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ABSTRACT

As two thirds of global freight transport is handled by shipping and accounts for 2% of global CO2
emissions, there is great potential for a reduction. With the upcoming commitment of the IMO to have
a carbon neutral shipping until 2050 the development of maritime propulsion systems is under high
pressure to reach this ambitious goal. 

An important step that is currently the focus of research is the usage of renewable and sustainable
fuels for maritime propulsion systems. Amongst them are methanol, ammonia and hydrogen which
have proven their potential to be sustainably produced by electrolysis using renewable energies and
carbon capturing. Due to limited storage capacity on board, hydrogen with its comparably low energy
density seems not to be a suitable alternative at the moment. Hence, methanol and ammonia stored in
liquid form on the ship are a more promising approach.

Therefore, Freudenberg e-Power systems is developing a compact maritime fuel cell system based on
steam reformation of methanol to hydrogen coupled with low temperature polymer-electrolyte fuel cells
for transferring the chemically bound energy to electricity. With this system a complete electrified
propulsion and energy distribution system on board can be realized without any further generator
losses. The low temperature polymer-electrolyte fuel cell shows high efficiencies thus provides an
alternative to internal combustion engines. Further drawbacks as lube oil combustion, increased
backfiring potential if hydrogen is used, noise vibration and harshness and NOx-emissions due to high
combustion temperatures can be overcome.

The maritime fuel cell system consists of the hydrogen generation module conducting the steam
reformation to supply reformate gas to the fuel cell module containing six fuel cells with a power output
of 110kW each. For the development and validation, a detailed 1D-System model is being
implemented. This multi-physical model is being used to virtually verify the system’s functionality with
its chemical and electro-chemical process, components and operating strategy. 

First comparisons of testing rig data of the fuel cell and the simulation proved the methodology to
improve the design and performance of the systems developed. Further a comprehensive effort has
been made to gain high accuracy for the hydrogen supply units’ main components conducting the
reformation and purification process. For this reason, preliminary experimental tests to determine the
reaction kinetics have been carried out and are used to calibrate the simulation. With this in-depth
simulation of the maritime fuel cell module the quality of the first physical prototype can be enhanced
to assure a more efficient development.
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1 INTRODUCTION 

Environmental concerns due to greenhouse gas 
(GHG) emissions and safety of public health due to 
particle matters induce an urgent need for 
sustainable energy solutions across all 
transportation modes worldwide. Marine energy 
supply systems, responsible for about 3% of global 
GHG emissions, are under significant pressure to 
adopt carbon-neutral alternatives. [1] 
Current regulations, such as the EU Emission 
Trading System (ETS) of 2024 and the upcoming 
FuelEU Maritime directive for 2025, establish a 
progressive framework for decarbonizing maritime 
propulsion systems. Within this regulatory context, 
the International Maritime Organization (IMO) has 
set a comprehensive agenda to achieve net-zero 
GHG emissions by 2050, focusing on: 
Technological measures: Emphasizing 
alternative, less GHG-intensive maritime fuels and 
enhanced propulsion system efficiency. 
Economic measures: Implementing pricing 
mechanisms and trading schemes for GHG 
emissions to drive the development of GHG-saving 
technologies. 
The technological measures include exploring 
hydrogen (H₂), methanol (CH₃OH), and ammonia 
(NH₃) as future green fuels with neutral carbon 
footprint (cf. [2]). Additionally, onboard battery 
storage systems coupled with fully electric or hybrid 
propulsion systems are part of the strategies being 
explored to decarbonize maritime propulsion (cf. 
[3]). 

Figure 1 shows the energy density of alternative 
fuels and battery storage systems relative to 
conventional fossil fuels used in the maritime 
industry.  

