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Abstract
The transition to sustainable propulsion in maritime transport has highlighted hydrogen-fueled PEM
fuel cells as a compelling alternative to conventional diesel engines, driven by increasingly stringent
emission regulations. While significant research has focused on single fuel cells or complete stacks,
the hydrogen loop, the subsystem responsible for delivering, recirculating hydrogen, remains under-
explored, particularly in the context of maritime applications. The hydrogen loop plays a critical role
in determining system efficiency, reliability, and performance. Improper management of flow, pres-
sure, temperature, and humidity can lead to lower efficiency, membrane dehydration, flooding, or even
irreversible damage to the stack. To address this, a novel dynamic MATLAB Simulink model was de-
veloped to evaluate hydrogen loop configurations under realistic maritime conditions.

This thesis investigates the design and performance of twelve distinct hydrogen loop configurations,
each comprising different combinations of supply and recirculation components such as pressure reg-
ulators, proportional valves, mass flow controllers, liquid ring pumps, blowers, and ejectors. The con-
figurations are motivated by real-world implementations from an inland vessel and a fuel cell-powered
race car, as well as conceptual arrangements aimed at exploring broader designs. A novel, dynamic
MATLAB Simulink model was developed that uniquely integrates pressure, temperature, humidity, two-
phase flow, and phase change dynamics, to capture both transient and steady-state behavior of hy-
drogen loops under realistic maritime conditions. Unlike existing models, it allows detailed component-
level interaction analysis and configuration-specific scoring under a standardized testing framework.
Key governing equations are based on established physics principles, and the model is validated using
experimental data from the H2 Barge 1, an operational hydrogen-powered inland vessel from Future
Proof Shipping.

Each configuration is evaluated across a range of criteria, including hydrogen utilization, power con-
sumption, performance, pressure and temperature robustness, stoichiometry control, and system re-
sponse under transient loads. Special attention is given to component interactions that influence overall
system behavior, such as the influence a recirculation device has on humidity and temperature, or the
limitations of ejectors in low-load scenarios due to their dependency on primary flow pressure. Hybrid
configurations combining ejectors with mechanical pumps are also explored to mitigate operational
limitations at low power setpoints.

The results highlight that hydrogen loop configuration choices have a significant impact on system per-
formance, control flexibility, and design complexity. Ejector-based systems are energy-efficient and
mechanically simple but suffer from limited operational range and lack dynamic control, especially at
low loads. Mechanical recirculation devices like blowers and liquid ring pumps offer robust performance
across the full load range and enable flexible operation, though they come with higher energy consump-
tion and potential mechanical wear. Supply components also influence system behavior: proportional
valves allow dynamic pressure control but require careful tuning, while mass flow controllers simplify
control logic but lack pressure regulation. Hybrid solutions, combining ejectors with pumps, can miti-
gate some limitations but add complexity. Among the twelve configurations studied, the proportional
valve–blower setup emerges as the most suitable for maritime fuel cell applications, offering the best
balance of efficiency, operational flexibility, robustness, and system simplicity.

Ultimately, this research provides a structured methodology for comparing hydrogen loop configura-
tions, enabling system designers to make informed decisions based on specific performance require-
ments and operational constraints. The findings underscore the importance of integrated system mod-
eling in BoP design and contribute to the broader goal of developing scalable, reliable, and efficient
hydrogen propulsion systems for maritime applications.
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1
Introduction

As the maritime sector seeks to reduce emissions and meet increasingly stringent environmental reg-
ulations, hydrogen-fueled proton exchange membrane (PEM) fuel cells have emerged as a promising
alternative to conventional diesel propulsion. PEM fuel cells emit only water, unlike combustion-based
systems, making them especially attractive for environmentally sensitive applications such as inland
and coastal shipping. Amajor challenge in applying PEM fuel cells to maritime systems lies in engineer-
ing a robust and efficient hydrogen supply and recirculation system, often referred to as the hydrogen
loop.

While the fuel cell stack itself has been widely studied, both experimentally and numerically, far less
attention has been given to the Balance of Plant (BoP), the support systems responsible for fuel and
air supply, heat and water management, and power conditioning. Within the BoP, the hydrogen loop
plays a key role in determining overall system efficiency, performance, reliability, and lifetime. Properly
managing hydrogen delivery and recirculation is essential not only for optimizing stack performance
but also for preventing issues such as membrane dehydration, flooding, and performance degradation
due to nitrogen accumulation.

The hydrogen loop is a complex system involving a variety of active and passive components, in-
cluding supply valves, recirculation pumps, water separators, purge valves, pressure relief valves and
sensors. Each component impacts key operating parameters such as pressure, temperature, humid-
ity, and hydrogen stoichiometry. Despite its importance, a systematic comparison of different hydrogen
loop configurations under dynamic maritime operating conditions remains lacking.

Existing research has often focused on isolated aspects of the BoP. Comparative studies on mechan-
ical pumps, ejectors, and electrochemical pumps have primarily evaluated power consumption, with
ejectors generally showing the lowest power use, followed by electrochemical and mechanical pumps
[2]. Conceptual comparisons of hydrogen supply configurations exist [3], but many lack empirical data
or simulations. Studies have shown that recirculation improves fuel efficiency compared to dead-end
anodes, with optimal purging strategies enhancing performance [4, 5]. For instance, a 2 kW and a 6.5
kW system both demonstrated improved efficiency with periodic purging.

Research into similar Nedstack fuel cells, such as those examined in this study, revealed performance
sensitivity to pressure fluctuations during purging [6]. At the component level, numerous investiga-
tions have examined specific BoP elements, including scroll compressors [7], regenerative blowers [8],
pressure regulators [9, 10], and liquid ring pumps [11]. Modeling assumptions for isothermal liquid ring
pump operation have also been established [12]. Additionally, stack-level studies have highlighted the
impact of operating temperature, pressure, and membrane properties on fuel cell voltage and efficiency
[13, 14, 15].

Despite these efforts, thorough evaluations of complete hydrogen loop designs, especially those tai-
lored to maritime fuel cell applications, are rare. Comparative studies have largely targeted automotive
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1. Introduction

or stationary contexts, where system constraints and operational profiles will differ. This research
addresses that gap by presenting a comprehensive modeling and simulation study of twelve distinct
hydrogen loop configurations, combining various supply and recirculation devices. Using a MATLAB
Simulink-based model that incorporates key physical processes such as pressure, humidity, flow, and
heat transfer, the study evaluates each configuration across multiple performance criteria. These per-
formance criteria include efficiency, robustness to temperature and pressure changes, and hydrogen
utilization.

The key research question is: What are the most suitable hydrogen loop configurations for maritime
applications?

By integrating engineering analysis with realistic maritime performance demands, this work aims to
provide practical insights into the optimal design of hydrogen loops for fuel cell BoPs. The findings
contribute to a more complete understanding of the trade-offs between system complexity, control flex-
ibility, and operational reliability, helping pave the way toward scalable, robust, and efficient hydrogen-
powered vessels.
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2
PEM Fuel Cell Applications and

Hydrogen Loop Design
PEM fuel cells are used in diverse applications, each with distinct requirements for system design
and operation. This chapter provides the background needed to understand how hydrogen loop con-
figurations are shaped for each application, particularly contrasting automotive and maritime fuel cell
systems.

The chapter also introduces key hydrogen loop components such as supply, recirculation, and auxiliary
devices, and explains their roles within the Balance of Plant. Two real-world configurations, one from
an inland vessel and another from a hydrogen race car, are used to illustrate how these components
can be arranged differently. These examples set the stage for the analysis of twelve configurations
evaluated in later chapters.

2.1. BoP design
Proton exchange membrane fuel cells are highly versatile, offering a broad range of applications due
to their high efficiency, rapid start-up time, and low operating temperature. Their primary applications
can be categorized into stationary and transportation uses. Stationary applications include generators,
backup power systems, and grid power support. Transportation applications encompass vehicles such
as cars, buses, trucks, trains, and ships.

In a fuel cell system, the Balance of Plant refers to all components and subsystems necessary to support
the operation of the fuel cell stack but excludes the stack itself. These components handle fuel deliv-
ery, air supply, heat management, water management, and power conditioning. This paper focuses
exclusively on the hydrogen loop, which involves hydrogen supply and recirculation. While some fuel
systems do not incorporate recirculation, these are excluded from consideration here, as the absence
of recirculation significantly reduces fuel efficiency. The function of the hydrogen loop is to deliver hy-
drogen to the fuel cell at the correct critical parameters, such as pressure, mass flow, humidity, and
temperature [3]. Proper control of these factors ensures optimal performance and efficiency. Failure
to maintain these conditions can significantly reduce performance and, in severe cases, damage the
stack.

Not all the hydrogen entering the stack is consumed during the electrochemical reaction. This is inten-
tional, as supplying excess hydrogen helps prevent fuel starvation and associated efficiency losses.
To improve overall fuel efficiency, the unused hydrogen is recirculated. This is achieved by maintain-
ing a sufficiently high stoichiometry, defined as the ratio of hydrogen supplied to hydrogen actually
consumed, as shown in equation 2.1.

Stoichiometry = Hydrogen supplied
Hydrogen consumed (2.1)

3



2. PEM Fuel Cell Applications and Hydrogen Loop Design

In addition to improving fuel utilization, the recirculation loop also ensures that the hydrogen flow rate
is high enough to remove excess liquid water from the anode side of the fuel cell. This is critical
to prevent flooding, which can reduce performance or even damage the stack. A water separator is
typically included in the loop to remove this liquid water, which is then discharged via a drain valve.

An added advantage of recirculation is its self-humidification effect. The hydrogen exiting the anode
contains unreacted hydrogen and water, which mix with the incoming supply hydrogen to humidify the
stream. Increased humidity enhances cell voltage, leading to improved efficiency and power output.
Additionally, the counterflow configuration within the stack allows the cathode to further humidify the
anode through the membrane [16]. For these reasons, dedicated humidifiers in the hydrogen loop are
less common and have been omitted from this analysis.

2.2. Maritime compared to automotive applications
To effectively compare the configurations, it is essential to understand the key differences in their design
objectives and operational criteria. These differences arise primarily from the distinct requirements and
priorities in maritime and automotive applications.

2.2.1. Differences in BoP design
Balance of Plant (BoP) design in maritime and automotive fuel cell systems is driven by fundamentally
different operational requirements and constraints. In maritime applications, large hydrogen storage
volumes are required to meet extended range and power demands. As a result, system efficiency be-
comes a critical design goal. Since ships are not as limited by weight and volume as vehicles, power
density can be sacrificed in favor of more efficient, lower-current-density operation. This design flexi-
bility allows for BoPs that prioritize reliability, efficiency, and modularity over compactness. Modularity
is a key advantage in maritime systems: containerized BoP units enable easier installation, scalability,
and maintenance. Maritime BoPs are typically designed for power outputs exceeding 1 MW, and must
operate continuously for long durations. To support this, long-term reliability is essential. One way
this is achieved is through redundancy, equipping vessels with multiple BoP units ensures that partial
operation can continue in the event of a failure, thereby minimizing downtime.

By contrast, automotive BoPs are subject to strict constraints on weight and space, which drive the
need for high power density. This often requires sacrificing some efficiency to extract more power
from compact systems. Automotive fuel cells commonly operate at current densities up to 2.5 A/cm2,
while maritime stacks typically run closer to 1 A/cm2 to improve efficiency. When looking at a fuel cell
polarization curve, one can see higher current density results in greater losses and lower cell voltage,
which in turn reduces efficiency [17]. Automotive systems typically target power outputs around 100 kW
and must accommodate frequent and rapid changes in load. As a result, BoP components for vehicles
must be capable of fast ramp-up and ramp-down to ensure responsive performance under dynamic
driving conditions.

2.2.2. Differences in fuel cell design
For maritime applications, fuel cell stacks often utilize thicker membranes to prioritize durability and
robustness. While these membranes improve resistance to wear and failure, they also introduce higher
internal resistance, which reduces cell voltage and overall system efficiency [13]. Unlike automotive
systems, maritime fuel cells typically operate under steady loads for extended periods, making rapid
start-up times less critical. Furthermore, the mechanical design of maritime stacks must account for
different vibration and shock profiles, requiring different structural considerations. As a result, key
differences in fuel cell design between the two sectors include power density, expected operational
lifetime, number of cycles, and the importance of minimizing weight.

2.3. System comparison
This report compares several hydrogen loop configurations, including two based on real-world projects
familiar to the author, while the remaining configurations are conceptual and not directly tied to exist-
ing systems. The first reference system is installed on the H2 Barge 1, an inland shipping container
vessel developed by Future Proof Shipping. This vessel features three BoPs, each delivering a net
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2. PEM Fuel Cell Applications and Hydrogen Loop Design

power output of 275 kW using Nedstack FCS 13-XXL fuel cells [18]. The second system is a proto-
type hydrogen-powered race car developed by the student team Forze Hydrogen Racing. It uses two
BoPs, each rated at 120 kW, built around EKPO NM-12 Single stacks [19]. These two applications
differ significantly, not only in power demand and operating conditions, but also in usage profiles. For
example, total runtime is a critical design factor in maritime systems, whereas it is of minimal concern
for the race car. Figure 2.1 illustrates both projects.

(a) H2 Barge 1 (b) Forze F9

Figure 2.1: Pictures of the H2 Barge 1 and Forze F9

Fundamentally, both the Forze race car and the H2 Barge 1 hydrogen systems operate on similar
principles: hydrogen is stored in high-pressure tanks and reduced in two stages to the working pressure
required by the PEM fuel cell. In both setups, unreacted hydrogen from the stack outlet is recirculated
using a pump, and a purge valve is used to remove inert gases such as nitrogen that accumulate during
operation.

