road grade, b total 
weight, and c velocity
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Komatsu 830E-5 truck, with the expectation of providing a 
maximum power of 1865 kW. Lastly, the propelling force is 
positive throughout the simulation indicating it overcomes 
all the resistive forces as one would expect for this duty 
cycle. The force provides the correct acceleration, which 
can be verified by the accurate output velocity from the truck 
model (Fig. 9). Overall, the authors conclude that the model 
behaves as expected and is suitable for the simulation experi-
ments in this work to provide a basis for the discussion in 
this paper.

3.3 � Simulation Experiments

The authors conducted simulation experiments to estimate 
fuel consumption under different duty cycles using the data 
acquired from a mine. The haulage cycle data from the mine 
contains 30 different drive cycles from the same mine. Each 
drive cycle consists of six different vehicle states: “empty 
run,” which signifies when the truck moves without any 
loaded ore or waste; “empty stop,” which indicates that the 
truck is not moving and empty; “loading” which is when the 
truck is without motion but loading materials; “dumping 
run”, which is when the vehicle is offloading the materials; 
and “hauling stop,” which indicates that the vehicle is loaded 
but without motion. The drive cycle will be simulated with 
the grades. To reduce computational time from simulating 
the long waiting times where there is negligible energy con-
sumption (Fig. 9), we modified some drive cycles for simula-
tion (by removing the idle times) to minimize the simulation 
time and computational expense. However, we kept all the 
other data the same.

It is important to note that in most scenarios, when trucks 
are stationary in mine operations, power and fuel consump-
tion may not be zero because other activities, such as rais-
ing the bucket or dumping ore in mining equipment, require 
energy even if there is no motion. In the truck data provided 
for this model, there is fuel consumption when the trucks are 
stationary. However, the model in this work only predicts 
energy and fuel consumption when the truck is in motion, 
since this model uses propelling speed to trigger power and 
fuel consumption. While this is a limitation of the work, 
it is not a significant drawback, as most of the energy and 
fuel consumption is attributed to truck motion. Although 
scenarios such as dumping may sometimes yield higher fuel 
consumption than the average no-motion activities, the dif-
ference between the fuel consumption associated with these 
and the motion activities is still high.

The simulation experiments showcase three different sce-
narios based on simulations that vary based on cycle time. 
The first experiment and its associated results are derived 
from the verification simulation above. It will be regarded 
as a medium-length scenario based on the simulation time. 
The second experiment is a shorter simulation (cycle time), 
while the third experiment is from a longer simulation (cycle 
time) to evaluate the sensitivity of the fuel consumption to 
differences in haulage cycle times. This section will compare 
the sum of both fuels used to understand the difference in 
the amount of fuel used in both technologies for each of the 
simulations.

For each drive cycle, the analysis estimated the amount 
of diesel and hydrogen fuel consumed using the simula-
tion results. The total amount of diesel fuel consumed was 

Fig. 9   Simulated velocity 
compared to the actual (input) 
velocity of the vehicle
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derived from the mine data provided by integrating the rate 
of fuel consumed over the corresponding period (Fig. 13). 
While for each hydrogen fuel, the total fuel rate comes 
from the model simulation. The obtained hydrogen fuel 
rate is integrated over the period of each drive cycle to 
attain the sum of hydrogen used. For example, the drive 
cycle utilized for the model verification is used as the 
result for the medium simulation case.

3.3.1 � Medium Haul Cycle Case

Figure 14 shows the rate of diesel fuel consumption and 
the total fuel consumption. For this haul cycle, the truck 
consumes 29.025 L of diesel over the sampled period. To 
obtain the amount of hydrogen consumed, the simulation 
produces two plots: the rate of hydrogen consumed and the 
sum of hydrogen consumed over time (Fig. 15). Over the 
sampled period, the truck consumed 24,081 standard liters 

Fig. 10   Results from simulation 
for a force and torque and b 
angular velocity
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of hydrogen at standard temperature and pressure (STP)―
a pressure of around 1 bar.

3.3.2 � Short‑Haul Cycle Case

The short simulation case is the shortest simulation with a 
duration of 852 s (Figure 16a). The model took in the drive 
cycle, which includes speed, varying grade (inclination), and 
mass of the truck, shown in Figure 16, respectively. This was 
a complete drive cycle without any alteration. This scenario 
helps to show how the model operates in an environment of 
consistent high-performance operation within a short period 
of time and the swift change in operating states.

As with the previous example, Fig. 17 shows the rate of 
and total amount of diesel consumed over the duty cycle, 
while Fig. 18 shows the same for hydrogen. Figure 17 shows 
the truck consumed 23.6 L of diesel over the sampled period, 
and Fig. 18 shows the truck consumed 17,729 L of hydrogen 
(at STP) over the sampled period.