Figure 1 Energy density of alternative and 
conventional maritime energy storage systems (cf. 
[4]) 

The data reveals that alternative fuels require 2 to 
4 times more storage volume than greenhouse 
gas-intensive marine diesel oil (MDO). Despite its 
limitations methanol offers significant 
environmental and practical advantages as an 
alternative fuel. When burned in internal 
combustion engines (ICEs), grey methanol reduces 

CO₂ emissions by 7.8% compared to MDO per 
kilogram. (cf. [4–6]). Additionally, methanol 
combustion results in a 60% reduction in nitrogen 
oxides (NOx) emissions and a 95% reduction in 
sulfur oxides (SOx) and particulate matter (PM) 
compared to MDO. Moreover, methanol can be 
produced from renewable sources like biomass or 
surplus sustainable electricity and carbon 
capturing, which helps lower overall GHG 
emissions by over 90% compared to production 
from conventional fossil fuels like natural gas (NG) 
(cf. [7]). 

Using ammonia as a fuel in an ICE results in no 
CO₂ emissions, as ammonia (NH3) does not 
contain carbon (cf. [8]). However, ammonia 
requires approximately 2.3 times the amount of fuel 
to produce the same amount of energy as MDO 
comparable to methanol with a factor of around 2.1 
(cf. [9]). Due to the high nitrogen content in 
ammonia, the combustion process leads to 
increased NOx emissions, which are exacerbated 
by the high temperatures necessary for efficient 
combustion. Compared to conventional fossil fuels 
ammonia offers a low laminar burning velocity 
resulting in even lower combustion efficiency. NOx 
emissions can be mitigated through advanced 
exhaust gas aftertreatment systems or by 
employing advanced and more complex 
combustion processes (RCCI, HCCI). [10–12]  
Compared to methanol, ammonia also poses a 
higher safety risk despite both being toxic. 
Ammonia in particular is more challenging to 
handle due to its corrosive nature. [13, 14])  

The utilization of hydrogen as a fuel in ICEs is 
comparable to that of ammonia. Hydrogen 
combustion does not produce CO₂, thereby 
eliminating a major greenhouse gas. However, due 
to hydrogen's high laminar burning velocity, the 
combustion process results in elevated 
temperatures, leading to the formation of NOx 
emissions, thus necessitating further internal and 
external measures for reduction. Additionally, 
hydrogen combustion can exhibit abnormal 
combustion phenomena like knock, pre-ignition, 
and backfire arising for example from lube oil 
combustion (cf. [15, 16]. Compared to ammonia, 
methanol and MDO, hydrogen's energy density is 
significantly lower, by up to a factor of five, 
necessitating significantly more bunkering space. 
Additionally, hydrogen storage requires additional 
energy: 1.7-6.4 kWh/kg for compressed H₂ and 7-

13 kWh/kg for liquefied H₂, whereas methanol and 
MDO can be stored without any need for additional 
energy (cf. [17]). 

Batteries provide the lowest energy density 
compared to conventional fuels, making them 
advantageous for hybrid system applications. Their 

 
 

  
  
  
  
  
  
  

  
  

  
  

  
  

  
   

  
   



 

CIMAC Congress 2025, Zürich                Paper No. 523             Page 4 

 

integration enhances operational flexibility, leading 
to improved fuel efficiency, reduced emissions, and 
decreased noise levels. This is particularly 
beneficial when they enable a ship to operate for 
limited periods without relying on the ICE, 
especially for maneuvers in the harbor or in 
emission-controlled areas (ECA) (cf. [18]).  

Because of the drawbacks of state-of-the-art 
maritime energy supply using ICEs with fossil fuels 
or even sustainable fuels, whose SOx or NOx 
emissions necessitate complex aftertreatment 
systems, alternative energy conversion methods 
are becoming increasingly attractive for maritime 
power supply on board. One of the most promising 
technologies are fuel cells (cf. [19, 20]).  Fuel cells 
offer reduced emissions, higher thermodynamic 
efficiency compared to ICEs, quiet operation due to 
the lack of rotating components and pulsed power 
output, high scalability, and flexibility in power 
output, application, installation and design. Several 
studies [21–23] highlight proton exchange 
membrane (PEMFC), solid oxide (SOFC) and 
molten carbonate fuel cells (MCFC) as promising 
for maritime power supply applications. Table 1 
compares these three fuel cell technologies 
regarding operating temperature, lifetime, usable 
fuel, power density and efficiency. 