Despite these similarities, there are several key differences in system design. First, the method used
to regulate hydrogen pressure from the intermediate stage to the stack inlet differs: one system uses a
passive pressure regulator, while the other employs an actively controlled proportional valve. Second,
the design and placement of the recirculation pump and water separator vary. One system uses a liquid
ring pump positioned before the water separator, while the other uses a blower placed after it. These
differences are illustrated in the P&IDs shown in figure 2.2.

In addition to component differences, the fuel cell stacks themselves also operate under different strate-
gies. The H2 Barge 1 system uses fixed hydrogen pressures for each power setpoint, whereas the race
car’s system is designed to increase pressure as the power demand rises. Furthermore, the maximum
current density in the race car’s stack is nearly three times higher than that of the maritime system,
which leads to different efficiency and water management challenges.

This thesis focuses specifically on the two most impactful components in the hydrogen loop: the hy-
drogen supply and recirculation devices. Using the P&ID of the H2 Barge 1 as a baseline system,
alternative configurations will be modeled by varying these components. Tubing and valve sizing, as
well as stack characteristics, will reflect those of the H2 Barge 1 to maintain relevancy and allow val-
idation with real world data. The aim of this study is to evaluate a range of supply and recirculation
combinations under realistic maritime conditions to identify the most effective and robust hydrogen loop
configuration for PEM fuel cell systems in marine applications.
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(a) H2 Barge 1 P&ID

(b) Forze F9 P&ID

Figure 2.2: P&IDs highlighting key differences in hydrogen loop component placement between H2 Barge 1 and Forze F9

2.4. Hydrogen loop components and configurations
The next section introduces the key components that make up a hydrogen loop in a PEM fuel cell Bal-
ance of Plant. Each supply, recirculation, and auxiliary component is described in terms of its function,
operating principles, advantages, and limitations. Finally, different combinations of these components
are assembled into twelve distinct system configurations, which form the basis for the performance
analysis presented in later chapters.

2.5. Stack
This master’s thesis focuses on the FCS 13-XXL fuel cell stack developed by Nedstack. The BoP
comprises of 32 of these stacks, in parallel, delivering a total power output of 300 kW at 145 A. At
this operating point, hydrogen consumption is approximately 4.7 g/s and the stoichiometry should be
at least 1.25. The anode operates at a fixed pressure of 250 mbar. The inlet temperature should be
between 50 °C and 60 °C, and relative humidity between 50% and 80% with respect to coolant inlet
temperatures (62 °C) [18].
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2.6. Water and nitrogen crossover
Theoretically, all water generated in a PEM fuel cell is produced at the cathode. In practice, however,
water crossover between the cathode and anode occurs in both directions. There are three primary
mechanisms responsible for this transport across the membrane. The first is electro-osmotic drag, in
which protons moving from the anode to the cathode carry water molecules with them. The second is
diffusion, driven by the concentration gradient between the water-rich cathode and the typically drier
anode. The third is convection, caused by a pressure gradient across the membrane [15].

Together, these mechanisms typically result in 10–40% of the water produced at the cathode cross-
ing over to the anode. For the fuel cell stack considered in this study, NedStack estimates a water
crossover of approximately 20–30%. This crossover influences overall system performance and com-
ponent longevity: excess liquid water in the anode loop can lead to increased pressure drops, reduced
component efficiency, and accelerated wear. At the same time, a certain degree of water crossover is
beneficial, as it helps maintain adequate humidity in the hydrogen loop, which is essential for proper
membrane hydration and long-term stack performance.

The porous nature of the fuel cell membrane permits gas crossover between the anode and cathode
compartments [17]. While crossover of oxygen and hydrogen is undesirable, since it reduces efficiency
due to fuel loss and, in extreme cases, may pose a safety risk due to the potential for local combustion,
these gases react with each other and thus do not accumulate within the system. In contrast, nitrogen
that crosses from the cathode to the anode accumulates in the hydrogen loop. This buildup blocks
active surface area within the stack, leading to a reduction in cell voltage. Additionally, the presence
of nitrogen increases the pressure drop across the loop, thereby raising the power consumption of
the recirculation pump. However, because nitrogen crossover is difficult to quantify precisely and is
considered negligible by the stack manufacturer, it has been excluded from this model.

2.7. Supply components
The purpose of the supply component is to apply enough hydrogen to the stack for the electrochemical
reaction. An ideal supply device would supply this hydrogen at the right pressure and mass flow.
Various methods exist for delivering hydrogen from the storage tanks to the fuel cell stack. Typically,
a pressure regulator reduces the hydrogen pressure from the storage pressure (20-700 bar) to an
intermediate pressure (5-20 bar), after which various methods can be employed to further reduce the
pressure to the stack’s operating pressure. Several different devices are used for this application and
those are discussed below, furthermore, their benefits and drawbacks are discussed.

2.7.1. Pressure regulator
The pressure regulator (PR) controls the pressure supplied to the stack by adjusting an orifice in re-
sponse to the outlet pressure. The orifice size then controls the flow, as can be seen in figure 2.3. A
key drawback of using a pressure regulator is that it maintains a fixed outlet pressure. Although the
set pressure can be adjusted, this process requires the system to shut down and careful calibration,
making it unsuitable for dynamic adjustments during operation.

Figure 2.3: Schematic showing the working principle of a pressure regulator [20]
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A typical flow curve for a pressure regulator can be seen in figure 2.4 taken from [21]. One can see that
when the flow starts, there is a drop in outlet pressure, this is mainly caused bymechanical friction inside
the pressure regulator. When setting the pressure regulator, it is set at a flow that has to overcome this
lockup. With increasing flow, the outlet pressure drops, this is called droop. Near the end of the flow
curve, choked flow happens and significantly reduces outlet pressure, this region should be avoided.

Figure 2.4: Typical flow curve of a pressure regulator [21]

2.7.2. Proportional valve
The proportional valve (PV) operates by adjusting the position of a plunger, which in turn varies the
size of an orifice, thereby controlling the mass flow. The proportional valve can thus control the mass
flow and with this, the pressure. The working principle can be seen in figure 2.5. As it is an active
component, it can be controlled for a range of different outlet pressures and thus vary the inlet pressure
of the stack based on its setpoint, allowing for more flexibility. Proper control and tuning are required
for effective operation. A key consideration is the inlet pressure of the proportional valve, which must
be at least twice the outlet pressure to ensure choked flow. Unlike pressure regulators, where choked
flow is typically avoided, it is desirable in the case of proportional valves. Under choked conditions,
the flow through the orifice becomes independent of downstream pressure and depends solely on
the upstream pressure and opening of the orifice, simplifying flow control. However, this requirement
imposes additional constraints on the minimum supply pressure.

Figure 2.5: Schematic of a closed (left) and open (right) proportional valve [22]
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2.7.3. Mass flow controller
A mass flow controller (MFC) operates in a manner similar to a proportional valve, but with integrated
feedback control. Functionally, it consists of a mass flow meter followed by a proportional valve, as il-
lustrated in figure 2.6. The mass flowmeter continuously measures the flow rate, and this signal is used
to adjust the opening of the proportional valve in real time. This configuration provides a straightforward
and reliable method for controlling mass flow.

One of the key advantages of a mass flow controller is its simplicity: it is typically supplied as a complete
unit, including control electronics, and is pre-calibrated by the manufacturer. This reduces the need for
custom tuning and integration effort. However, a notable limitation is that it regulates only mass flow, not
pressure. As a result, while it maintains a certain mass in the loop, it cannot compensate for changes
in system pressure caused by variations in temperature or humidity. Consequently, system pressure
may fluctuate even when mass flow remains constant.

Figure 2.6: Schematic of a mass flow controller and its control system[23]

2.7.4. Injectors
Injectors provide another method for delivering hydrogen to the fuel cell by rapidly pulsing hydrogen to
maintain a stable pressure. The duty cycle of the injector can be controlled to regulate the amount of
mass flow to the fuel cell. This allows precise mass flow control and gives the system a quick dynamic
response to changes in setpoint or changes in operating conditions. However, the injector has to be
properly calibrated for it to be accurate. This might make this solution costly compared to the others.
Injectors also have the ability to pulse hydrogen, which could lead to advantages in combination with
an ejector [24].

2.8. Recirculation components
The function of the recirculation device is to recirculate the unreacted hydrogen. This will also recircu-
late the humidity and water, which will humidify the supply stream. Furthermore, the recirculation device
should remove excess water from the fuel cell to prevent flooding. Together with the supply device,
they can supply hydrogen to the fuel cell at the right pressure, temperature, humidity, and mass flow.
Below, several options for recirculation are discussed. Both the liquid ring pump and the blower are
positive-displacement pumps, meaning that they compress a volume to generate pressure and flow.
Centrifugal pumps are not discussed as the low molecular weight of hydrogen makes them unfeasible
[3].

2.8.1. Liquid ring pump
A liquid ring pump (LRP) operates using a liquid, typically water, as both a sealing medium and a
lubricant, as shown in figure 2.7. In the context of a PEM fuel cell system, this sealing liquid can often
be supplied by the fuel cell itself through its water production. One of the key advantages of a liquid ring
pump is its ability to handle gas streams with significant droplet content, making it particularly suitable
for fuel cell Balance of Plant applications where the stream can consist of significant water.
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Another benefit of this design is its potential for thermal management: by controlling the temperature
of the sealing liquid, the gas temperature can be indirectly regulated. However, a water separator is
required downstream of the pump to remove both the water generated by the fuel cell and the sealing
liquid carried over during operation. As a positive displacement device, the flow rate of a liquid ring
pump is primarily determined by its rotational speed rather than the pressure differential across it. A
known limitation is that it requires a minimum rotational speed to sustain the centrifugal force needed
to maintain the liquid ring [25]. Additionally, liquid ring pumps generally consume more power than
dry-running alternatives, as they must circulate both the process gas and the sealing liquid.

Figure 2.7: Schematic of a liquid ring pump [26]

2.8.2. Blower pump
A roots-style pump, commonly referred to as a hydrogen recirculation blower, is a type of positive-
displacement pump. Unlike a liquid ring pump, it uses mechanical seals and does not rely on a liquid
for sealing or lubrication. As a result, it is mechanically more simple and does not require additional
plumbing for water supply. However, this design also limits the pressure ratio it can achieve, as me-
chanical seals are less effective at sealing under high differential pressures. Fortunately, most PEM
fuel cell systems operate at relatively low pressures, making this limitation acceptable. The working
principle of a roots-style blower is illustrated in figure 2.8. To protect the pump from water-induced dam-
age, a water separator is typically placed upstream to remove any liquid droplets present in the gas
stream. During operation, gas compression within the blower causes a temperature increase, which
may raise vapor concentrations. While this can assist in water management, it also risks drying the
membrane if not properly controlled, potentially impacting fuel cell performance and durability.

Figure 2.8: Schematic of a roots style blower [27]
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2.8.3. Ejector
An ejector is a promising candidate for hydrogen recirculation in PEM fuel cell systems due to its ability
to operate without external power. It utilizes the energy of the pressurized hydrogen supply to drive the
recirculation of unreacted hydrogen. In an ejector, high-pressure hydrogen passes through a nozzle,
accelerating to high velocity and creating a low-pressure zone downstream. This low-pressure region
entrains the recirculated hydrogen from the anode outlet, enabling recirculation flow. A schematic
representation of the ejector is shown in figure 2.9.

The performance of an ejector is highly sensitive to the precise geometry of its nozzle and diffuser,
which determine the level of entrainment generated for a given primary flow rate. Achieving optimal
performance requires careful sizing and tuning, which can be time-consuming. Moreover, any dis-
turbance in the recirculation stream, such as increased pressure drop or water droplets, can disrupt
suction and halt the recirculation process entirely.

Despite these challenges, ejectors offer several notable advantages: they contain no moving parts, are
highly reliable, require minimal maintenance, and offer a long operational life. However, their operation
is inherently coupled to the flow rate of the primary (supply) stream, which limits control flexibility.
Specifically, ejectors do not allow independent adjustment of the hydrogen stoichiometry, which can
be a constraint in systems requiring more flexibility. A major limitation is their reduced effectiveness
at low power setpoints, where the primary hydrogen flow is insufficient to generate adequate suction.
This can lead to issues such as hydrogen starvation or flooding in the recirculation loop. One mitigation
strategy is to increase the purge rate to boost flow through the stack, although this comes at the cost
of efficiency. Alternatively, hybrid configurations can be employed, in which a blower supplements the
ejector at low loads, while the ejector takes over at higher power levels. Despite these limitations,
ejectors remain an attractive solution in systems prioritizing simplicity, reliability, and energy efficiency.

Figure 2.9: Schematic of an ejector [28]

2.9. Auxiliary components
Besides the components that supply and recirculate the hydrogen, several other components are
needed for the BoP to function correctly.

2.9.1. Purge valve
A purge valve is used to remove unwanted gases or fluids from the hydrogen recirculation loop. These
may include nitrogen that crosses over from the cathode side or impurities present in the supplied
hydrogen. Since it is not possible to selectively purge only the contaminants, a portion of hydrogen is
inevitably lost during the purge process. As a result, an effective purge strategy has a direct impact on
both fuel utilization and overall system efficiency. Frequent or continuous purging helps maintain a high
hydrogen concentration in the anode loop, which supports higher cell voltages and reduces pressure
drop. This, in turn, can lower the power consumption of the recirculation pump. However, excessive
purging leads to significant hydrogen losses, reducing fuel efficiency. Therefore, a careful balance must
be struck between maintaining gas purity and minimizing hydrogen waste.

