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Disclaimer 

 

This project has received funding from the European Union’s Horizon2020 Framework 
Programme, through the European Climate, Infrastructure and Environment Executive Agency 
(CINEA) under the powers delegated from the European Commission and under Grant 
Agreement No. 101037564.  
 
The content of the publication herein is the sole responsibility of the publishers and it does not 
necessarily represent the views expressed by the European Commission or its services. While 
the information contained in the documents is believed to be accurate, the authors(s) or any other 
participant in the PIONEERS consortium make no warranty of any kind with regard to this material 
including, but not limited to the implied warranties of merchantability and fitness for a particular 
purpose. 
 
The user thereof uses the information at its sole risk and liability. For the avoidance of all doubts, 
the European Commission has no responsibility or liability with respect to this document, which 
is merely representing the authors’ view.  
 

 

 

  



 

D5.4 Demo report full hydrogen straddle carrier   6 

 

Table of Contents  
PROJECT DATA 2 

DOCUMENT INFO 2 

TABLE OF CONTENTS 6 

LIST OF FIGURES 7 

LIST OF TABLES 7 

1 – EXECUTIVE SUMMARY 8 

2 – INTRODUCTION – DUAL FUEL 10 

3 – DEMONSTRATION OVERVIEW 11 

3.1 – MAIN COMPONENTS DUAL FUEL SYSTEM 11 

3.1.1 – HYDROGEN STORAGE (1) 12 

3.1.2 – HYDROGEN INJECTION RING (2) 13 

3.1.3 – HYDROGEN ECU (3) 13 

3.1.4 – PRESSURE REDUCING VALVE AND VENTING MAST (4) 14 

3.1.5 – DUAL FUEL HMI (5) 14 

3.2 – COLLISION PROTECTION – THREE STAGE PROTECTION SYSTEM 15 

4 – DEMONSTRATION TESTING AND EVALUATION 17 

4.1 – HYDROGEN REFUELLING 17 

4.2 – CALIBRATION 17 

5 – DEMONSTRATION OUTCOMES 19 

5.1 – EVALUATION 19 

5.1.1 – KEY PARAMETERS 19 

5.1.1 – TRIP COMPARISON 19 

5.1.2 – TORQUE INFLUENCE 19 

5.2 – DIESEL VS. DUAL FUEL MODE RESULTS 20 

6 – CONCLUSIONS AND RECOMMENDATIONS 21 

6.1 – DISCUSSION 21 

6.2 – RECOMMENDATIONS 21 



 

D5.4 Demo report full hydrogen straddle carrier   7 

7 – NEXT STEPS 23 

List of Figures 
 

FIGURE 1 - DUAL FUEL COMBUSTION PROCESS IN 5 STEPS ...................................................................................................... 10 

FIGURE 2 - DUAL FUEL STRADDLE CARRIER HYDROGEN SYSTEM ....................................................................................... 12 

FIGURE 3 - HYDROGEN INJECTION RING ..................................................................................................................................................... 13 

FIGURE 4 - DUAL FUEL  HMI ................................................................................................................................................................................... 14 

FIGURE 5 - HYDROGEN CYLINDER PROTECTION PLATES ............................................................................................................. 15 

FIGURE 6 - HYDROGEN CYLINDER HINGE SYSTEM ............................................................................................................................ 16 

FIGURE 7 - HYDROGEN REFUELLING.............................................................................................................................................................. 17 

 

List of Tables 
 

TABLE 1 -HYDROGEN DISPLACEMENT RESULT TABLE .................................................................................................................. 20 

 

  



 

D5.4 Demo report full hydrogen straddle carrier   8 

1 – Executive Summary 
 

This report describes the development process and subsequent test period of the dual fuel 
straddle carrier demonstrator developed as part of the scope for WP5 (sustainable port design) 
of the PIONEERS project. 

The aim of the document is to provide insight in the final design of the dual fuel straddle carrier, 
the factors that were taken into account during the design process, an overview of the test period, 
the results achieved and the next steps being taken. 

An existing Konecranes NSC-634H straddle carrier was retrofitted with a hydrogen  system 
designed and delivered by CMB.TECH at the PSA Noordzeeterminal in the Port of Antwerp-
Bruges. Key components of this system include six type III storage cylinders with a total capacity 
of 30 kg hydrogen at 350 bar and a hydrogen injection ring on the OM470 diesel engine air inlet. 

The dual fuel straddle carrier design and conversion project has been accepted and received 
positively by all stakeholders on the terminal which include the drivers, maintenance personnel, 
HSSE, a third party certification body and terminal management. 