Table 1 Comparison of fuel cell types (cf. [24, 25]) 

Criteria PEMFC SOFC MCFC 

Op. temperature [°C] 60-100 500-1000 600-700 

Lifetime rating 3 1 1 

Fuel H2 H2, NG various 

Power density [W/cm²] 0.5-2.5 0.2-1.5 0.1-0.3 

Efficiency [%] 50-60 50-65 45-55 

Van Biert [26] highlights that SOFCs are ideal for 
maritime applications due to their fuel flexibility, 
long lifetime, and still moderate power density. On 
the other hand, PEMFCs are particularly suitable 
for smaller vessels and power supply applications 
because of their superior start-up behavior and 
high-power density. Moreover, PEMFCs are more 
mature and continue to be optimized and 
researched, being already in use in automotive (cf. 
[27, 28]) and maritime applications (cf. [29, 30]). 
For the latter, a regulatory framework is being 
developed already (cf. [31, 32]). Nevertheless, the 
widespread adoption of this future maritime power 
supply faces several challenges, including 
technical issues related to the development and the 
need for advanced materials that impact the fuel 
cell's lifetime and efficiency, as well as safety 
concerns regarding onboard hydrogen supply, and 
economic issues related to the necessary hydrogen 
infrastructure and high initial costs of PEMFCs. 
However, these challenges are being gradually 

addressed by ongoing research (e.g. [33]) and 
optimizations. 

To support this effort, Freudenberg Fuel Cell e-
Power Systems GmbH is developing a compact 
maritime fuel cell system designed to provide 500 
kW of electrical net power per unit onboard (cp. 
[34]). To overcome the disadvantage of hydrogen 
storage and distribution onboard and limited 
operation range, Freudenberg’s approach is to 
produce the necessary hydrogen for the low-
temperature PEMFC directly out of available fuels, 
such as the promising renewable fuel methanol on 
board. This allows for a single fuel storage system, 
for a hybrid setup using e.g. methanol ICEs and the 
maritime fuel cell system in varying numbers to 
match the vessel's power demand as well as 
resolving the disadvantages that arise from storing 
pure hydrogen. Therefore, the maritime fuel cell 
system includes a hydrogen generation module 
that conducts methanol steam reformation to 
supply hydrogen-rich reformate gas to the fuel cell 
module. 

This paper provides an overview of how 1D-system 
simulation supports the development and 
optimization of Freudenberg’s maritime fuel cell 
systems. Gamma Technologies' GT-Suite is being 
used to gain deep insights into the steady-state and 
dynamic behavior of individual components and the 
complete system. This includes functional, thermal, 
electrochemical, and flow analysis. To develop a 
reliable model, preliminary tests and supplier data 
have been incorporated. Thus, 1D system 
simulation plays a crucial role in developing 
maritime fuel cell systems. 

2 SYSTEM DESCRIPTION 

Freudenberg’s approach for a sustainable maritime 
fuel cell system uses hydrogen-rich reformate 
generated from steam reforming to run a low-
temperature (LT) PEMFC. This approach is unique 
considering the current maritime research 
landscape summarized in [35], where most 
PEMFCs fueled with compressed or liquefied 
hydrogen operate vessels near the shore for short 
distances. 

Despite the current focus on pure hydrogen storage 
systems, Russo et al. [36] proposed an autothermal 
oxidative methanol steam reformation process 
combined with a high-temperature (HT) PEMFC. 
This approach leverages the higher CO tolerance 
of the HT-PEMFC and integrates in situ hydrogen 
production, demonstrating the feasibility of the 
process and heat integration. Similarly, Lee et al. 
[37] conducted a comparative simulation study, 
proposing a detailed specification for a methanol 
steam reformation process similar to 
Freudenberg’s concept. However, their simulative 
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study already included a carbon capture unit and 
utilized an HT PEMFC instead of a LT one.  