Two types of purge valves are commonly used: a discontinuous on/off valve and a continuously con-
trolled valve [3]. A continuous purge involves a constant bleed typically around 3% of the hydrogen
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flow, as suggested by simulation studies [29]. Purge strategies can be controlled based on various pa-
rameters, such as cell voltage, hydrogen concentration, or a predefined timer [29], allowing for adaptive
optimization of system performance.

2.9.2. Water separator
Liquid water must be removed from the hydrogen stream to prevent flooding of the fuel cells, reduce
pressure drop, and protect components that are not designed to handle liquid water. In the case of
the liquid ring pump, the water it uses in its ring also needs to be separated. Separation can be done
in several ways, the most common in BoPs are gravity separators, cyclone separators, or condensate
traps. Gravity separators work by slowing down the gas stream and allowing the water droplets to fall
down and be drained. This is a very simple solution with a low pressure drop, but it might not have the
highest separation efficiency. Cyclone separators work by using centrifugal force to separate the liquid
water from the hydrogen, as their densities are significantly different. Condensate traps work by having
a heat exchanger cool down the hydrogen stream, allowing the humidity to condense and separate.

2.10. Configurations
Several of these previously discussed components can be used together, each system needs at least
one supply device and one recirculation device. Typically, only one of each device is used with the
exception of an ejector and pump hybrid. This research will concern three different supply options, a
pressure regulator, a proportional valve, and amass flow controller. The injector will be omitted because
its pulsing effect will not be able to be captured in this model, so a proper comparison cannot be done.
Four different recirculation options will be investigated, a liquid ring pump, a blower, an ejector, and an
ejector-blower hybrid. These combinations result in twelve configurations, two of which are the same
as the ones discussed in paragraph 2.3, and all of them can be seen in appendix A.

2.11. Reliability considerations
Reliability is a critical factor in the design of hydrogen loop configurations. One of the main challenges
limiting the widespread adoption of PEM fuel cell applications is their relatively low reliability [30]. Figure
2.10 shows that the BoP is significantly more limiting to the lifetime of the fuel cell system than the fuel
cell stack itself. This figure is taken from a paper that made a framework to determine the lifetime of
fuel cell systems [31].

Figure 2.10: Subsystem-level and system-level reliability of a PEMFC system [31]

This lack of reliability can be explained by a couple of reasons. Firstly, even though most of these
components have been employed before for other uses, they have not been in development for long
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periods of time for applications in BoPs and might thus not be fully understood yet. Secondly, hydrogen
itself is a very small molecule, whichmeans that any component that handles hydrogen needs to be very
leak-tight. This means reliance on proper sealing and tight tolerances, which are both subject to wear
and relatively little wear is needed for it to cause leakages or other issues. Lastly are contaminants,
like oil for lubrication or particles that get into the system. As the system is designed for hydrogen,
tolerances are tight, so any contaminants canmake the components wear significantly quicker. Besides
this, most contaminants will also damage the fuel cell itself.
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3
Dynamic Modeling Approach and

Methods
To enable a good comparison of hydrogen loop configurations, a custom model was developed in MAT-
LAB Simulink. This model is unique in its ability to capture time-dependent behaviors such as startup
transients, humidity build-up, and component response delays. It incorporates physics interactions, like
pressure, flow, temperature, and two-phase effects, while allowing component-level parameterization
and validation against real-worldmaritime data. This chapter describes themodeling framework, includ-
ing the governing physical principles and component-level implementations used to simulate pressure,
flow, temperature, humidity, and phase changes within the hydrogen loop. The chapter concludes by
outlining the methods used for configuration scoring and performance evaluation, providing the basis
for the comparative analysis presented in the next chapter.

3.1. System overview
The system is modeled as a network of volumes, flow resistances, and components. The layout and
components are based on the P&ID shown in figure 2.2a, primary components include the hydrogen
supply device, fuel cell stack, purge valve, recirculation device, and water separator. Mass flows be-
tween volumes through flow resistances, and each volume additionally accounts for phenomena such
as temperature, relative humidity, and species concentration. Heat transfer through the piping is in-
cluded in temperature calculations to account for thermal interactions with the environment. The model
can be seen in appendix B.

3.2. Governing physics and equations
3.2.1. Pressure
The pressure within each volume is computed using the ideal gas law. The use of the ideal gas law is
justified by the relatively low operating pressures and temperatures. The amount of mass per species
in each volume is calculated via time integration of the net mass flow into and out of each volume. This
is applied separately to hydrogen and water vapor, and the total pressure is obtained by summing their
respective partial pressures.

3.2.2. Flow
Flow between volumes is calculated based on the pressure difference between them, using the Darcy-
Weisbach equation. Since this equation expresses pressure drop as a function of flow velocity, it
is algebraically rearranged to solve for velocity as the output. To accurately represent the gas mix-
ture comprising hydrogen and water vapor, the model calculates viscosity using Wilke’s method, while
density is determined separately based on the ideal gas law. In addition to these gaseous species,
the presence of liquid water requires the use of two-phase flow correlations. Specifically, the Lockhart-
Martinelli method is employed to account for the increased pressure drop associated with simultaneous
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gas-liquid flow. Once the flow velocity is determined, it is used to calculate the corresponding mass
transfer between volumes. All underlying equations and assumptions are detailed in appendix C.

3.2.3. Temperature
Temperature is calculated at each volume for both the fluid stream and the tube wall. Thermal model-
ing includes convective heat transfer between the fluid stream and the tube wall, conduction through
the wall, and free convection to the ambient environment. Convective heat transfer coefficients are
determined using internal and external Nusselt number correlations, based on the local flow regime. It
is assumed that hydrogen, water vapor, and liquid water within the stream share the same bulk tem-
perature. Additionally, phase change due to condensation and evaporation significantly affects thermal
behavior. These effects are accounted for and the resulting heat is appropriately distributed between
the fluid stream and the wall. A detailed description of all thermal and phase-change equations is
provided in appendix C.

3.2.4. Relative humidity
As discussed in paragraph 3.2.1, there are three mass balances, the mass balance of the vapour is
used to calculate the vapour pressure. The saturated vapour pressure is calculated with the Arden-
Buck equation, see equation 3.1 where 𝑇 is the temperature in Kelvin and 𝑝 the partial pressure [32].
This equation gives an good approximation of the saturated vapour pressure. The relative humidity is
then calculated with equation 3.2.

𝑝𝑠𝑎𝑡 = 611.21𝑒𝑥𝑝 [(18.678 −
𝑇 − 273.15
234.5 ) (𝑇 − 273.15𝑇 − 16.01 )] (3.1)

𝑅𝐻 =
𝑝𝑣𝑎𝑝𝑜𝑢𝑟
𝑝𝑠𝑎𝑡

(3.2)

3.2.5. Evaporation and condensation
Evaporation and condensation are key processes within the hydrogen loop, significantly influencing
both humidity and temperature throughout the system. These phase changes are driven by temperature
changes, which affect the saturation pressure and enable mass transfer between vapor and liquid
phases. In the model, phase change rates are dynamically computed using mass transfer correlations
based on concentration gradients and local flow conditions. The mass transfer coefficient is determined
using Sherwood number correlations, while vapor saturation pressure is calculated with the Arden-Buck
equation 3.1. The associated latent heat effects are included in the energy balance, ensuring that phase
change impacts both heat and mass dynamics realistically. A complete formulation of the equations
and modeling approach is provided in appendix C.

3.3. Components
3.3.1. Stack
The stack is modeled as a simple consumer of hydrogen. Based on the current setpoint, the consump-
tion mass flow can be calculated with equation 3.3, where 𝐼 is the stack current, 𝑛cells is the number
of cells, 𝑀H2 is the molar mass of hydrogen, and 𝐹 is the Faraday constant [16]. To prevent flooding,
a minimum flow rate of 1888 Nl/min is enforced by increasing recirculation when necessary. Water
crossover from cathode to anode is included in the model and assumed to be 20-30% of the produced
water. The total water production rate is calculated using equation 3.4 [16].

𝑚̇H2 ,consumed =
𝐼𝑛cells𝑀H2

2𝐹 (3.3)

𝑚̇H2O,produced =
𝐼𝑛cells𝑀H2O

2𝐹 (3.4)

Due to the high thermal inertia of the stack, the assumption is made that the stream leaving the stack
has the same temperature as the coolant. Nitrogen crossover is not modeled as it is dependent on
many factors like humidity of membrane, partial pressure on both sides of the membrane, temperature,
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membrane material characteristics, some of which are not known, and the amount is expected to be
very small, thus, the overall effect on the system will be minimal.

3.3.2. Pressure relief valve
In case of an overpressure in the loop, a pressure relief valve opens to let out the excess pressure. In
this system, this valve is set at 450 mbar. This valve is modelled as a simple valve, the more pressure
there is, the further this valve opens. When below 450 mbar it closes again.

3.3.3. Water separator
As little is known about the actual water separator used in the BoP, characteristics of another water
separator are used. In figure 3.1, one can see that the efficiency drops with increasing flow rate and
the pressure drop increases, this is to be expected and thus a good alternative to use in the model. To
adjust it to the system, it was assumed that three of these would be in parallel, meaning the flow gets
divided over them.

Figure 3.1: Water separator efficiency and pressure drop at increasing flow rate [33]

3.3.4. Purge valve
The purge valve is a simple on/off valve that is open 90% of the time, cycling with a period of one
second to minimize pressure fluctuations in the system. The valve’s flow rate at a known pressure
and temperature is used to determine its Kv value, a flow coefficient that quantifies how much fluid
passes through the valve for a given pressure drop. This Kv value is then used with equation 3.5 to
calculate the flow rate under current system conditions, where 𝑝 is the pressure inside the system 𝑝𝑎𝑚𝑏
the ambient pressure, 𝜌 the density of the mixture, and 𝑇 the temperature [34]. The resulting flow can
be split into hydrogen and vapor mass flows based on the local gas composition.

𝑉̇𝑝𝑢𝑟𝑔𝑒 = 514𝐾𝑣√
(𝑝 − 𝑝𝑎𝑚𝑏)𝑝𝑎𝑚𝑏
𝜌𝑚𝑖𝑥𝑡𝑢𝑟𝑒𝑇

(3.5)

In the case of an ejector-based system, achieving sufficient flow through the stack at low load setpoints
is not possible using the ejector alone. To address this limitation, an additional, larger purge valve is
employed alongside the standard purge valve. This setup allows enough hydrogen to pass through
the stack to prevent flooding. While this approach is highly inefficient, resulting in significant hydrogen
losses, it is necessary to safeguard the health and longevity of the fuel cell stack.

16



3. Dynamic Modeling Approach and Methods

3.3.5. Pressure regulator
The flow curve of the pressure regulator is known and can be seen in figure 3.2. This is implemented
in a lookup table. Here, the outlet pressure is the input to the lookup table, and the mass flow is the
output. Inertia in the pressure regulator is assumed to be minimal and thus ignored. The inlet pressure
of the pressure regulator is assumed to be constant, as the volume before the pressure regulator is
large.

Figure 3.2: Flow curve of the pressure regulator used in the model

3.3.6. Proportional valve
The proportional valve is a simple valve that, based on its input, opens a certain amount. This changes
its Kv value and, thus the flow rate. The flow rate can be calculated with equation 3.6, [34]. If the flow is
not choked, equation 3.5 should be used. One can check if the flow is choked when the inlet pressure
is more than twice the outlet pressure of the valve. The proportional valve will be based on a Bürkert
type 6223, with a Kv of 1.4 m3/h [35]. The proportional valve also shows hysteresis effects, as can be
seen in figure 3.3, these effects have also been taken into account in the model. A PID controller will
control the opening of the valve based on the stack inlet pressure.

𝑉̇𝑃𝑉 =
257𝑝𝑖𝑛𝐾𝑣
√𝜌𝑇

(3.6)

Figure 3.3: Hysteresis of a proportional valve
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3.3.7. Mass flow controller
The mass flow controller uses the same governing equations as the proportional valve. However, it
is controlled based on the measured mass flow rate. A PID controller adjusts the valve opening to
maintain the desired mass flow.

3.3.8. Liquid ring pump
The pump map for the liquid ring pump is known and serves as a key reference. The model uses the
pressure rise over the pump, derived from this map, to calculate the corresponding flow. The map can
be seen in figure 3.4. A simple PID controller will control the pump’s setpoint.

Figure 3.4: Flow rate and pressure rise of the liquid ring pump at minimum and maximum setpoint

The pump’s inertia is modeled as a rotating cylinder with an inner steel ring and an outer water ring.
The power and RPM of the motor attached to the pump is known and is thus modeled. Furthermore,
the pump has a minimum speed to maintain the liquid ring, based on the geometry, a minimum speed
of 14.59% was found.

3.3.9. Blower
For the inspiration of the blower, a 24 URAI was taken due to a lot of information being available and
suitable for the requirements of the system [36]. The pump map, power, and temperature rise were
available and were modified for the mixture going through. The inertia was modeled based on the
sizing available.
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Figure 3.5: Flow rate and pressure rise of the blower pump at minimum and maximum setpoint

3.3.10. Ejector
To model an ejector, it is essential to predict the entrainment ratio, defined as the ratio of secondary
to primary mass flow, as shown in equation 3.7, where 𝑚̇ denotes the mass flow rate [37]. Once the
entrainment ratio is known and the primary mass flow is specified, the secondary mass flow can be
calculated directly.

The entrainment ratio under critical flow conditions is determined using the methodology proposed by
Chen et al. [37]. For subcritical operation, the entrainment ratio is interpolated based on the calculated
start and end points of subcritical behavior and the current backpressure, as illustrated in figure 3.6.

This calculation is performed across a range of primary pressures, secondary pressures, back pres-
sures, and hydrogen concentrations. The resulting data is stored in a four-dimensional lookup table,
which is used within the model to dynamically determine ejector performance under varying operating
conditions.