3.3.3 � Long‑Haul Cycle Case

The third simulation is the longest simulation, with a dura-
tion of 1551 s, as seen in Fig. 19. It helps to show how 
the model operates in an environment of consistent high-
performance operation over a long duration. Figures 20 and 

Fig. 11   Power requested from simulation; and predicted power for 
fuel cell and battery

Fig. 12   Voltage-current charac-
teristics of the fuel cell stack
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21 show the diesel and hydrogen consumption rates, respec-
tively. The results show the trucks consume 82.94 L of diesel 
and 25,705 L of hydrogen over this duty cycle.

3.3.4 � Hydrogen Storage and Fuel Cell Volume Estimation

The simulation model estimates the hydrogen fuel consump-
tion at 1 bar. However, the authors estimated the hydrogen 
volume at 350 bar and 700 bar for each drive cycle because, 

as an industry standard, most fuel cell vehicles have hydro-
gen pressurized to 350 bar or 700 bar. Table 5 shows the 
results of this analysis for the three drive cycle cases. The 
higher pressure increases the density of hydrogen and 
reduces the storage volume requirements significantly. At 
1 bar, hydrogen is approximately 0.09 kg/m3 compared to 
21 kg/m3 and 42 kg/m3, respectively, at 350 and 700 bars 
(Table 5).

Table 5 shows that, for hydrogen tanks to provide similar 
range and storage, the hydrogen in mining trucks should be 
pressurized at 700 bars, as the difference in volume at 350 
bars will be too high. Therefore, for the short drive cycle, 
with a pressure of 700 bars, the volume of hydrogen required 
to power the drive cycle would be 37.99 L. In general, except 
for the long drive cycle, the volume of diesel required is 
lower than the volume of hydrogen required at 700 bars. The 
fact that the hydrogen fuel cell truck appears to use a lower 
volume of hydrogen on the long drive cycle shows that the 
hydrogen fuel efficiency varies according to the duty cycle.

Even then, it is important to note that the required hydro-
gen tank to provide the 4542 L of storage (the capacity of 
the Komatsu 830-E truck) [21] will be bulkier than the cur-
rent diesel tank because of need to pressurize the hydrogen 
to 700 bars. Also, other factors such as the fuel cell stack 
size, the capacity of the auxiliary power source, and power 
distribution strategy between the fuel cell and the other 
power source play a significant role when designing the fuel 
cell truck. The prediction of fuel cell stack size is highly 

Fig. 13   Diesel fuel rate

Fig. 14   Diesel fuel rate and sum 
of diesel consumed over time 
for medium haul cycle
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dependent on the maximum power and voltage requirements 
[22]. In this case, the maximum power and voltage require-
ments are: power of 1865 kW, voltage of 625 V, and current 
of 2800 A. We used a CAT diesel engine (C175-16) to guide 
our estimates for the size of the powertrain because we did 
not have access to the dimensions and specifications of the 
engine in the Komastu truck. The CAT C175-16 [23] has 
a similar power rating to the Komatsu truck’s engine. The 
fuel cells, in this work, have an assumed current density of 
0.6A/cm2 [21]. The  2800 A current will equate to 4666A/
cm2 of the total active cell area and 957 cells in the stack. 
For a 1865 kW power requirement, the system may need 
up to 8.4 × 106 cm3 for fuel cell powertrain. Nuvera Fuel 
Cell produces a 67 kW fuel cell engine with a 3.0 × 105 cm3 
volume of space [24]. The 8.4 × 106 cm3 for the fuel cell 
engine compares to 28.6 × 106 cm3 at the minimum for a 
diesel engine [21].

3.4 � Discussions

Fuel cell electric vehicles powered by hydrogen can have 
similar performance characteristics to the internal combus-
tion engine, but with no direct GHG emissions [25]. Even 
though the integration of fuel cells into a truck will reduce 
GHG emissions in mining, there are many challenges to 
overcome to make hydrogen-powered fuel cell trucks a 
reality. This section uses the simulation results and the lit-
erature to guide a discussion on the important opportunities 
and challenges associated with incorporating hydrogen fuel 
cells in mining trucks. Most of the challenges involve the 
truck’s real estate management during redesigning, the cost 
of parts and infrastructure, and fuel cell performance. The 

main opportunity is that hydrogen-powered fuel cell trucks 
can help reduce GHG emission in mining and help mining 
firms achieve their ESG (environmental, social, and govern-
ance) commitments around greenhouse gas emissions.