After its commissioning, the dual fuel straddle carrier underwent a six-month testing period, 
starting in March 2023. Hydrogen refueling was facilitated by Air Liquide, using a direct fill by tube 
trailer method. The testing focused on various operational modes on the terminal to evaluate the 
dual fuel performance metrics such as hydrogen displacement, diesel consumption reduction, 
and hydrogen consumption. 

The overall hydrogen displacement is a key metric to decrease the Marginal Abatement Cost 
(MAC) of dual fuel technology as this is directly related to the emission reduction and the 
investment in dual fuel system components remains nearly the same. It is therefore essential that 
the hydrogen displacement is as high as possible. 

During the tests an average hydrogen displacement of 26% has been demonstrated, slightly 
below the initial 30% target. While further calibration efforts could improve hydrogen 
displacement marginally with a few percentage points, the main demonstration goals were 
achieved. Over the course of the project and due to advancements in the dual fuel technology, 
the assessment had been made that much greater steps in the overall hydrogen displacement 
increase can be achieved by focussing on a different drivetrain and design. More specifically a 
hybrid ICE/battery drivetrain and an integrated dual fuel calibration system that interferes with 
the engine parameters while in dual fuel operation. 

Therefore, following this first successful demonstration, PSA Antwerp will develop beyond the 
scope of the grant agreement an improved second-generation dual fuel straddle carrier with 
improvements. The development will involve key collaborations within the EU, including Volvo 
Penta, Kalmar and CMB.TECH. This second-generation carrier aims for a much higher hydrogen 
displacement and better integration into the latest hybrid straddle carrier models. The aim of this 
second-generation straddle carrier is to become a product that can be used on other straddle 
carrier operation based container terminals around the world. 
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This project underscores the potential for dual fuel technology to bridge the gap towards 
sustainable port operations boosting more rapid investment in machines that operate on 
hydrogen as investments have less risk for the operators, effectively creating more demand for 
hydrogen and potentially solving one of the major issues in the current hydrogen economy where 
insufficient low carbon hydrogen supply is caused by limited demand and that limited demand 
exists due to the insufficient low carbon hydrogen supply. 

  



 

D5.4 Demo report full hydrogen straddle carrier   10 

2 – Introduction – dual fuel 
 

This chapter gives an introduction into hydrogen dual fuel technology in a combustion engine. 

Hydrogen dual fuel combustion is a process where hydrogen is used as a supplementary fuel in 
conventional internal combustion engines that primarily run on another fuel, typically diesel. 
Hydrogen contributes a percentage of the engine's total energy output, reducing the amount of 
diesel needed. Since only the diesel combustion produces CO2, the overall greenhouse gas 
emissions are reduced proportionally to the energy delivered by hydrogen. 

In a hydrogen-diesel dual fuel engine, the hydrogen is introduced into the intake air stream of the 
engine by an injector ring, where it mixes with air before entering the combustion chamber (1 & 
2) while the diesel is injected directly into the combustion chamber (3). During the compressions 
stage of the engine, the diesel self-ignites due to the pressure and temperature in the cylinder. 
This diesel ignition in turn ignites the hydrogen in the cylinder. The combustion of both, delivers 
the required power to push the piston down to rotate the engine shaft (4). 

The engine can typically switch quickly between diesel only and dual fuel operation, ensuring 
that the machine can keep running on diesel only if there is no hydrogen available. 

Combustion engines have less strict requirements on hydrogen quality, enabling the use of 
pipeline-transported hydrogen without additional on-site purification requirement. On-site 
purification is a complex, not easily accessible technology, and falls outside the core activities of 
the end users. 

  

Figure 1 - dual fuel combustion process in 5 steps 
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3 – Demonstration overview 
 

This chapter describes the dual-fuel straddle carrier system components with corresponding 
design philosophy. 

3.1 – Main components dual fuel system 

An existing 3-high Konecranes NSC-634H straddle carrier has been retrofitted with a hydrogen 
system at PSA Noordzeeterminal, located in the Port of Antwerp-Bruges. 

This hydrogen system consists of the following components: 

• 6 x type III storage cylinders with each a volume of 205 liter at a nominal working pressure 
of 350 bar according EC-79, each with its corresponding brackets, frames and collision 
protection system (1) 

• Hydrogen injection ring fitted on the air inlet of the OM470 diesel engine (2) 
• A supplementary hydrogen ECU (3) 
• Pressure reducing valve (4) 
• Hydrogen venting mast (4) 
• Dual fuel HMI (5) 
• Hydrogen refuelling inlet (6) 
• Corresponding piping, sensors and electrical wiring. 
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3.1.1 – Hydrogen storage (1) 
 

Each cylinder has a capacity of approximately 5 kg of hydrogen at 350 bar, resulting in a total 
hydrogen capacity of 30 kg on the straddle carrier. The tanks are suspended on the rear legs of 
the straddle carrier and are protected via a three stage protection system which is further 
described in 3.2.  