𝜔 =
𝑚̇𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦
𝑚̇𝑝𝑟𝑖𝑚𝑎𝑟𝑦

(3.7)

Figure 3.6: Entrainment ratio vs back pressure in different flow regimes [37]

The ejector geometry was sized based on the maximum required hydrogen supply flow at full stack load
and elevated temperature. To determine the diameter of the constant-area mixing section, a design
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ratio of 3.135 was applied, based on guidelines from [38], [39]. The final geometry parameters used
in the model are listed below. The corresponding performance curve for the ejector is shown in figure
3.7.

• Throat diameter = 3.55 mm

• Nozzle exit diameter = 6.15 mm

• Constant area diameter = 11.13 mm

Figure 3.7: Performance curve of the ejector used in the model, in the different flow regimes

3.3.11. Ejector pump hybrid
In the hybrid configuration, the ejector and the pump are arranged in parallel, with valves directing flow
through either device depending on the operating condition. Control is based on the stack load setpoint:
when the load exceeds a defined threshold, the ejector is activated; otherwise, the blower is engaged.
This arrangement enables efficient operation of the fuel cell system’s Balance of Plant across the full
range of the stack.

3.4. Validation
Model validation was conducted using operational data from the H2 Barge 1 system. Two datasets
were available: a comprehensive dataset with limited sensor coverage, and a shorter dataset con-
taining detailed measurements of the hydrogen loop. These datasets were used to compare model
predictions and inform iterative refinements. Several model parameters were tuned to better align with
the measured data. These include the ambient temperature, hydrogen supply temperature, and stack
outlet temperature. Initially, the temperature rise across the liquid ring pump was assumed to be neg-
ligible. However, measurements showed a temperature increase of approximately 6 °C at high power,
prompting a correction.

The pressure regulator’s original flow curve was based on a 6 bar inlet pressure. However, measure-
ments indicated an actual inlet pressure of 10 bar, necessitating scaling the flow curve. Additionally,
the regulator’s set pressure was observed to be higher than expected and was adjusted accordingly.
Figure 3.8 compares measured flow data with the adjusted regulator curve, showing the raw data and
the midpoints for each bin to compare them to the flow curves. While figure 3.9 shows the final ver-
sus initial flow curves. A scaling factor for flow rate was also introduced to assess the impact of inlet
pressure.
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Figure 3.8: Data from the system on the ship compared to pressure regulator flow curve

Figure 3.9: Pressure regulator flow curve altered to match the ship

The pressure drop across the stack was also refined based on experimental data. Using the large
dataset, the hydrogen utilization was computed and used to adjust the purge valve’s Kv value to match
the measured utilization when the same load profile was simulated in the model.

It is important to note that differences in control strategies between the real ship system and the simu-
lation influenced the validation process. For example, the purge duty cycle on the ship is dynamically
controlled, whereas in the model it is implemented as a fixed value. Additionally, the hydrogen recircu-
lation pump on the ship operates continuously at its maximum setpoint and, in practice, even exceeds
the manufacturer’s specified maximum RPM due to the characteristics of the motor used. In contrast,
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the simulation employs a variable-speed setpoint for the pump. These operational discrepancies were
taken into account during the validation phase. However, for the sake of standardized comparison
across different configurations in this study, the simulation model was ultimately simplified to use ide-
alized control logic.

Appendix E presents a side-by-side comparison of model outputs and experimental data. Most sensor
readings show good agreement, with the largest discrepancy observed in the stack inlet temperature,
which is consistently lower in the model. After an extensive investigation, no modeling error could be
identified to explain this deviation. The most plausible explanation is a difference in sensor placement
between the physical system and the modeled representation.

3.5. Evaluation metrics and test scenarios
This section outlines the methods used to evaluate and compare the performance of the twelve different
hydrogen loop configurations, listed in appendix A. Each configuration undergoes a standardized set
of tests, and is assessed based on key performance indicators (KPIs). After determining the working
range of each configuration, some configurations might be dropped as they are not suitable for use and
will take up time.

The first step is to determine the operational working range of each configuration. This is achieved by
performing a load ramp test, where the stack load is gradually increased from 0% to 100% and then
decreased back to 0%. A configuration is considered operationally viable across a load point if the
following three criteria are met:

• Stoichiometry is above 1.25

• No excessive purging required

• Pressure relief valve remains closed

Excessive purging or activation of the pressure relief valve indicates loss of hydrogen or system insta-
bility, making the configuration unsuitable. Maintaining a stoichiometry above 1.25 is crucial to ensure
sufficient hydrogen availability for the electrochemical reaction and to avoid flooding or starvation in the
fuel cell stack.

Once the working range is established, each configuration is tested under various load conditions. Key
performance indicators are defined to enable objective comparison between configurations. These
KPIs include:

• Hydrogen utilization

• Recirculation device power consumption

• Hydrogen stoichiometry

• Minimum stack flow

• Stack inlet pressure

• Stack inlet relative humidity (relative to coolant inlet temperature)

• Stack inlet temperature

Target values for pressure, temperature, and relative humidity are defined by Nedstack [18], and each
key performance indicator is scored individually based on its deviation from these targets. For instance,
the stack inlet pressure has a target of 250 mbar; if the measured value remains within ±25 mbar of
this target, it receives a full score. Larger deviations result in proportionally reduced scores.

Stoichiometry is evaluated using a binary scoring system: full points are awarded if the value is at
least 1.25; otherwise, the score is zero. Minimum stack flow is scored in a similar fashion, with a
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10% tolerance band around the required flow. Maintaining sufficient flow is critical to prevent flooding,
a condition where water produced in the fuel cell is not effectively removed. This excess water can
obstruct active cell areas, leading to local fuel starvation. Frequent flooding can accelerate membrane
degradation and significantly reduce the fuel cell’s operational lifespan.

Relative humidity should be evaluated relative to the coolant inlet temperature, as the coolant has
the highest heat capacity compared to the hydrogen loop and air supply. It largely determines the fuel
cell’s operating temperature. When hydrogen enters the stack, it quickly reaches the stack temperature,
approximately equal to the coolant temperature, due to the high surface area for heat exchange. As
a result, its relative humidity changes rapidly upon entry, making the coolant temperature the relevant
reference point for evaluating humidification. Relative humidity is scored asymmetrically, with higher
penalties applied to over-humidification than to under-humidification. This reflects the greater risk of
membrane flooding under excessive humidity conditions. Detailed scoring curves for each KPI are
provided in appendix F.

Efficiency in this study is calculated using two factors. The first is hydrogen utilization, defined as the
ratio of hydrogen consumed to hydrogen supplied. The second is the ratio of the power consumed by
the recirculation device to the total power output of the fuel cell system. These two factors are multiplied
to obtain the overall hydrogen loop efficiency, as shown in equation 3.8. It is important to note that
this efficiency metric pertains only to the hydrogen loop and does not account for the electrochemical
efficiency of the fuel cell itself, which typically operates at around 50%.

𝜂 = (𝐻2 consumedtotal 𝐻2 input
) × (1 − recirculation power

stack power ) (3.8)

These scores can be used to compare each system and come to a conclusion of which is the most suit-
able system. To make the comparison more meaningful, a weighted average is used. For the maritime
sector, efficiency and lifetime are the most important factors. Thus, efficiency has a high weight, one
big risk for the stack is flooding and fuel starvation, which can significantly decrease lifetime [40], thus
they are weighted second. On the one hand, if the pressure is too high, the pressure difference over
the membrane can be too much and there is an increased risk of damage to the membrane. On the
other hand, a too low pressure can decrease cell voltage and thus efficiency and can also increase the
amount of nitrogen and water crossover. Humidity and temperature can both increase the cell voltage
and when they are too high, can cause damage to the stack. But the cathode side of the stack has
more impact on this due to bigger flow, thus these are weighted lower. All the weights can be seen in
table 3.1.

Table 3.1: Weights for the weighted average for each key performance indicator

Percentage of total score
Efficiency 35%
Stoichiometry 15%
Minimum flow 15%
Pressure 17.5%
Humidity 10%
Temperature 7.5%

To say something about the transient behavior of each configuration, the response to a change in load
will be recorded. This might not be the most relevant for maritime applications, as the expected load
profiles are typically steady over long periods, but it is still valuable for assessing system robustness and
identifying potential control challenges during start-up, maneuvering, or emergencies. Furthermore, in
most BoPs, the compressor on the air side is the slowest component to ramp up or down and often
limits the overall system response. The transient response will be evaluated by measuring how long it
takes for the system to reach a new steady state in terms of pressure and stoichiometry. The test will
consist of several load steps, both with and without a rate limiter provided by the stack manufacturer.
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The robustness of the system will be investigated by changing ambient temperature, the temperature
of the supply hydrogen and the amount of water crossover. These variables might change day to day
for the system and seeing how robust the systems are to these changes can be important. They will be
scored on how much they lose compared to a base scenario. Furthermore, the pressure of the supply
hydrogen, upstream of the supply device, can fluctuate and a robust system should be able to handle
the change in pressure and still be able to work on the complete range. They will be tested with a
varying supply pressure that resembles real scenarios from the ship. And three scenarios with fixed
pressure but at 8, 10 and 12 bar. Then, a relation between the inlet pressure and outlet pressure can
be found. In an ideal system, these would be uncoupled, based on how coupled they are, the score is
determined.

Steady load performance is also very important in maritime applications and is thus also scored and
compared. Furthermore, the effect of an increased stoichiometry will be tested and compared, as this
will increase the power draw of the pump but will also increase the humidity and temperature of the
stream entering the fuel cell. Besides performance related criteria, other criteria like complexity and
reliability will be considered. The will be done giving each component a score on several criteria, the
configuration will then get the score of both devices combined.
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Results and Discussion

This chapter presents the simulation results for the twelve hydrogen loop configurations introduced ear-
lier, analyzing their performance under a range of operating conditions representative of maritime fuel
cell applications. The simulations include a variety of test scenarios to evaluate both steady-state and
dynamic behavior. These include fixed load points, gradual load sweeps, and transient load changes
to assess responsiveness and robustness. Special attention is given to pressure and temperature sta-
bility, effectiveness of water management, and the ability of each configuration to maintain acceptable
stoichiometry across the full load range. The results are discussed in terms of technical feasibility, en-
ergy efficiency, system reliability, and control complexity, providing insights into the trade-offs involved
in selecting a suitable hydrogen loop design for maritime use.

4.1. Working range
The working range of each configuration was determined by ramping the load from 100% to 0% and
back to 100% to assess any differences between upward and downward transitions. The results are
summarized in table 4.1. Configurations 3 and 4 exhibited limited operating ranges and were therefore
excluded from some of the subsequent tests.

The tests revealed that configurations using ejectors struggled to meet minimum operational require-
ments at low load setpoints. These limitations stem from the passive nature of ejectors and their lack of
controllability. Ejectors require sufficiently high primary flow to generate the suction needed for recircu-
lation. At low stack loads, this flow is inadequate, and compensating with excessive purging would lead
to unacceptable hydrogen losses, rendering the approach impractical. When combined with a pres-
sure regulator, the operating range is further reduced. A fixed inlet pressure constrains the hydrogen
supply, limiting system operation to conditions where supply and consumption are closely matched.

Hybrid configurations address this challenge by combining an ejector with a blower. At low loads,
the blower maintains the required recirculation flow, while at higher loads, the ejector can operate
effectively, enabling reliable performance across the full range. This approach balances the need for
high inlet pressure to drive recirculation with the goal of avoiding excess hydrogen consumption.

It should also be noted that in real-world BoP systems, other subsystems, such as the air supply or the
fuel cell stack itself, can impose additional limitations on the achievable operating range. such as the
air supply or fuel cell stack itself, may impose additional constraints on the operational range.
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Table 4.1: Operating current range for each configuration during load ramping tests. The range indicates the lowest and highest
stack currents at which stable operation was maintained.

Conf # Devices Working range [A]
Down ramp Up ramp

1 Pressure regulator
Liquid ring pump 145-0 0-145

2 Pressure regulator
Blower 145-0 0-145

3 Pressure regulator
Ejector 106-125 104-92

4 Pressure regulator
Ejector blower hybrid 107-125 95-84

5 Proportional valve
Liquid ring pump 145-0 0-145

6 Proportional valve
Blower 145-0 0-145

7 Proportional valve
Ejector 44-145 145-44

8 Proportional valve
Ejector blower hybrid 145-0 0-145

9 Mass flow controller
Liquid ring pump 145-0 0-145

10 Mass flow controller
Blower 145-0 0-145

11 Mass flow controller
Ejector 58-145 145-56

12 Mass flow controller
Ejector blower hybrid 0-145 145-58

4.2. Load sweep
The performance score for the ramped and step load can be seen in table 4.2, the exact load profile
can be seen in figure 4.1, this load profile spans 1800 seconds or 30 minutes. The load sweep tests
provide a comprehensive view of each configuration’s performance across various loads.

Figure 4.1: Load profile for the load sweep scenario, going from 100% to 10% and then going up in steps of 10%

Configurations utilizing only an ejector consistently scored lower in efficiency, primarily due to excessive
purging at lower loads. Mass flow controllers struggled with pressure control, as they regulatemass flow
rather than system pressure, failing to account for variations in temperature and humidity. Interestingly,
the mass flow controller configurations achieved slightly higher scores for temperature and humidity.
This is because the pressure in the system is higher with a mass flow controller, which increases
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gas density, reducing the pressure drop across the stack. As the pump attempts to maintain a certain
pressure drop, it increases speed, which in turn increases recirculation flow, temperature, and humidity.
This effect is even more pronounced in fixed-load tests. The liquid ring pump, by humidifying the
stream when not saturated and slightly increasing system temperature compared to the blower, scores
marginally better for temperature and humidity but loses efficiency due to its higher power consumption.