2.1 Setup of the system 

Freudenberg’s maritime fuel cell system is based 
on a heavy-duty LT PEMFC platform, suitable for 
both on-road and off-road mobile applications with 
pure hydrogen, as well as maritime applications 
with reformat gas. To be able to capitalize on the 
LT PEMFC’s advantages of compactness, power 
density, quick start-up time, and high efficiency, the 
purity of the reformat becomes a key enabler for the 
complete system’s functionality and efficiency. 
Current PEMFC catalysts are also prone to the 
impurities of the gas especially for CO. CO can 
adsorb on the platinum present in the PEMFC’s 
catalyst and block the active sites leading to a 
reduced performance. This at least is reversible by 
oxidizing the CO to CO2 on the catalyst (cf. [23]) by 
adding O2 or using sophisticated platinum 
ruthenium catalysts (cf. [38]) to promote the 
oxidation of CO. Nevertheless, the fuel reforming 
process has to be designed to guarantee a 
sufficient gas quality with <20 ppm (cf. [34]) CO at 
all operating points of the system.  

The maritime fuel cell system can be separated into 
two subsystems – the hydrogen supply module 
(H2MO) and the fuel cell module (FCMO) (cf. 
Figure 2) each conducting a part of the overall 
energy conversion. The H2MO system 
encompasses all balance of plant components 
involved in the fuel reforming process. Water and 
methanol are supplied by the ship's infrastructure 
and vaporized within the system utilizing exhaust 
heat. This vaporized mixture is then introduced into 
the tubular reformer with a precise steam-to-carbon 
(SC) ratio. The endothermic reaction's required 
thermal energy is produced in a burner. This burner 
operates by leveraging the hydrogen surplus from 
the over-stoichiometric operation of the LT PEMFC 
to generate the necessary heat through an over-
stoichiometric heterogeneous catalytic oxidation. 
The reformate purification is conducted in a 
subsequent shift stage which enhances the 
hydrogen concentration. This is followed by an 
additional selective oxidation step to further refine 
the hydrogen content. The purification process is 
carried out in packed-bed reactors. 

The reformat is directly distributed to the FCMO 
which is separated into six modular set up fuel cell 
systems for easy maintenance and to follow 
Freudenberg’s platform strategy. Each system 
contains the PEMFC stack as well as balance of 
plant components such as the compressor, the 
humidifier as well as the coolant circuit of the stack. 
The electrical energy produced here is supplied to 
the ship infrastructure. 

Figure 2 Setup of a maritime fuel cell system 

2.2 Methanol steam reforming process 

According to the system setup the process consists 
of two main parts – the methanol steam reforming 
process with its purification process conducted in 
the H2MO and the electrochemical conversion of 
hydrogen in the LT PEMFC as a part of the FCMO.  

Steam reforming is a common process for 
hydrogen production for further usage in the 
chemical industry. The methanol steam 
reformation (MSR) converts methanol and water 
into CO2 and H2 within an endothermic reaction. 
The steam methanol reforming (Equation (1)), the 
water gas shift (Equation (2)) and the methanol 
decomposition (Equation (3)) are the main 
reactions to describe all reactions running in 
parallel during the conversion. [39] 

𝐶𝐻3𝑂𝐻 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 3𝐻2 ,𝛥𝐻0 = 49
𝑘𝐽

𝑚𝑜𝑙
  (1) 

𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 +𝐻2,𝛥𝐻0 = −41
𝑘𝐽

𝑚𝑜𝑙
  (2) 

𝐶𝐻3𝑂𝐻 ↔ 𝐶𝑂 + 2𝐻2,𝛥𝐻0 = 91
𝑘𝐽

𝑚𝑜𝑙
  (3) 

The conversion takes place at a temperature 
between 200 and 300°C over a CZA 
(copper/zinc/aluminum) bulk catalyst. Table 2 rates 
different available catalyst types. Further promotors 
like ZrO2 or CeO2 can be added to enhance the 
major key characteristics – activity, stability and 
selectivity – of the catalyst type. [39] 

The pressure of the process has a lower influence 
and normally starts at atmospheric or slightly 
elevated level. 