The location of these cylinders has been determined by taking the following into consideration: 

- Visibility – the cylinders should not add additional obstructions to the driver’s view from 
the cabin. 

6 
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Figure 2 - dual fuel straddle carrier hydrogen system 
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- Weight-stability – a rise in the COG (centre of gravity) of the straddle carrier should be 
avoided as straddle carriers have a risk of tipping over at excessive speeds during 
cornering. This risk increases when the COG is higher. 

- Impact avoidance – collision sensitive areas such as the sideframes are to be avoided.  

The combined weight of the cylinder and its frames is approximately 500 kg, resulting in a total 
weight of 3000 kg for the storage system.  

 

3.1.2 – Hydrogen injection ring (2) 
 

 

 

 

 

 

 

 

 

 

 

 

The hydrogen injection ring injects hydrogen into the air inlet of the OM470 engine. It is fitted with 
6 injection valves that open/close based on the required hydrogen mass flow towards the 
engine. 

3.1.3 – Hydrogen ECU (3) 
 

A supplementary hydrogen ECU (Engine Control Unit) reads out the engine operating point via 
the CAN-bus (Controller Area Network) of the straddle carrier. Based on this operating point, the 
ECU determines the corresponding hydrogen injection rate and sends a signal to the injection 
ring to open the corresponding injection valves. 

It also reads out all the sensors of the hydrogen system and the status of the safety relay of the 
straddle carrier and shuts down the system in case of any issues. 

Figure 3 - Hydrogen injection ring 
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3.1.4 – Pressure reducing valve and venting mast (4) 
 

The pressure reducing valve is located at the topframe of the straddle carrier. Here, the pressure 
of the tanks is reduced in two steps to the injection pressure of the system, which is 7 bar. 

At the same location on the topframe there is a venting mast. If there is a release of hydrogen 
from the tanks or the system due to the opening of the pressure relief valve of the system or 
triggering of the Thermal Pressure Relief Devices (TPRD), the hydrogen is directed via piping to 
this vent mast, which is a safe location to release the hydrogen from. 

3.1.5 – Dual fuel HMI (5) 
 

The dual fuel HMI (Human Machine Interface) is located in the driver’s cabin. It is an interface for 
the driver with the hydrogen system. On the interface, the driver can see through various screens: 

• The current hydrogen content in the storage tanks 
• Which mode the engine is currently operating in (diesel-only or dual fuel mode) 
• The current hydrogen displacement 
• Temperature and pressure of each tank 
• Diesel flow rate 
• Hydrogen flow rate 
• Total hydrogen consumed 
• Average hydrogen displacement 
• Amount of CO2 emissions reduced 
• Error and warning codes  

 

 

  

Figure 4 - Dual fuel  HMI 
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3.2 – Collision protection – three stage protection system 

The hydrogen tanks must be protected from collision as an excessive force on the tanks could 
cause the tanks to rupture, which in turn could result in a pressure wave that could injure the 
driver in the cabin. 

The potential collisions on the location of the tanks are: 

• Collision with a container inside a container stack 
• Collision with the spreader from another straddle carrier while both straddle carriers drive 

into each other 

The impact force of these collisions has been calculated and will be averted by the three stage 
protection system that has been developed for this demonstrator. It consists of the following 
stages: 

1) Steel protection plates: 
There are 2 steel plates that protect the cylinder against potential impact from all potential 
directions. The inside of the plates is lined with rubber foam plates to provide additional 
protection. 

  

Figure 5 - Hydrogen cylinder protection plates 
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2) Hinge system 
The straddle to straddle impact can only happen when the other straddle carrier is 
carrying a 40ft container and its spreader is fully extended. Via simulations, the direction 
of this impact has been determined and a crash bar has been fitted (red arrow). If the 
impact is higher than what the protection plates can absorb, the cylinder will rotate up to 
140° away from the direction of the impact. 

 
3) Steel wire suspension 

The third stage of the system is an additional steel wire suspension. If the cylinder would 
detach from its frame due to the impact, there is a steel wire tether that will keep the 
cylinder attached to the frame to prevent it from falling to the ground. 

 

  

Figure 6 - Hydrogen cylinder hinge system 
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4 – Demonstration testing and evaluation 
 

The dual fuel straddle carrier has been commissioned in March 2023 and has been tested for 6 
months in dual fuel operation in normal operations on the terminal. 