Table 4.2: Scores for each configuration at several loads varying from 10% to 100%

Conf # Devices Efficiency Stoichiometry Minimum
flow stack

Stack in
pressure

Humidity wrt
coolant inlet

Stack in
temperature

Weighted
score

1 Pressure regulator
Liquid ring pump 95.77 100.0 100.0 94.9 95.3 98.0 97.01

2 Pressure regulator
Blower 96.63 100.0 100.0 94.9 94.2 97.6 97.17

3 Pressure regulator
Ejector -

4 Pressure regulator
Ejector blower hybrid -

5 Proportional valve
Liquid ring pump 96.20 100.0 100.0 100.0 94.4 97.7 97.94

6 Proportional valve
Blower 97.04 100.0 100.0 100.0 92.7 97.2 98.02

7 Proportional valve
Ejector 92.65 100.0 83.4 100.0 74.5 94.4 91.97

8 Proportional valve
Ejector blower hybrid 97.13 100.0 100.0 100.0 87.5 95.5 97.41

9 Mass flow controller
Liquid ring pump 94.66 100.0 100.0 2.9 96.3 98.7 80.67

10 Mass flow controller
Blower 95.62 100.0 100.0 2.9 96.0 98.5 80.96

11 Mass flow controller
Ejector 90.87 100.0 77.5 35.1 64.0 93.6 77.99

12 Mass flow controller
Ejector blower hybrid 96.97 100.0 100.0 35.1 82.8 95.2 85.50

Figure 4.2 shows the stoichiometry traces for all recirculation options. Pumps maintain a fairly constant
stoichiometry, while ejectors exhibit lower stoichiometry at higher setpoints and higher stoichiometry at
lower setpoints. In the middle of the graph, where the load is lowest, stoichiometry rises as recirculation
increases to meet minimum flow requirements.
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(a) Stoichiometry trace for the liquid ring pump (b) Stoichiometry trace for the blower

(c) Stoichiometry and entertainment ratio trace for the ejector
(d) Stoichiometry and entertainment ratio trace for the ejector-
blower hybrid

(e) All stoichiometry traces overlapper

Figure 4.2: Figures a and b show stoichiometry for the liquid
ring pump and blower, both staying near 1.75 until the set-
point drops and a higher flow is needed to meet the minimum
flow requirement. Figures c and d display the ejector options,
where stoichiometry initially rises with decreasing setpoint due
to an increasing entrainment ratio, then drops sharply as the
entrainment ratio falls and either the purge valve opens more
or the blower activates. Figure e compares all options, show-
ing that the ejector configurations start with lower stoichiometry
at high setpoints but increase more gradually than the pump-
based systems.

4.3. Fixed load
The same performance metrics used in the load sweep were also evaluated at fixed loads of 100% and
75%, which are representative of typical steady-state conditions during constant-speed sailing. The
results are presented in tables 4.3 and 4.4.

At both fixed loads, configurations using ejectors performed significantly better than in the load sweep.
This improvement is attributed to the alignment of these operating points with the ejector’s optimal
design range. Ejector and hybrid configurations show identical results under these conditions, as the
blower in the hybrid setup remains inactive at higher loads and is only engaged during low-load oper-
ation. At 75% load, the pressure regulator–ejector combination operated acceptably, though its lack
of active pressure control resulted in a low pressure score. These findings highlight that passive sys-
tems, such as those using ejectors or pressure regulators, can perform well when precisely tuned for a
specific operating point. However, they lack the flexibility and robustness required to handle dynamic
or variable load conditions effectively.
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Table 4.3: Scores for each configuration for a fixed load of 100%

Conf # Devices Efficiency Stoichiometry Minimum
flow stack

Stack in
pressure

Humidity wrt
coolant inlet

Stack in
temperature

Weighted
score

1 Pressure regulator
Liquid ring pump 97.21 100.0 100.0 99.7 95.5 97.7 98.35

2 Pressure regulator
Blower 98.12 100.0 100.0 99.7 93.6 96.7 98.40

3 Pressure regulator
Ejector -

4 Pressure regulator
Ejector blower hybrid -

5 Proportional valve
Liquid ring pump 97.42 100.0 100.0 100.0 94.8 97.2 98.37

6 Proportional valve
Blower 98.28 100.0 100.0 100.0 91.9 96.0 98.29

7 Proportional valve
Ejector 98.46 100.0 100.0 100.0 64.8 87.6 95.01

8 Proportional valve
Ejector blower hybrid 98.46 100.0 100.0 100.0 64.8 87.6 95.01

9 Mass flow controller
Liquid ring pump 96.39 100.0 100.0 2.4 96.1 98.6 81.16

10 Mass flow controller
Blower 97.46 100.0 100.0 2.4 96.5 98.3 81.55

11 Mass flow controller
Ejector 99.02 100.0 100.0 55.2 52.3 84.1 85.85

12 Mass flow controller
Ejector blower hybrid 99.02 100.0 100.0 55.2 52.3 84.1 85.85

Table 4.4: Scores for each configuration for a fixed load of 75%

Conf # Devices Efficiency Stoichiometry Minimum
flow stack

Stack in
pressure

Humidity wrt
coolant inlet

Stack in
temperature

Weighted
score

1 Pressure regulator
Liquid ring pump 96.83 100.0 100.0 98.6 94.0 97.1 97.83

2 Pressure regulator
Blower 97.54 100.0 100.0 98.6 92.4 96.3 97.86

3 Pressure regulator
Ejector 98.66 100.0 100.0 57.7 80.0 91.8 89.51

4 Pressure regulator
Ejector blower hybrid 98.66 100.0 100.0 57.7 80.0 91.8 89.51

5 Proportional valve
Liquid ring pump 97.12 99.9 100.0 100.0 92.8 96.5 97.99

6 Proportional valve
Blower 97.79 100.0 100.0 100.0 90.3 95.5 97.92

7 Proportional valve
Ejector 97.96 100.0 100.0 100.0 86.4 93.7 97.45

8 Proportional valve
Ejector blower hybrid 97.96 100.0 100.0 100.0 86.4 93.7 97.45

9 Mass flow controller
Liquid ring pump 95.85 100.0 100.0 2.2 95.4 98.4 80.85

10 Mass flow controller
Blower 96.69 100.0 100.0 2.2 95.0 97.9 81.07

11 Mass flow controller
Ejector 97.70 100.0 100.0 96.9 88.1 94.2 97.03

12 Mass flow controller
Ejector blower hybrid 97.70 100.0 100.0 96.9 88.1 94.2 97.03

4.4. Robustness
4.4.1. Pressure robustness
To evaluate how each configuration responds to real-world supply variations, the supply pressure profile
measured on the actual vessel was replicated in the simulation. Since the stack inlet pressure is
the parameter most directly influenced by changes in supply pressure, it was selected as the primary
metric for analysis. These variations in supply pressure can arise from the presence of multiple BoPs
connected to a common supply line; as the hydrogen demand from each BoP fluctuates, the shared
supply pressure correspondingly changes.
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Figure 4.3 shows the stack inlet pressure over time in response to variations in the supply device’s
inlet pressure. Minor fluctuations are visible and are caused by the purge valve opening every second.
Both the mass flow controller and the pressure regulator follow the general trend of the supply pressure,
though with a damped response. In contrast, the proportional valve appears to effectively decouple the
stack inlet pressure from supply pressure fluctuations.

Figure 4.3: Pressure fluctuations caused by fluctuations in supply pressure, inlet pressure is normalized so that the mean is 0

To further investigate the previous findings and quantify their impact, the stack inlet pressure was logged
during simulations with supply pressures of 8, 10, and 12 bar. Equations 4.1 and 4.2 were used to get
a score, where the mean pressure at different supply pressures is used to get a gradient. The scores
can be seen in table 4.5, including the gradient from 8 to 10 bar and 10 to 12 bar. The raw results can
be seen in appendix G.

𝑑𝑃
𝑑𝑡 =

𝑝12 − 𝑝8
12 − 8 (4.1)

Score = 100 − |𝑑𝑃𝑑𝑡 | (4.2)

Analysis of supply pressure robustness revealed that pressure regulators and mass flow controllers
were more sensitive to inlet pressure fluctuations, whereas proportional valves were able to maintain
relatively stable outlet pressures. These findings indicate that proportional valves are preferable for
systems requiring high resilience to supply pressure variations. This could be the case when multiple
BoP’s are connected to the same supply line. When only one BoP is active, the supply pressure will
be quite high. When more are activated, the supply pressure will drop, but the system still needs to be
able to operate effectively.
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Table 4.5: Pressure gradient for each configuration and its pressure robustness score

Pressure gradient [mbar/bar]
8 - 10 bar 8 - 12 bar 10 - 12 bar Score

1 Pressure regulator
Liquid ring pump 3.54 3.11 2.69 96.9

2 Pressure regulator
Blower 3.54 3.11 2.69 96.9

3 Pressure regulator
Ejector - - - -

4 Pressure regulator
Ejector blower hybrid - - - -

5 Proportional valve
Liquid ring pump 0.00 0.00 0.00 100.0

6 Proportional valve
Blower 0.00 0.00 0.00 100.0

7 Proportional valve
Ejector 0.10 0.05 -0.01 100.0

8 Proportional valve
Ejector blower hybrid 0.03 0.02 0.01 100.0

9 Mass flow controller
Liquid ring pump 2.97 2.50 2.03 97.5

10 Mass flow controller
Blower 2.92 2.46 2.01 97.5

11 Mass flow controller
Ejector 1.42 1.04 0.66 99.0

12 Mass flow controller
Ejector blower hybrid 1.64 1.19 0.74 98.8

To say more about the pressure control each supply device has, a simple scenario with an increasing
load was simulated, this test the pressure control under increasing supply flow. The pressure traces can
be seen in figure 4.4. The proportional valve successfully maintains a constant inlet pressure across
the entire load range, demonstrating strong pressure control capabilities. In contrast, the pressure
regulator exhibits a significant drop in pressure as the load increases, consistent with the characteristic
droop behavior described in section 2.7.1. The mass flow controller initially shows a pressure rise as
the loop heats up and water vapor is added. However, instead of stabilizing, the pressure continues to
drift upward over time, indicating insufficient long-term control.

When this behavior is evaluated alongside the findings from the pressure robustness analysis, it be-
comes evident that fluctuating supply pressures, especially under variable load conditions, introduce
substantial control challenges. Components with limited adaptability, such as pressure regulators and
mass flow controllers, may struggle to maintain stable operating conditions, which can lead to subop-
timal system performance and increased risk of stack degradation.
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Figure 4.4: The stack inlet pressure (bottom) for each supply device with an increasing stack setpoint (top)

4.4.2. Temperature robustness
Temperature robustness was tested by changing the ambient and supply temperature to correspond
with a hot or cold day and comparing that to a normal baseline. Scoring this is done by using equa-
tions 4.3, 4.4 and 4.5, all the scores can be seen in table 4.6.

Δhot score = normal score− hot score (4.3)

Δcold score = normal score− cold score (4.4)

temperature robustness score = 100 − 100 × 𝑚𝑎𝑥(hot score, cold score)normal score (4.5)

This shows that temperature robustness is relatively consistent across all configurations, though sys-
tems incorporating an ejector exhibit slightly greater sensitivity. This is primarily due to their lower
hydrogen stoichiometry at higher setpoints compared to configurations using pumps (see figure 4.2).
As a result, ejector-based systems are more affected by changes in temperature. Additionally, elevated
temperatures lead to an increased entrainment ratio in ejectors, which alters the recirculation behavior.
In contrast, for pump-based systems, higher temperatures cause an increase in pressure drop across
the stack. This triggers the pump to reduce its speed setpoint as it is controlled on pressure drop over
the stack, which in turn mitigates the impact of the temperature rise, effectively dampening the tem-
perature gain. The main parameters influenced by temperature changes are relative humidity and the
gas temperature itself. As temperature increases, the hydrogen stream can hold more water vapor,
thereby improving humidification. In the case of this system, both humidity and temperature are below
optimal levels under standard conditions. Therefore, raising the supply and ambient temperatures will
enhance performance. However, this effect may not generalize to all PEM fuel cell BoP systems, as
optimal conditions depend on specific design and operating parameters.
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Table 4.6: Temperature robustness score for each configuration

Δhot score Δcold score Score

1 Pressure regulator
Liquid ring pump 0.61 1.63 98.3

2 Pressure regulator
Blower 0.66 1.72 98.2

3 Pressure regulator
Ejector - - -

4 Pressure regulator
Ejector blower hybrid - - -

5 Proportional valve
Liquid ring pump 0.65 1.73 98.2

6 Proportional valve
Blower 0.71 1.80 98.2

7 Proportional valve
Ejector 2.06 3.31 96.4

8 Proportional valve
Ejector blower hybrid 1.30 2.29 97.6

9 Mass flow controller
Liquid ring pump 0.59 1.16 98.6

10 Mass flow controller
Blower 2.13 1.21 97.4

11 Mass flow controller
Ejector 3.37 4.78 93.9

12 Mass flow controller
Ejector blower hybrid 2.41 3.59 95.8

4.4.3. Water crossover
Variation in water crossover rates between 20%, 25%, and 30% exhibited a negligible impact on perfor-
mance. Nevertheless, significant increases in water crossover (above 50%) could substantially affect
pressure drops, condensation behavior, and the operational integrity of pumps or ejectors, which are
effects that were not captured in the current model.

4.4.4. Stoichiometry
Lastly, it was observed that operating at higher stoichiometry generally improved configuration scores
by enhancing recirculation and thereby increasing stack inlet temperature and humidity, this would
outweigh the extra power needed for recirculation. A maximum would be reached when all scores
would reach 100, this would be around a stoichiometry of 2.1. The liquid ring pump used for this model
was not able to reach this stoichiometry at the higher setpoint, so this was not further investigated, as
this would make comparisons unfair. Furthermore, increasing the stoichiometry of the ejector is not
possible without changing its geometry.