 

CIMAC Congress 2025, Zürich                Paper No. 523             Page 6 

 

Table 2 Catalyst rating for MSR (cf. [39–41]) 

Catalyst 
type 

Cost Activity Coking1 Thermal 
stability 

Steam 
stability2 

Ni + + - - + 

Cu + + + - + 

Noble 
metals 
(Pt, Pd) 

- ++ + + ++ 

The MSR process was chosen in contrast to the 
auto thermal reaction (ATR) as it is less complex 
which facilitates the controllability of the overall 
system, cost effectiveness and provides a well-
established technology. Further, the start up time is 
reduced increasing suitability for maritime 
applications although the ATR is more efficient and 
produces less CO. [40] 

As already mentioned, the purification of the 
reformat gas is essential. Table 3 summarizes 
different physical and chemical technologies for 
purification. Pressure swing adsorption (PSA) 
employs adsorbent materials (e.g., carbon, metal 
oxides, zeolites, metal-organic frameworks, 
nanomaterials, or composites) to adhere 
removable gases to their surfaces under controlled 
pressure and temperature conditions. This 
intermittent process requires a low-pressure 
purging step after each high-pressure adsorption 
phase. Membrane separation (MS) utilizes 
materials (polymeric, inorganic or mixtures) with 
specific permeabilities to separate molecules from 
the flow. Cryogenic separation (CS) leverages 
the differing boiling points of fluid components to 
separate them by cooling and liquefaction. In the 
preferential oxidation (PROX) process, a highly 
selective catalyst oxidizes CO in syngas to CO2, 
minimizing hydrogen oxidation and methanation. 

Table 3 Purification technology rating (cf. [42, 43]) 

Technology Purity Complexity3 Energy Space Cost 

PSA ++ + + + + 

MS + + + ++ + 

CS ++ - - - - 

PROX + ++ + + ++ 

WGS + + + + ++ 

The water gas shift (WGS) process acts as an 
enhancer to increase the hydrogen yield while 
simultaneously decreasing the amount of CO in a 
slightly exothermic reaction (cf. Equation (2)). Due 
to its advantageous properties for the methanol 
steam reforming (MSR) process, the WGS reaction 
is employed as the initial purification stage for the 

 

1 Potential of carbon deposit formation on catalyst surface 
2 Refers to how steam content affects the reactivity. 

maritime fuel cell system. When combined with the 
methanol steam reforming process which operates 
at temperatures between 200°C and 300°C, a low-
temperature water-gas shift reaction is utilized for 
the MSR which is based on similar catalyst types 
and shows similar properties. [39] 

For the second stage of the purification (cf. [43–46]) 
the system uses PROX with its simpler integration 
into the process, its moderate integration volume 
as well as its cost effectiveness. For the PROX 
several catalyst types are investigated and under 
development, including single and bimetallic based 
catalysts using a single metal from the group 
platinum (Pt), palladium (Pd), ruthenium (Ru), 
rhodium (Rh), iridium (IR) or a combination thereof, 
gold (Au) based single or bimetallic catalyst as well 
as transitional metal oxide (TMO) catalysts using 
transitional metals like cerium (Ce), manganese 
(Mn) or cobalt (Co). Table 4 rates the different 
catalyst types regarding the risk of methanation, 
their sensitivity to steam exposure, the selectivity of 
CO oxidation, the thermal stability and their cost. 