3.4.1 � Vehicle Real Estate

As illustrated by our simulation results, it is technically 
possible to power a truck with a hydrogen fuel cell power-
train. However, the challenge is in the feasibility of directly 
replacing an internal combustion powertrain and fuel storage 
with a hydrogen fuel cell system engine, which we believe 
is the quickest pathway to widespread adoption. The simu-
lation results in Sect. 3.1 show that a Komatsu 830E will 
require 38 to 55 L of hydrogen at 700 bars for the simulated 
duty cycles. This means the truck may need more space 
for the hydrogen fuel storage (i.e., even in the long-haul 
case, because of the additional material required to keep 
the hydrogen pressurized, the space required for the same 
amount of driving range is likely to be higher). The higher 
fuel burn rate will increase the need for refueling, which will 
reduce production rates. For example, for the medium length 
duty cycle, the simulation results show that the hydrogen-
powered truck can only do 88 such cycles before the tank 
is empty, compared to 156 cycles for the equivalent diesel-
powered truck.

The internal real estate available for the diesel tank and 
the diesel engine is not enough to fit in the hydrogen stor-
age and fuel cell stack and maintain the same driving range. 
Additionally, more space is required for additional compo-
nents such as batteries, electric motors, and inverters [26] to 
support the hydrogen fuel cell system to achieve the desired 

Fig. 15   (a) Hydrogen and Air consumption rate and (b) Sum of Hydrogen consumed over time for medium haul cycle case



	 Mining, Metallurgy & Exploration

output and ensure a safe and efficient system. For example, 
Anglo American’s test truck uses a 1.2 MWh lithium-ion 
battery pack and multiple fuel cells to deliver up to 800 kW 
of power [27] for a Komatsu 930E truck (rated capacity of 
290 tonnes).

Thus, retrofitting the existing diesel-powered trucks to 
become hydrogen fuel cell trucks will require more engi-
neering redesign than simply replacing the internal com-
bustion drive train components with fuel cell drive train 
components. One option, which is not that desirable, is to 
reduce the carrying capacity of the truck (by reducing the 
size of the truck bed) to create more room for the fuel cell 
drive train components. Another alternative is to use newer 
technologies to store hydrogen at higher pressures and thus 

decrease the volume requirements. For example, the cryo-
compression technique, which uses liquid nitrogen to cool 
the tank, can provide three times the volumetric capacity of 
a non-cooled hydrogen tank [28]. Another common method 
of increasing capacity is utilizing mechanical compression 
at high pressures, such as 350 bar or 700 bar, because it is 
a reliable, efficient, and simple approach to the design of 
hydrogen storage tanks [29] [30]. Mechanical compression 
helps to increase the volumetric and gravimetric capacity 
of hydrogen. However, the approach poses safety concerns. 
The system under high pressure can damage the tank walls 
because of the Joule–Thomson effect that increases the tem-
perature during refueling [31]. Also, storing hydrogen at 
pressures higher than 700 bars (this is what will reduce the 

Fig. 16   a Simulated velocity compared to the actual (input) velocity of the vehicle, b grade over time, and c calculated total truck weight over 
time for short-haul cycle case
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volume requirements per our simulation results) increases 
the safety risks.

All these challenges may require original equipment man-
ufacturers (OEMs) to design entirely new trucks that are 
powered by the hydrogen fuel cell power train because the 
internal real estate of the current diesel-powered trucks may 
not be enough to fit every component of the fuel cell trucks. 
OEMs will have to design and manufacture an entirely new 
truck, which means they have to change their production 
lines and invest in equipment and materials. Also, this 
will require that mine operators trust and accept the new 
products.

3.4.2 � Infrastructure and Manufacturing

The process of changing production lines and factories may 
take time and can be expensive. General Motors is expected 
to spend about $7 billion on a single battery plant to sup-
port the transition to electric vehicles [32]. For OEMs to 
make this level of investment, they must be confident that 
the return on investment is favorable and the associated risks 
are manageable. Similarly, the materials used in manufac-
turing components for hydrogen fuel cell systems are cur-
rently more expensive than those used in conventional diesel 
trucks. Due to these higher material costs, hydrogen fuel cell 
systems and proposed trucks are likely to be significantly 
more expensive than their diesel counterparts.

A key driver of this cost gap is the absence of economies 
of scale due to the lack of mass production. Without sub-
stantial market demand—such as from mine operators—or 
supportive government policies and incentives, OEMs are 
unlikely to commit the required capital. While some diesel-
powered electric drive trucks may already contain compo-
nents compatible with fuel cell systems, the additional space 
needed for hydrogen storage and thermal management sys-
tems may still necessitate the development of an entirely 
new vehicle platform, thus preserving the need for substan-
tial investment.