4.5. Transient load
To assess the transient behavior of each configuration, a dynamic load profile was applied, both with
and without a rate limiter. The rate limiter used was based on specifications provided by the stack man-
ufacturer. The applied load profile is shown in figure 4.5, and the resulting time-series plots comparing
responses with and without the rate limiter are presented in appendix H.

Because quantifying settling time proved unreliable across configurations, the analysis focused on qual-
itative evaluation of the transient responses shown in the plots. These revealed subtle but important
differences in system dynamics. Configurations using pumps generally responded quickly, with perfor-
mance primarily constrained by the rate limiter. An exception was observed in the mass flow controller
setup, where the stack inlet pressure did not consistently reach a steady state. In contrast, configura-
tions using an ejector or hybrid recirculation device exhibited more pronounced oscillations, particularly
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in the absence of a rate limiter, indicating greater sensitivity to load transients. Interestingly, when the
mass flow controller was paired with either an ejector or hybrid system, a steady-state pressure was
achieved, and this occurred more rapidly when a rate limiter was applied.

Figure 4.5: Dynamic load profile used to assess transient system responses with and without rate limiter

4.6. Combined scores
For easy comparison, table 4.7 groups all the scores. For getting an overall score, the scores are multi-
plied to more clearly show differences between configurations. In figure 4.6, one can see the multiplied
scores of each configuration. The combined performance scores demonstrated that configurations uti-
lizing a proportional valve in combination with either a blower or a liquid ring pump achieved the highest
results. They edge out the rest of the top five on their higher pressure robustness and ability to run
at higher stoichiometry over the whole range compared to the best placed ejector configuration. The
combination of a pressure regulator with an ejector or hybrid score very low due to their limited working
range. Any configuration with a mass flow controller scores low because it has no direct control over
the pressure in the loop and is less robust compared to others.

Table 4.7: Summary table showing the combined performance, robustness, and operating range scores of each configuration

Conf # Devices Load sweep 100% load
score

75% load
score

Robustness
pressure score

Robustness
temperature score Range Multiplied

score

1 Pressure regulator
Liquid ring pump 97.01 98.3 97.8 96.9 98.3 100.0 88.9

2 Pressure regulator
Blower 97.17 98.4 97.9 96.9 98.2 100.0 89.1

3 Pressure regulator
Ejector - - 89.5 - - 8.3 7.4

4 Pressure regulator
Ejector blower hybrid - - 89.5 - - 6.9 6.2

5 Proportional valve
Liquid ring pump 97.94 98.4 98.0 100.0 98.2 100.0 92.7

6 Proportional valve
Blower 98.02 98.3 97.9 100.0 98.2 100.0 92.6

7 Proportional valve
Ejector 91.97 95.0 97.5 100.0 96.4 69.7 57.2

8 Proportional valve
Ejector blower hybrid 97.41 95.0 97.5 100.0 97.6 100.0 88.1

9 Mass flow controller
Liquid ring pump 80.67 81.2 80.9 97.5 98.6 100.0 50.9

10 Mass flow controller
Blower 80.96 81.6 81.1 97.5 97.4 100.0 50.8

11 Mass flow controller
Ejector 77.99 85.9 97.0 99.0 93.9 60.0 36.2

12 Mass flow controller
Ejector blower hybrid 85.50 85.9 97.0 98.8 95.8 60.0 40.5
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4. Results and Discussion

Figure 4.6: Multiplied scores of all configurations, ranked from highest to lowest, to visually compare overall performance

4.7. Relationships between system parameters
Five key parameters are monitored in this study: temperature, relative humidity, flow, stoichiometry,
and pressure. Figure 4.7 illustrates how these variables are interconnected within the hydrogen loop.

Temperature and relative humidity are primarily influenced by the ratio between recirculated and supply
flow. Since the recirculated stream is typically warmer andmore humid than the fresh supply, increasing
the recirculation flow raises both temperature and humidity levels in the system. This same flow ratio
also affects stoichiometry, which reflects the amount of excess hydrogen delivered relative to what
is consumed by the stack. Because the recirculation flow is governed by the recirculation device,
and it indirectly influences both temperature and humidity, these two parameters can serve as useful
indicators of recirculation behavior.

In contrast, the supply flow is determined by the stack setpoint, as the supply device attempts to match
the hydrogen consumption rate. If this balance is not maintained, system pressure will deviate, either
increasing or decreasing, making pressure a direct outcome of the supply control strategy.

While this conceptual framework simplifies the system by omitting purge losses and minor leakages,
their overall influence is relatively small and does not significantly alter the observed trends. In ejector-
based systems, however, these relationships become more complex. Because the ejector directly
couples recirculated flow to supply flow, the system becomes heavily dependent on the stack setpoint
and the ejector geometry, reducing the degree of independent control over parameters such as stoi-
chiometry, pressure, and humidity.
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4. Results and Discussion

Figure 4.7: Schematic showing how supply and recirculation components influence key system parameters.

Box plots of these five parameters across all component configurations, supporting the relationships,
can be seen in appendix I. It becomes clear that the pressure score is dependent on the supply device.
This also shows that a mass flow controller is an inferior supply device as its pressure score is generally
low. For the recirculation device, all of them are able to reach the minimum flow target, but the blower
and pump have better control over it and can easily increase or decrease the stoichiometry and thus
affecting temperature and relative humidity. For an ejector, the recirculation rate is fixed, thus allows
minimal control.

4.8. Evaluation of configuration attributes
In this section, the inherent attributes of each configuration are evaluated independently of their per-
formance. A comparative analysis was conducted by comparing component complexity, control com-
plexity, flexibility, reliability, availability, and maintainability. Each device was qualitatively scored on a
scale from 1 (low) to 5 (high), based on design characteristics, control requirements, and operational
behavior within the system context.
Component complexity refers to the number of physical parts required, including supporting hardware.
A score of 5 was given to single-component solutions, with one point deducted for each additional re-
quired component. The liquid ring pump scored the lowest due to its need for a pump, motor, motor
controller, and liquid piping. The blower scored slightly better due to its simpler integration. Both the
ejector and pressure regulator received the highest score, as they operate with only one component.
Proportional valves and mass flow controllers require an additional sensor, reducing their scores. Con-
trol complexity reflects the number and difficulty of control loops involved. The pressure regulator does
not require a control loop, hence, it scores highest. The mass flow controller uses a closed-loop sys-
tem, usually pre-tuned by the manufacturer. The ejector requires purge control when operating outside
of its design range.

Flexibility refers to the device’s ability to influence key system parameters. Both the liquid ring pump
and blower offer high flexibility through direct control of the recirculation flow, allowing the ability to
increase stoichiometry. The proportional valve allows a tunable outlet pressure. The ejector is limited
in flexibility but can be enhanced through techniques such as pulsing or additional purging. Reliability
and availability assess long-term dependability and uptime. Passive components like the ejector score
highest, as they have no moving parts. Maintainability evaluates how easy it is to service or repair a
device, including expected downtime. Devices with more complex or moving parts, such as the liquid
ring pump, generally score lower in this category. The scoring results are shown in table 4.8.
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Table 4.8: Qualitative scores (1 = low, 5 = high) for system-level attributes of hydrogen loop components. Low scores are
highlighted in red.

Devices Component
Complexity

Control
Complexity Flexibility Reliability Availability Maintainability

Pressure regulator 5 5 1 4 4 4
Proportional valve 4 3 4 3 4 3
Mass flow controller 4 4 3 3 3 3

Liquid ring pump 2 3 5 3 3 2
Blower 3 3 4 4 4 4
Ejector 5 4 2 5 5 5
Hybrid 2 3 4 4 4 3

Table 4.9 aggregates these scores by configuration. The total score for each criterion is the sum of
both included devices, giving values from 2 to 10. Notably, configurations 3 and 4 score very high in
most system-level categories. However, based on earlier performance analysis, it is not considered a
suitable option, showing that high system-level robustness does not always correlate with performance.

Table 4.9: Aggregate system-level scores (2 = low, 10 = high) for each configuration based on combined component attributes.
Low scores are highlighted in red.

Conf # Devices Component
Complexity

Control
Complexity Flexibility Reliability Availability Maintainability

1 Pressure regulator
Liquid ring pump 7 8 6 7 7 6

2 Pressure regulator
Blower 8 8 5 8 8 8

3 Pressure regulator
Ejector 10 9 3 9 9 9

4 Pressure regulator
Ejector blower hybrid 7 8 5 8 8 7

5 Proportional valve
Liquid ring pump 6 6 9 6 7 5

6 Proportional valve
Blower 7 6 8 7 8 7

7 Proportional valve
Ejector 9 7 6 8 9 8

8 Proportional valve
Ejector blower hybrid 6 6 8 7 8 6

9 Mass flow controller
Liquid ring pump 6 7 8 6 6 5

10 Mass flow controller
Blower 7 7 7 7 7 7

11 Mass flow controller
Ejector 9 8 5 8 8 8

12 Mass flow controller
Ejector blower hybrid 6 7 7 7 7 6

4.9. Assumptions
Several assumptions weremade in the development of themodel, which are important to consider when
interpreting the results. Among the most significant are the flow curves used for the pressure regulator,
liquid ring pump, and blower. While these curves are representative of typical performance for each
device type, using alternatives from different manufacturers could result in different system behavior
and overall outcomes. The performance curve for the ejector was calculated under the assumption
that no liquid water would be present in the flow. In reality, liquid water is present and if significant, can
cause lower ejector performance.

All PID controllers in the model assume perfect sensing, without accounting for sensor noise or signal
delay. In practice, these imperfections can degrade system performance, particularly in scenarios
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involving robustness and transient response.

The fuel cell stack is modeled as a simplified hydrogen consumer with high thermal inertia, resulting
in a constant outlet temperature. In real applications, stack temperature varies based on factors such
as cooling strategy and air supply, and warm-up behavior is not captured in the current model. Addi-
tionally, evaporation and condensation within the stack are not modeled, which may influence humidity
dynamics and transient thermal behavior. The model and corresponding results are based on a fuel
cell operating at a fixed anode pressure. For systems that operate under variable pressure conditions,
the findings may differ. Most notably, a pressure regulator would no longer be a viable solution due to
its inability to adjust the outlet pressure dynamically.

The air supply system can significantly affect hydrogen loop behavior, especially during ramp-up/ramp-
down phases, as well as influencing nitrogen and water crossover. As discussed in paragraph 4.4.3,
small variations in water crossover were found to have minimal impact on system behavior. Nitrogen
crossover was neglected altogether, but it could be incorporated into the model if accurate data and
parameters for a specific stack are available. In this study, the system was predominantly temperature-
and humidity-limited, meaning those parameters were generally below or near their targets, but never
exceeded. As a result, increased recirculation was always beneficial.
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5
Conclusion

This study conducted a detailed evaluation of twelve different hydrogen loop configurations for maritime
PEM fuel cell applications. Each configuration combined different supply and recirculation components,
including a pressure regulator, proportional valve, mass flow controller, liquid ring pump, blower, ejec-
tor, and ejector-blower hybrid. They were assessed based on multiple criteria, including efficiency,
performance, robustness to dynamic and environmental changes, and overall system attributes. By
modeling these configurations under realistic maritime operating conditions, valuable insights were
obtained into the relative advantages and limitations of each approach. The modeling framework de-
veloped in this work sets itself apart through its dynamic approach that enables comparative scoring
under realistic maritime conditions, a novel contribution to hydrogen BoP design methodology.

A key observation is that while ejector-based systems offer the theoretical advantage of no recircu-
lation power consumption, this efficiency gain is practically negligible in maritime applications. The
power saved in recirculation is relatively small compared to the total output power of the fuel cell stack.
Moreover, ejectors suffer from limitations at low load operating points, where sufficient primary flow
is not available for proper recirculation. This can lead to operational risks, such as flooding unless
more complex ejector-blower hybrid systems are employed. In real-world maritime settings, ships of-
ten deploy multiple BoPs to meet higher power demands. This opens the possibility of using ejectors
selectively: employing ejector-based recirculation for systems operating mainly at high loads, while
equipping at least one system with an active recirculation device (such as a blower or pump) to ensure
reliable operation during low-load scenarios. This hybrid deployment could optimize overall efficiency
without compromising system robustness.

Additionally, a deeper understanding was developed of the complex interrelationships between system
parameters such as temperature, relative humidity, stoichiometry, and pressure. The ratio between
recirculated and supply flow was identified as a central factor influencing both temperature and humidity
levels, which in turn affect overall stack performance. Supply flow is primarily driven by the stack
setpoint, and any imbalance directly affects system pressure. These interdependencies emphasize
the need for supply and recirculation systems that can finely control flows to maintain optimal operating
conditions, particularly under dynamic maritime conditions.

Among the configurations studied, the proportional valve–liquid ring pump configurations delivered
the highest performance scores. However, when considering practical factors such as system com-
plexity, power consumption, reliability, and maintainability, the proportional valve–blower configuration
emerges as the recommended solution. Although it achieved marginally lower performance scores, it
significantly outperforms the liquid ring pump system in terms of simplicity, reliability, and ease of main-
tenance, critical factors for maritime operations where robustness and serviceability are paramount.
This conclusion is based on the assumption that only the hydrogen loop components are varied, while
all other parts of the Balance of Plant are held constant or excluded from analysis. Therefore, it reflects
the optimal choice within the defined scope and modeling assumptions of this study.
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5. Conclusion

In conclusion, for maritime PEM fuel cell BoP systems, a supply system based on a proportional valve-
blower configuration is the best compromise between performance, operational flexibility, efficiency,
and long-term reliability. While ejectors remain attractive for specific high-load applications, active
recirculation systems provide the necessary versatility to support real-world operating conditions across
all load regimes. This research can support future BoP designs by enabling more informed decision-
making. By simulating a wide range of dynamic scenarios and practical component configurations,
the findings contribute to bridging the gap between theoretical system design and scalable, robust
implementations suitable for the evolving demands of the maritime energy transition.