Table 4 Catalyst rating for PROX (cf. [45–47]) 

Catalyst 
type 

Methan
ation 

Selecti
vity 

Therm. 
stability 

Steam 
sensitivity4 

Co
st 

Pt ++ + + + - 

Pd + + + + + 

Ru - - - - + 

Rh + ++ + - - 

Ir ++ + ++ + - 

Bi-metal  ++ +  - 

Au ++ ++ - + - 

TMO - - - - ++ 

Cu + + + + ++ 

Depending on the specific catalyst type the 
exothermic PROX reaction takes place between 
80°C and 240°C, both the temperature and the 
catalyst type having a high impact on the selectivity 
of the possible reactions. Equation (4) describes 
the desired CO oxidation whereas Equation (5) 
describes the unwanted H2 oxidation. For 
temperature ranges >200°C and especially for 
ruthenium (Ru) and partially rhodium (Rh) based 
catalyst there is an increased risk of methanation 
described in part by Equation (6) as the CO 
methanation and by (7) the CO2 methanation (cf. 
[45, 47]), which has to be limited because to its high 
H2 consumption. Due to Freudenberg’s system 
design the potential risk of methane slip is 
minimized by feeding the syngas to the burner 

3 Controllability of purification, integrability into the process. 
4 Refers to how steam affects the CO conversion. 
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oxidizing the methane before it is expelled to the 
ambient. 

𝐶𝑂 +
1

2
𝑂2  → 𝐶𝑂2,𝛥𝐻0 = −283

𝑘𝐽

𝑚𝑜𝑙
  (4) 

𝐻2 +
1

2
𝑂2   → 𝐻2𝑂,𝛥𝐻0 = −242

𝑘𝐽

𝑚𝑜𝑙
   (5) 

𝐶𝑂 + 3𝐻2  → 𝐶𝐻4 + 𝐻2𝑂,𝛥𝐻0 = −206
𝑘𝐽

𝑚𝑜𝑙
  (6) 

𝐶𝑂2 + 4𝐻2  → 𝐶𝐻4 + 2𝐻2𝑂,𝛥𝐻0 = −165
𝑘𝐽

𝑚𝑜𝑙
  (7) 

With steam present in the process platinum and 
palladium based catalyst promote the CO 
conversion during the water gas shift reaction of 
Equation (2), whereas the steam content reduces 
the CO conversion efficiency for Rh based 
catalysts (cf. [45]). Using PROX purification 
requires a precise control of the process conditions 
at all load points of the maritime fuel cell system. 
This is essential to prevent the negative effects of 
high-water content in the stream and to avoid the 
highly exothermic methanation reaction, which can 
cause a thermal runaway in the packed bed PROX 
reactor. 

2.3 PEM fuel cell 

The FCMO contains the PEMFC system each with 
its own stack. The stack consists of 346 cells 
arranged in series. In the stack the electrochemical 
conversion of the hydrogen rich reformat gas takes 
place. The hydrogen is provided to the anode side 
and humidified air is provided to the cathode side 
of each cell of the stack. There the specific inner 
assembly of each cell is responsible for the 
efficiency and functionality of the electrochemical 
process. The product gases H2 and air respectively 
the oxygen content is distributed within the special 
channel pattern of the bipolar plates (BP) over the 
complete active area of the cathode respectively 
anode side electrode. The electrodes consist each 
of: 

A gas diffusion layer (GDL) (cf. Figure 3) 
supporting an enhanced and equal distribution of 
the product gases over the active area as well as 
supporting the water management, the heat 
transfer and guaranteeing the electrical 
conductance within the layer 

A microporous layer (MPL) as part of the GDL to 
enhance the contact to the catalyst layer and its 
mechanical support as well as to support the water 
and thermal management  

A catalyst layer (CL) based on platinum 
nanoparticles supported on carbon to enable the 
half reactions on the anode (cf. Equation (9)) and 
cathode (cf. Equation (8)) side as well as to support 

the thermal management and the electrical 
conductivity. 

1

2
𝑂2 + 2𝑒

− + 2𝐻+ → 𝐻2𝑂  𝐸0 = 1.23𝑉 (8) 

𝐻2 → 2𝐻+ + 2𝑒− 𝐸0 = 0𝑉 (9) 

Each catalyst layer is bonded on the polymer 
membrane (PM). Thus, both electrodes are 
separated and electrically insulated. The unit is 
called membrane electrode assembly (MEA). 
The polymer membrane is permeable for protons in 
humid state which are generated in the anode 
catalyst by the hydrogen reduction (Equation (9)). 
With this separation of the reactions the 
electrochemical potential difference between the 
two half reactions drives the usable current per cell 
with 26.8 Ah/mol. The heat generated due to the 
ohmic losses in the fuel cell is dissipated via the 
MEA to the cooling channels on the backside of the 
BP.[34, 48] 