Beyond the OEM investments, successful integration of 
hydrogen fuel cells into the mining industry also requires 
mine operators to invest in hydrogen production and distri-
bution infrastructure. Hydrogen production costs remain a 
major hurdle, especially for low-emission pathways. Cleaner 
hydrogen production methods, such as electrolysis and steam 
methane reforming with carbon capture, are significantly 

Fig. 17   a Rate of diesel and b sum of diesel consumed over time for 
short-haul cycle

Fig. 18   a Hydrogen and air consumption rate and b sum of hydrogen consumed over time for short-haul cycle
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more expensive—two to three times the cost of hydrogen 
produced from conventional natural gas sources [33]. Addi-
tionally, hydrogen distribution to mines will require a new 
logistical platform. While blending hydrogen with natural 
gas in existing pipelines has been proposed [34], this method 
falls short of achieving zero greenhouse gas emissions, 
thereby limiting its suitability for long-term decarboniza-
tion goals.

Security concerns also pose a critical barrier to the wide-
spread deployment of hydrogen systems in mining environ-
ments. Due to the need for large-scale on-site hydrogen 
generation and storage, mines may have to manage sig-
nificant volumes of highly flammable gas in proximity to 
other hazardous materials, including explosives commonly 

used in mining operations. This raises substantial safety and 
security risks, including vulnerability to accidental ignition, 
sabotage, or targeted attacks. As such, rigorous safety pro-
tocols and secure infrastructure will be essential to mitigate 
these risks and gain stakeholder and regulatory approval for 
hydrogen deployment in mining applications.

3.5 � Conclusions

Hydrogen fuel cell technology presents a viable pathway 
toward decarbonizing heavy-duty mining haul trucks, 
offering a cleaner alternative to diesel engines. This work 
applied vehicle drive train and energy simulation in MAT-
LAB/Simulink to inform a discussion of the challenges and 

Fig. 19   a Simulated velocity compared to the actual (input) velocity of the vehicle, b grade over time, and c calculated total truck weight over 
time for long-haul cycle case.
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opportunities of incorporating hydrogen fuel cell drive trains 
into the current form factors of mine haul trucks. Using a 
validated MATLAB/Simulink model based on the Komatsu 

830-E truck, this study estimated the hydrogen require-
ments for short-haul, medium-haul, and long-haul cycles 
and evaluated fuel cell stack sizing based on power, volt-
age, and current demands. The results show that the short-, 
medium-, and long-haul duty cycles require 75.98, 103.19, 
and 110.16 L of hydrogen, respectively, at 350 bars, and 
37.99, 51.40, and 55.08 L, respectively, at 700 bars. This 
compares to 23.60, 29.03, and 82.92 L of diesel, respec-
tively, for short-, medium-, and long-haul duty cycles. These 
results show that the most likely pressure to store hydrogen 
on a mining truck (to maintain driving range and similar real 
estate) is 700 bars. Even at 700 bars, the truck real estate is 
not enough to provide space for adequate hydrogen storage, 
fuel cell stack, and other components of the fuel cell drive 
train (including battery pack) to allow for retrofitting current 
diesel truck models as hydrogen fuel cell trucks. Thus, the 
most likely path to hydrogen fuel cell trucks will involve a 
more extensive redesign that will require significant invest-
ment from original equipment manufacturers. Additionally, 
mining companies that adopt hydrogen fuel cell trucks have 
to be willing to invest in hydrogen storage and transportation 
infrastructure and address safety and security risks.

Fig. 20   a Rate of diesel and b sum of diesel consumed over time for 
long-haul cycle.

Fig. 21   a Hydrogen and air consumption rate and b sum of hydrogen consumed over time for long-haul cycle.

Table 5   Showing the volume 
of hydrogen by pressure for all 
drive cycles

Hydrogen pressure and density Drive cycle: base case Drive cycle: short Drive cycle: long

Diesel fuel consumed:
29.025 L

Diesel fuel consumed:
23.6 L

Diesel fuel consumed:
82.923 L

Pressure (bar) Density (kg/m3) Volume (L) Volume (L) Volume (L)

1 0.09 24,081 17,729 25,705
350 21 103.19 75.98 110.16
700 42 51.4 37.99 55.08
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Future work is necessary to extend the model by incor-
porating real-world operating conditions—such as variable 
power demands, temperature effects, and system degrada-
tion—to better predict long-term performance and durabil-
ity of fuel cell systems. Overall, this work outlines both the 
technical feasibility and the systemic challenges associated 
with transitioning to hydrogen fuel cell technology in min-
ing haulage, providing a foundation for future design and 
deployment strategies.
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