5.1. Key takeaways per configuration type
Based on the results of this study, some clear patterns emerged about how different components be-
have and perform. This section gives a brief summary of the main findings for each type of supply and
recirculation device, as well as the overall best-performing setup. The goal is to give a straightforward
overview that can help guide future design choices when putting together a hydrogen loop for PEM fuel
cell systems.

• Supply components

– Pressure regulator: Robust and passive, but not adjustable during operation.
– Proportional valve: Offers the best dynamic control but requires careful tuning.
– Mass flow controller: Simplifies control architecture, but lacks pressure regulation.

• Recirculation components

– Liquid ring pump: Achieves the highest temperature and humidity, but is complex and
consumes significant power.

– Blower: Mechanically simple and offers good operational flexibility.
– Ejector: No moving parts and no power consumption, but suffers from limited controllability
and operational range.

– Ejector-blower hybrid: Combines the efficiency of ejectors with the low-load flexibility of
blowers, at the cost of increased complexity and control effort.

• Best overall configuration

– Proportional valve + blower: Most balanced setup, offering a wide working range, high
efficiency, and manageable complexity.
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6
Further Research

While this thesis has presented a comprehensive simulation-based evaluation of twelve hydrogen loop
configurations for maritime PEM fuel cell systems, several opportunities exist for expanding and deep-
ening the research.

One logical extension is the inclusion of a broader set of component options. Additional supply and
recirculation devices, such as hydrogen injectors, scroll and screw compressors, and electrochemical
pumps, could introduce different performance characteristics. Similarly, repeating the analysis using
equivalent components from various manufacturers would allow for benchmarking and increase the
robustness and applicability of the findings. The ejector used in this study was deliberately sized to
cover a broad operating range. However, differently sized ejectors optimized for specific load segments
may deliver improved efficiency or responsiveness.

A similar targeted approach could be applied to other BoP components, like air supply or cooling, to
further refine configuration selection for those systems. Furthermore, humidifiers and heaters were not
included in the model under the assumption that they were unnecessary; future work could test this
assumption by incorporating these components and assessing their impact.

Several important subsystems and physical phenomena were excluded from this study, yet they have
the potential to significantly affect hydrogen loop performance, control strategies, and overall system
behavior. These include nitrogen crossover, the air supply system, and the cooling system. In addition,
the absence of a detailed fuel cell voltage model limits the ability to directly link loop performance to
electrical efficiency.

Nitrogen crossover occurs when nitrogen from the cathode side diffuses through the membrane into
the anode. This increases the pressure drop in the system and alters the anode gas composition.
Accurately modeling this phenomenon would allow for a more realistic representation of anode-side
conditions and enable optimization of the purge strategy.

Although not explicitly modeled, the air supply system can also influence hydrogen loop behavior.
Cathode-side parameters affect both nitrogen and water crossover, while the air flow rate and temper-
ature can impact overall stack temperature and, consequently, the thermal conditions on the hydrogen
loop side. Similarly, the cooling system, also not included in the current model, plays a critical role in
managing the thermal behavior of the BoP and directly affects gas properties within the hydrogen loop.

Finally, this study does not incorporate a detailed stack voltage model that accounts for the effects of
temperature, pressure, and humidity on fuel cell voltage. Including such a model would enable direct
evaluation of electrical performance and efficiency, providing another metric for comparing configu-
rations. Future work could benefit from integrating these omitted subsystems and physical effects to
enhance model accuracy and practical relevance.

41



6. Further Research

To support long-term system optimization, the simulation model could be integrated with fuel cell degra-
dation models. This would provide insight into how various configurations impact system durability over
time. In parallel, including cost, maintenance frequency, and reliability data would enable lifecycle-
based evaluation and support practical system design decisions.

Experimental data can enhance both the validity of the model and the reliability of the results presented
in this thesis. An ideal test setup would allow for easy swapping of components and enable consistent
testing across different devices. Such a setup would not only support model validation but also generate
valuable standalone data, helping to identify control limitations and assess dynamic performance under
transient conditions.

Lastly, while this work has focused on maritime fuel cell systems, the same modeling framework can
be adapted to other application sectors. Sectors such as heavy-duty transport, stationary power gen-
eration, and automotive fuel cells have distinct performance priorities and constraints. Applying this
methodology to those contexts could help identify optimized hydrogen loop configurations tailored to
their specific demands. Furthermore, this model could be used to test and compare different control
strategies or procedures, like start-up and shutdown. Several adjustments might need to be made to
the model for this.

In summary, extending this research across components, subsystems, operational domains, and real-
world validation will provide a more holistic understanding of hydrogen loop design and guide the de-
ployment of robust, efficient fuel cell systems across a wide range of applications.

Additionally, this research was conducted using a specific fuel cell stack, and the model can be adapted
for stacks with different operational characteristics. A key feature of the stack used in this study is that
it operates at a fixed anode pressure, regardless of power setpoint. In contrast, many other stacks
increase their operating pressure with increasing load. If such a stack were used, a pressure regulator
would no longer be a viable supply device, as its fixed outlet pressure would be incompatible with the
dynamic pressure requirements of the stack.
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A
Configurations

This appendix presents the twelve hydrogen loop configurations investigated in this master’s thesis
using a dynamic MATLAB Simulink model. Each configuration represents a unique combination of
supply and recirculation devices. The goal of this study is to evaluate how different device combinations
influence system performance, control behavior, and operational robustness under realistic maritime
fuel cell conditions.

The configurations are based on a selection of three supply device types, a pressure regulator, a pro-
portional valve, and a mass flow controller, and four recirculation device types, a liquid ring pump, a
blower, an ejector, and an ejector–blower hybrid. These devices were chosen not only because they
represent a broad range of control strategies, mechanical complexity, and energy efficiency character-
istics, but also because they are among the most commonly used solutions in PEM fuel cell systems.

Table A.1: All twelve configurations to be examined

Configuration Supply device Recirculation device
1 Pressure regulator Liquid ring pump
2 Pressure regulator Blower
3 Pressure regulator Ejector
4 Pressure regulator Ejector blower hybrid
5 Proportional valve Liquid ring pump
6 Proportional valve Blower
7 Proportional valve Ejector
8 Proportional valve Ejector blower hybrid
9 Mass flow controller Liquid ring pump
10 Mass flow controller Blower
11 Mass flow controller Ejector
12 Mass flow controller Ejector blower hybrid
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B
Model Overview

Figures B.1 and B.2 show the MATLAB Simulink models used for simulating the hydrogen loop config-
urations. Separate models were developed for pump-based and ejector-based systems to accurately
reflect differences in component placement and flow paths in the physical system. In these diagrams,
each color represents a specific function or component type within the system:

• Yellow blocks indicate system volumes,

• Blue blocks represent flow resistances between volumes,

• Pink denotes the supply device,

• Green marks the recirculation device,

• Red corresponds to the controller for the recirculation device,

• Orange indicates the water separator, whose placement varies depending on the configuration,

• White is used for the purge valve and pressure relief valve and for the ejector in figure B.2,

• Cyan represents the fuel cell stack controller, which provides the stack setpoint.

Figure B.1: Matlab Simulink model

47



B. Model Overview

Figure B.2: Matlab Simulink model for the configurations with ejector
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C
Equations

This appendix provides a detailed overview of the physical and empirical equations used in the dynamic
model developed for simulating various hydrogen loop configurations. These equations form the foun-
dation of the system behavior described in chapter 3, capturing the interactions between pressure, flow,
temperature, humidity, and phase changes across the various components.

Unless stated otherwise, all equations are taken from [41]. The purpose of this appendix is to ensure
transparency and reproducibility of the modeling methodology, allowing for validation of the simulation
results and facilitating future modifications or extensions to the model.

C.1. Flow
Flow between volumes is calculated based on the pressure difference between volumes and the re-
sistance between them. The Darcy-Weisbach equation is commonly used to calculate pressure drop
based on flow conditions, see equation C.1 where Δ𝑝 is the pressure drop, 𝜌 is the fluid density, 𝑓 is
the friction factor, 𝐿 is the pipe length, 𝐷 is the diameter, and 𝑣 is the fluid velocity. To account for minor
losses due to bends, diameter changes, and fittings, an equivalent additional length was estimated
based on the 3D model provided by Future Proof Shipping. This was added to the physical tube length
to obtain the effective length used in the calculations.

Δ𝑝 = 1
2𝜌𝑓

𝐿
𝐷𝑣

2 (C.1)

Since pressure drop is used as an input, the velocity must be derived accordingly. And can be rewritten
as equation C.2.

𝑣 = √
2Δ𝑝
𝜌𝑓 𝐿𝐷

(C.2)

The friction factor can be calculated with the use of the Reynolds number, which is used to determine
the flow regime, see equation C.3, where 𝜇 is dynamic viscosity. When laminar, the friction factor is
calculated with equation C.4 and when turbulent, with the Haaland-equation, see equation C.5, where
𝜀 is the pipe roughness. For Reynolds numbers between 2300 and 4000, a weighted average of both
friction factors is taken.

𝑅𝑒 = 𝜌𝑣𝐷
𝜇 (C.3)

𝑓 = 64
𝑅𝑒 , 𝑅𝑒 < 2300 (C.4)

𝑓 = 1

[−1.8𝑙𝑜𝑔( 𝜀/𝐷3.7 +
6.9
𝑅𝑒 )]

2 , 𝑅𝑒 > 4000 (C.5)
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C. Equations

Under laminar conditions, the velocity can be calculated directly using equations C.1, C.3, and C.4,
which simplifies to equation C.6. In turbulent regimes, however, the friction factor depends on the
velocity itself, requiring an iterative solution. To avoid algebraic loops in Simulink, a transfer function is
used to approximate the friction factor based on the velocity from the previous time step.

𝑣 = Δ𝑝𝐷2
32𝜇𝐿 , 𝑅𝑒 < 2300 (C.6)

As the gas flow is not pure hydrogen and also consists of water vapour, the density and the viscosity
of the mixture need to be calculated based on their concentration. For density, this is done with equa-
tion C.7, where 𝑥𝐻2 and 𝑥𝑉𝑎𝑝𝑜𝑢𝑟 are molar fractions, 𝑀𝐻2 and 𝑀𝐻2𝑂 are molar masses, 𝑝 is pressure,
𝑅 is the gas constant, and 𝑇 is temperature.

𝜌𝑚𝑖𝑥 =
(𝑥𝐻2𝑀𝐻2 + 𝑥𝑉𝑎𝑝𝑜𝑢𝑟𝑀𝐻2𝑂)𝑝

𝑅𝑇 (C.7)

For calculating the dynamic viscosity, Wilke’s method is used, see equation C.8, where 𝜙𝑖𝑗 is the
interaction parameter and is calculated with equation C.9.

𝜇𝑚𝑖𝑥 =∑
𝑖
𝑥𝑖𝜇𝑖

∑𝑗 𝑥𝑗𝜙𝑖𝑗
∑𝑗 𝑥𝑗

(C.8)

𝜙𝑖𝑗 =
[1 + (𝜇𝑗𝜇𝑖 )

0.5
(𝑀𝑖𝑀𝑗 )

0.25
]
2

√8(1 +𝑀𝑗/𝑀𝑖)
(C.9)

Besides water vapour, there is also liquid water in the stream, so two-phase pressure drop calculations
are needed, this is done with the Lockhart-Martinelli parameter 𝜒. This parameter is calculated with
equation C.10 [42].

𝜒 = √
Δ𝑝𝑙𝑖𝑞𝑢𝑖𝑑
Δ𝑝𝑔𝑎𝑠

(C.10)

When both phases are laminar, it can be simplified to equation C.11 and is no longer a function of
velocity, where the 𝐶 terms represent volume concentrations.

𝜒 = √
𝜇𝑙𝑖𝑞𝑢𝑖𝑑𝐶𝑙𝑖𝑞𝑢𝑖𝑑

𝜇𝑚𝑖𝑥𝑡𝑢𝑟𝑒(𝐶𝐻2 + 𝐶𝑣𝑎𝑝𝑜𝑢𝑟)
, 𝑅𝑒 < 2300 both phases (C.11)

When the gas flow becomes turbulent, it can be simplified to C.12, however the friction factor is de-
pendent on velocity, so this method requires the use of a transfer function to prevent an algebraic
loop.

𝜒 = √
𝑓𝑙𝑖𝑞𝑢𝑖𝑑𝜌𝑙𝑖𝑞𝑢𝑖𝑑
𝑓𝑔𝑎𝑠𝜌𝑚𝑖𝑥𝑡𝑢𝑟𝑒

, 𝑅𝑒 < 2300 liquid phase, 𝑅𝑒 > 2300 gas phase (C.12)

The Lockhart-Martinelli parameter can then be used in equation C.13 to get a two-phase multiplier [43].
The 𝐶 is the Chisholm Constant and is dependent on the flow regimes of both phases, it is 5 when both
phases are laminar and 12 when the gas phase is turbulent and the liquid phase is laminar. None of
the other options occur in this simulation. Lastly, equation C.14 can be used to convert the pressure
drop of the gas phase to the two-phase pressure drop.