 

4.1 – Hydrogen refuelling 

Hydrogen refuelling has been performed by Air Liquide via a tube trailer connecting to the 
refuelling inlet of the straddle carrier via a tube trailer connection panel, which serves as the 
interface between the two. 

This direct fill method is the most cost efficient way to perform short to medium term tests with 
hydrogen as there are few assets to be exclusively rented for the project. 

 

4.2 – Calibration 

The dual fuel system on this first demonstrator is performed by a supervisory system. This means 
that the system reads out the engine parameters and then decides via a dual fuel mapping how 
much hydrogen can be injected into the engine. This system does not interfere with the engine 
and the engine is not aware that hydrogen is being injected.  

The initial calibration of the dual fuel drivetrain was finetuned while the machine was in operation. 
Dual fuel parameters were tweaked while following up the critical engine sensor data. This was 
done until as much hydrogen injection was achieved, whilst still keeping the behaviour of the 
engine stable on all operation points of the engine. 

Figure 7 - Hydrogen refuelling 
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Calibration was done so that the straddle carrier behavior was the same on both diesel only and 
dual fuel operation modes (same acceleration, response timing, …) based on direct feedback from 
the operators. 

  



 

D5.4 Demo report full hydrogen straddle carrier   19 

5 – Demonstration outcomes 
 

5.1 – Evaluation 

5.1.1 – Key parameters 
 

The key parameters to determine the performance of the dual fuel technology with regards to 
its potential to reduce GHG emissions are: 

• Hydrogen displacement 
Hydrogen displacement refers to the proportion of total energy supplied by hydrogen in 
relation to the engine's overall energy output. 

• Diesel consumption reduction on dual fuel mode, compared to its diesel only mode. 

5.1.1 – Trip comparison 
 

Straddle carriers can be used in different kinds of operation on the terminal. 

• Container stacks ship-to-shore crane operation 
• Container stacks  truck / railway operation 
• Internal housekeeping  

These different operation modes correspond to different operational parameters on the engine 
and thus influence the hydrogen displacement. When comparing dual fuel to diesel only mode, 
this has been taken into account. 

5.1.2 – Torque influence 
 

From the gathered results, we have seen that torque request has a major influence on the amount 
of hydrogen displacement. A high torque request from the driver (such as during acceleration) 
results in a high load on the engine. If the engine needs to deliver high power, the amount of 
hydrogen that can be injected into the engine is limited as the volume energy density of hydrogen 
is lower than diesel. Effectively, the complete cylinder volume of the engine needs to be filled 
with diesel in order to be able to deliver the requested high torque. 

Consequently, the overall hydrogen displacement varies significantly depending on whether 
drivers accelerate smoothly or harshly. Up to 10% average displacement variance could be seen 
in the data between driver’s with different behaviour. This factor should be considered when 
training future drivers.  
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5.2 – Diesel vs. dual fuel mode results 

Overall the straddle carrier has an average consumption of 20 liters per operating hour when 
operating in diesel only mode. 

The table below summarizes the performance of the dual fuel mode  

Table 1 -hydrogen displacement result table 

Operating point  RPM  Torque  Displacement  Diesel l/h (Dual 
fuel mode)  

Diesel l/h 
(Diesel mode)  

High Idle  12-1300 12% 26% 6,4 8,7 

Accelerating  1700 +60% 0-10% 45-50 50 

Cruising max speed  1800 12% 13% 9,8 11,3 

Engine sweet spot  1500 25% 40% 11,6 19,4 

 

On average, over an entire shift at PSA Noordzeeterminal which is a combination of the engine 
operating points above, a hydrogen displacement of 26% could be achieved, which is slightly 
below the initial goal of 30% hydrogen displacement.  

Some additional percentage points could be gained  in the overall hydrogen displacement by 
performing additional calibration cycles of the dual fuel mapping with the straddle carrier’s 
OM470LA engine. However, over the duration of the project and due to advancements in the dual 
fuel calibrations and as the main demonstration goals had been achieved, PSAA decided to not 
put in the additional effort to make marginal gains. 

Much higher hydrogen displacement gains could be achieved by focussing on a different engine 
and a hybrid ICE-battery (Internal Combustion Engine) drivetrain which allows the engine torque 
to remain more constant. The focus has therefore shifted to another straddle carrier with a hybrid 
drivetrain and a different engine. This is further described in chapters 6 and 7. 
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6 – Conclusions and recommendations 
 

6.1 – Discussion 

The dual fuel straddle carrier has performed according expectations. It has almost achieved its 
emission reduction target of 30% in dual fuel operation mode with no change in operational 
performance and driver experience, compared to its diesel only operation mode. 