Φ2𝑔 = 1 + 𝐶𝜒 + 𝜒2 (C.13)

Δ𝑝𝑡𝑤𝑜𝑝ℎ𝑎𝑠𝑒 = Φ2𝑔Δ𝑝𝑔𝑎𝑠 (C.14)
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C. Equations

The speed of the fluid stream can then be converted to a volume flow 𝑉̇, with the use of equation C.15.
Together with the volumetric concentration, the mass flow of the hydrogen, vapour, and liquid stream
can be calculated with equation C.16.

𝑉̇ = 𝑣𝜋(𝐷2 )
2 (C.15)

𝑚̇𝑖 = 𝑉̇𝜌𝑖𝐶𝑖 (C.16)

Due to the large number of cells within a fuel cell stack, the flow velocity in each fuel cell channel is
relatively low. Additionally, the small channels in the fuel cell contribute to a low Reynolds number.
When the Reynolds number falls below 2300, laminar flow can be assumed, implying that the pressure
drop is directly proportional to the flow velocity. Nedstack has supplied the pressure drop data for
nominal operating conditions, enabling the calculation of pressure drop across all operating points.

Modeling pressure drop is critical for comparing various configurations and understanding their impact.
So further research has been done on the effect of certain parameters on the pressure drop. A com-
parison of the effect of nitrogen, temperature, and water on pressure drop can be found in appendix D.

C.2. Temperature
The temperature is calculated in each volume at two places, the wall and the fluid stream. The fluid
stream temperature is influenced by the incoming and outgoing fluid stream and heat transfer with the
wall. For the wall, there is heat transfer with the fluid stream and the ambient air. All heat flows are
integrated over time to calculate the accumulated heat in both the gas fluid stream and the surrounding
wall. Using the resulting values, the temperature of the fluid stream and the wall is determined using
equation C.17. This temperature is then used as the outlet temperature of the volume. In equation C.17,
𝑄 represents the accumulated heat, 𝐶𝑝 is the specific heat capacity, and 𝑚 is the mass of the medium.

𝑇 = 𝑄
∑𝑖 𝐶𝑝𝑖𝑚𝑖

(C.17)

The heat of the incoming and leaving fluid stream is calculated with equation C.18, where 𝑚̇ is the
mass flow, the assumption is made that all 3 species have the same bulk temperature.

𝑄̇𝑠𝑡𝑟𝑒𝑎𝑚 = 𝐶𝑝𝑖𝑚̇𝑖𝑇 (C.18)

Heat transfer from the wall to the ambient is calculated with equation C.19. The thermal resistance due
to conduction through the tube is calculated with equation C.20, where 𝑡 is wall thickness, 𝐾 is thermal
conductivity and 𝐴 the surface area.

𝑄̇𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 =
Δ𝑇

𝑅𝑤𝑎𝑙𝑙 + 𝑅𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙
(C.19)

𝑅𝑤𝑎𝑙𝑙 =
𝑡
𝐾𝐴 (C.20)

Free convection with the ambient air is calculated with equation C.21, where ℎ is the heat transfer
coefficient.

𝑅𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 =
1
ℎ𝐴 (C.21)

The external heat transfer coefficient is then calculated with equation C.22. The Nusselt number, which
is calculated with equation C.23, this equation can be used as the Rayleigh number is below 109.
Dimensionless numbers 𝑅𝑎, 𝑃𝑟, and 𝐺𝑟 are calculated with equations C.24, C.25, C.26, where 𝛽 is the
coefficient of volume expansion, 𝑔 is the gravitational constant and 𝜈 is the kinematic viscosity.

ℎ = 𝑘𝑁𝑢
𝐷 (C.22)
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C. Equations

𝑁𝑢 = 0.36 + 0.518𝑅𝑎1/4

(1 + (0.559/𝑃𝑟)9/16)4/9
(C.23)

𝑅𝑎 = 𝐺𝑟𝑃𝑟 (C.24)

𝑃𝑟 = 𝐶𝑝𝜇𝑘 (C.25)

𝐺𝑟 = 𝛽Δ𝑇𝑔𝐷3
𝜈2 (C.26)

For the heat transfer between the tube walls and the fluid stream equation C.27 is used, where 𝑈
is the heat transfer coefficient. The heat transfer coefficient is calculated with equation C.28. The
Nusselt number for internal heat transfer is calculated with equation C.29 or equation C.30 when the
Reynolds number is low. The friction factor is calculated with equation C.5 and the Prandtl number with
equation C.25.

𝑄̇𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 = 𝑈Δ𝑇𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑎𝑟𝑒𝑎 (C.27)

𝑈 = 𝑘𝑁𝑢𝐷 (C.28)

𝑁𝑢 =
𝑓
8 (𝑅𝑒 − 1000)𝑃𝑟

1 + 12.7𝑓8
1/2
(𝑃𝑟2/3 − 1)

, 𝑅𝑒 > 3000 (C.29)

𝑁𝑢 = 3.66, 𝑅𝑒 < 3000 (C.30)

Heat flow for condensation is calculated with equation C.31, where𝐻(𝑇) is the latent heat of evaporation
is dependent on temperature, for this, a simple approximation is made with a formula. The heat is then
split between the wall and fluid stream according to equation C.32, 𝑈 is taken from equation C.28, 𝑅𝑤𝑎𝑙𝑙
is taken from equation C.20.

𝑄̇𝑐𝑜𝑛𝑑 = 𝐻(𝑇)𝑚̇𝑐𝑜𝑛𝑑 (C.31)

Fraction of heat to the wall =
1

𝑅𝑤𝑎𝑙𝑙
1

𝑅𝑤𝑎𝑙𝑙
+ 1
𝑅𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙

(C.32)

𝑅𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 =
1
𝐴𝑈 (C.33)

C.3. Evaporation and condensation
Through the system, phase change will happen to the water, so the condensation rate should be cal-
culated, a negative condensation rate means evaporation is happening. This can be calculated with
equation C.34, Δ𝜌 is the concentration difference between the fully saturated and the current concen-
tration. This concentration difference is calculated with equations C.35 and C.36. Condensation can
only occur when there is vapour, and evaporation can also only occur when there is liquid present.

𝑚̇𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛 = Δ𝜌ℎ𝑚𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑎𝑟𝑒𝑎 (C.34)

Δ𝜌 = Δ𝑝𝑀𝐻2𝑂
𝑅𝑇 (C.35)

Δ𝑝 = 𝑅𝐻 ∗ 𝑃𝑠𝑎𝑡 − 𝑃𝑠𝑎𝑡 (C.36)
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C. Equations

The mass transfer coefficient is calculated with the Sherwood number, according to equation C.37,
where 𝐷𝑣 is the diffusion coefficient.

ℎ𝑚 =
𝑆ℎ𝐷𝑣
𝐷 (C.37)

The Sherwood number is based on the flow regime, when laminar with equation C.38, with a minimum
of 𝑆ℎ > 3.66.

𝑆ℎ = 1.86 (𝑅𝑒𝑆𝑐𝐷𝐿 )
1
3
, 𝑅𝑒 < 2300 (C.38)

When turbulent equation C.39 should be used, this equation uses the Schmidt number, which is cal-
culated with equation C.40. All the equations in this section come from [44].

𝑆ℎ = 0.023𝑅𝑒
4
5 𝑆𝑐

2
5 , 𝑅𝑒 > 2300 (C.39)

𝑆𝑐 = 𝜇
𝜌𝐷𝑣

(C.40)
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D
Pressure drop

The following sections analyze the dynamic factors contributing to increased pressure drop. For all
cases, the pipe and flow parameters are the same. For this section, the relative values of these calcu-
lations are more important than their absolute values.

D.1. Effect of water on pressure drop
As seen in section 2.6, the water crossover can be quite high (up to 30%). This means that at the
maximum setpoint, 40 g/s of water will be produced, of which 12 g/s could crossover to the anode
side. This water will be partly in vapour form and partially liquid, depending on temperature. This will
mean that the stream will be in two-phase flow. This adds complexity to the pressure drop calculations.
Figure D.1 shows the pressure drop for an increasing amount of water, due to higher water crossover.
One can clearly see the transition when the stream saturates.

Figure D.1: Pressure drop factor with increasing water crossover

D.2. Effect of nitrogen on pressure drop
In section 2.6 the cause of water and nitrogen crossover was discussed, here the effect it has on pres-
sure drop will be addressed. Due to the addition of nitrogen into the hydrogen stream, two properties

54



D. Pressure drop

change that affect the pressure drop. The first is the density of the mixture, this can be simply calculated
by taking the density of both gases and their molar concentration, as equation C.7 shows. Secondly,
the viscosity changes which is less straightforward to calculate. Values from experiments were taken
and interpolated [45]. In figure D.2a, one can see the viscosity of the mixture based on the molar
concentration of nitrogen at 50 °C.

(a) Dynamic viscosity of a hydrogen and nitrogen mixture (b) Pressure drop factor compared to pure hydrogen

Figure D.2: Effects of nitrogen on pressure drop

In figure D.2b, one can see how much the pressure drop increases with increasing nitrogen concentra-
tion. A drop from 100% to 90% hydrogen concentration will result in roughly double the pressure drop
and thus also double the power required by the pump.

D.3. Effect of temperature on pressure drop
The influence of temperature on pressure drop is shown in figure D.3. Compared to the previously
discussed factors, temperature has a minimal effect on pressure drop.

Figure D.3: Pressure drop factor with increasing temperature
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D. Pressure drop

The findings indicate that accurate modeling of water content is crucial for understanding pressure
drop and maintaining fuel cell efficiency. Since water and humidity are highly temperature dependent,
proper temperature modeling is essential. Although nitrogen has a substantial effect on pressure drop,
the limited amount of nitrogen crossover minimizes its overall impact, allowing it to be ignored in this
context.
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E
Validation

Table E.1 shows a comparison of the data from the ship and the simulation. Parameters were adjusted
to align with both datasets. The biggest deviation can be seen with the temperature readings, the best
explanation for this is that the sensor placement on the ship is different from where the model measures
them.

Table E.1: Comparison of ship’s data and simulation data at two setpoints

Setpoint PR out Stack in Stack in Purge duty Stack out Stack out Secondary Pump setpoint dP stack dT pump
[kW] [°C] [mbar] [°C] [%] [mbar] [°C] [°C] [%] [mbar] [°C]

Ship data 301.83 14.2 273.9 49.1 90 231.91 57.1 63 100 42.0 5.9
Simulation data 300 14.2 280.85 46.9 90 235.55 59.9 65.9 100 45.3 6.0
Deviation 0 6.95 -2.2 0 3.64 2.8 2.9 0 3.3 0.1

Ship data 200.8 15.29 298.7 53.86 79.41 258.05 56.95 63.22 100 40.7 6.3
Simulation data 200 15.3 292.4 52.0 79.4 253.9 60 66 100 38.5 6
Deviation 0.01 -6.3 -1.9 0.0 -4.2 3.05 2.78 0 -2.1 -0.3
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F
Scores

Figure F.1 shows what score each performance indicator gets for a certain value. For scores within
what the stack manufacturer specifies, the score is 100. Outside this range, the score drops, as can
be seen in the figure. Depending on how critical this parameter is, the score drops sharper. How these
scores are determined can be seen in section 3.5.

(a) Stoichiometry score (b) Minimum flow stack score

(c) Pressure score (d) Relative humidity score

(e) Temperature score

Figure F.1: Scoring of each key performance indicator
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G
Pressure robustness

To evaluate the pressure robustness of each configuration, three simulations were conducted at dif-
ferent supply pressures: 8, 10, and 12 bar. The load profile used in these tests is identical to the one
shown in figure 4.1. Some configurations produced identical pressure responses across the tested
pressures; for clarity and improved readability, only one representative plot is shown for those cases
in figure G.1.

Figure G.1 is organized into three rows. The top row presents the raw pressure traces over time. The
middle row shows the same data, filtered to exclude pressure values above 450 mbar, as those points
would trigger the pressure relief valve andwould skew the results. The bottom row displays the pressure
fluctuations after filtering. The final quantitative results derived from these plots are summarized in
table 4.5.

Figure G.1: Pressure profiles for various configurations under different supply pressures.
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H
Transient behavior Results

Figure H.1 shows the transient response of pressure and stoichiometry during step changes in load,
specifically from 10% to 100% and vice versa. Only the 10% to 100% transitions are shown here, as
they represent the most significant change and therefore highlight differences in system behavior more
clearly. The dashed lines indicate system responses without a rate limiter applied. Configurations 3

and 4 are not included in this analysis, as their limited operating range prevents them from completing
the full load transition. Most configurations respond well to the step change, with smooth transitions in
both pressure and stoichiometry. In some cases, the absence of a rate limiter results in brief spikes, but
these are generally not problematic, especially considering that omitting a rate limiter is not a realistic
operating scenario. Overall, it is difficult to draw strong conclusions from these plots alone, as differ-

ences between configurations are relatively minor. However, the results suggest that the hydrogen
loop is unlikely to be the limiting factor in the BoP when it comes to transient performance.
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H. Transient behavior Results

Figure H.1: Pressure and stoichiometry response to load step changes (10% to 100%) with/without rate limiter
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I
Parameters dependence

Figure I.1 presents box plots showing the distribution of scores for each key parameter, grouped by
device type. Each box plot includes all relevant scores associated with that device across different
configurations, highlighting how device selection influences system performance.

From the pressure plot, it is evident that the supply device predominantly determines pressure behavior.
In contrast, both relative humidity and temperature are strongly influenced by the recirculation device,
as these parameters are closely tied to the amount and characteristics of recirculated flow.

Efficiency scores for the ejector exhibit the widest spread, ranging from the highest to the lowest values
among all devices. This variation is primarily due to the additional purging required at low loads, which
significantly impacts hydrogen utilization. Lastly, the minimum flow requirement through the stack was
consistently met by all pump types.

Figure I.1: Box plots for each key parameter and device
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