During the development process, all different stakeholders have been involved in order to lead 
to a general acceptance of hydrogen technology on the container terminal; these stakeholders 
include: straddle carrier maintenance personnel, straddle carrier operators, operational 
managers, HSSE department and the local fire department. 

PSAA evaluates this demonstration project positively, though with the results achieved, it is 
economically not feasible to scale up this first generation design. The hydrogen displacement 
and subsequent emission reduction is too limited to justify the required investment in the 
hydrogen system components and additional operational costs associated with hydrogen 
refuelling, which results in a very high Marginal Abatement Cost (MAC). To get the MAC-score to 
an acceptable level, the hydrogen displacement must increase significantly, which is not possible 
due to the instable behaviour of this specific engine beyond a certain hydrogen displacement 
with a supervisory calibrated dual fuel system. 

One of the major possible improvements would be to work with an integrated calibrated dual 
fuel system. In this type of system, the dual fuel system communicates with the engine and some 
of the engine parameters such as the diesel injection timing and quantity changes between diesel 
and dual fuel mode. This allows for stable operation of the engine, even at high hydrogen 
displacement numbers. 

The technology used on this first generation demonstrator machine needs additional 
development before it can be rolled out on a larger scale. Therefore another machine needs to 
be (retro-)fitted and tested in the same way with improved technology. 

However, performing small scale tests with hydrogen powered machines results in a high cost 
for hydrogen per energy unit as there is quite a number of assets that need to be made available 
on the test location (tube trailers, connection panels, compressor, pressure vessels). It would be 
interesting to combine different hydrogen machine demonstrations on a single large test bed 
location in order to reduce the overall costs for equipment development 

 

6.2 – Recommendations 

Dual fuel technology can serve as a transitional solution, enabling port operators to already 
reduce their environmental footprint while the hydrogen economy and infrastructure is 
developing without taking major risks with their investments.  
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This first dual fuel straddle carrier demonstrator has proven that the technology can be used on 
a container terminal and that hydrogen as a fuel is feasible on the terminal. However, further 
machine development is required on a machine level.  

To develop dual fuel straddle carriers and other (port) equipment beyond prototype stage into 
an actual product that can be sold and utilized at larger scale, PSAA recommends that the 
following steps are taken: 

 
• Collaboration with machine OEM: Collaborating with the original equipment 

manufacturer (OEM) for the design and manufacturing process is essential to achieve a 
marketable product. Obtaining a CE certificate without the OEM is challenging. 

• Collarboration with the combustion engine OEM: This partnership is necessary for two 
reasons: 

o Engine management interference: Adjustments to the engine management 
system are required to achieve higher hydrogen displacement (namely, the diesel 
injection timing). Beyond a certain level of hydrogen displacement, the engine may 
exhibit unstable behavior.  

o Stage V certification: To roll-out beyond prototype stage, the engine will need to 
be stage V certified according EU 2016/1628 with the hydrogen dual fuel mapping. 
As the engine OEM has been responsible for the initial stage V certification of the 
engine, the recertification process is much easier if they are involved.  

o Market penetration: Stakeholders and future potential users will have more 
confidence in the technology if a major engine manufacturer is directly involved 
rather than an aftermarket modification to an engine, which leads to higher 
potential market penetration. 
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7 – Next steps 
 

After the positive results of the demonstrator machine developed under this agreement, PSAA 
has decided to develop dual fuel straddle carriers beyond the initial grant agreement scope and 
has started the development of a second dual fuel straddle carrier. This second generation will 
have the following improvements over the first demonstrator, which tackles most of the issues 
that are explained in chapter 6.  

• There is an in-depth collaboration between four companies to perform the development 
inside the EU: 

o Engine manufacturer: Volvo Penta (Sweden) 
o Straddle carrier manufacturer: Kalmar (Finland) 
o Hydrogen dual fuel technology partner: CMB.TECH (Belgium) 
o Terminal operator: PSA Antwerp (Belgium) 

• The engine will be stage V certified according EU 2016/1628 with the dual fuel mapping. 
• The hydrogen system will be specifically designed for easy (retro-)fitting into the latest 

model hybrid straddle carriers of the straddle carrier manufacturer, which will allow for an 
easy scale up. 

• The overall hydrogen displacement will increase significantly 
o There will be an integrated interference in the engine management system to keep 

the engine stable even at high displacement numbers. 
o The hybrid drivetrain enables the engine to operate at a fixed point, which can be 

selected to maximize hydrogen displacement. 

 

 