Figure 3 PEMFC setup 

2.4 Modelling of the system 

The coupling of both the methanol steam reforming 
and the electrochemical conversion of hydrogen 
requires a detailed knowledge about both 
processes individually as well as the complex 
effects of the coupling on the respective other 
system. Thus, model-based system design is a 
promising approach to get rid of the complexity and 
enhance the maturity of the system. For the 
analysis of the methanol steam reforming process, 
process simulation tools are employed to evaluate 
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heat, energy, and species flow under steady-state 
conditions. These tools help determine the optimal 
process layout, component sizes and operating 
conditions. Typically, the analysis focuses on 
steady-state energy and mass balances, often 
neglecting detailed component analysis as seen in 
[14, 43]. For component development, detailed 3D 
or 2D analyses are necessary, as demonstrated in 
[49, 50], to derive radially and laterally resolved 
temperature distributions and conversion 
efficiencies under varying conditions, such as the 
steam-to-carbon (SC) ratio. Simplifying these 
simulations to a one-dimensional approach allows 
components like reformers (e.g. [51]) to be 
integrated into complete system simulation models.  

Methanol reforming systems are primarily used in 
stationary chemical applications and rarely 
undergo transient behavior analysis during startup, 
shutdown, load changes, or error modes. Load 
changes are particularly uncommon, as these 
plants are designed to deliver optimized 
performance throughout their operational lifetime. 
However, Tian et al. [52] present a dynamic 
simulation of a methanol reforming HT-PEMFC 
system, similar to Freudenberg’s maritime fuel cell 
system, demonstrating its applicability in system 
design. 

Figure 4 summarizes the methodology used to 
model Freudenberg’s maritime fuel cell system 
within Gamma Technologies 1D- simulation 
software GT-suite v2025. During the development 
process the level of detail of the system increased 
resulting in a more detailed system model including 
components such as valves, heat exchangers, 
compressors and reactors within the different fluid 
circuits specified in the P&ID using component data 
available from suppliers. Within the final design 
even detailed piping systems can be specified to 
enhance the system model’s accuracy in pressure 
drop and flow distribution. During the modelling it is 

essential to implement an early and reliable 
verification process so the increasing level of 
accuracy can already be used in iteration steps to 
enhance the system quality. Verification data can 
be derived from literature, more detailed 2D/3D 
CFD simulations (cf. [34]) or in the best case from 
component measurement data. It can also be used 
to calibrate component models or to reduce model 
complexity to save runtime. The proceeding will be 
shown using the example of the modelling of the 
reactor and the fuel cell system. 

3 MODELLING OF THE REACTOR 

The reactors are the main components in the 
H2MO realizing the methanol steam reforming 
process. They are designed as packed bed 
reactors using appropriate catalysts for each the 
methanol steam reforming, the shift reaction and 
the preferential oxidation. To model those 
components a combination of reaction kinetics, 
thermal resistance networks and fluid regions is 
used. To derive the reaction kinetics characterizing 
lab tests of the used catalysts were performed. 

3.1 Methanol steam reformer 

The methanol steam reformer is designed as a 
tubular packed bed reformer using a catalytic 
combustor as integrated heat generator of the 
surplus reformat gas not consumed in the fuel cell. 
The setup follows the arrangement shown in Figure 
5 comparable to the findings presented in [51]. To 
model the phenomena occurring within the 
reformer tube, the primary conservation equations 
for energy (cf. Equation 5-1 and 5-2) and mass 
balance (cf. Equation 5-3 and 5-4) are applied at 
the inside and the outside of the catalyst tube (cf. 
Figure 5). The heat transfer of the hot combustion 
gas flow to the reformer catalyst tube is described 
by a heat transfer correlation derived from [53] to 
calculate 𝑈𝑜. 

Figure 4 Modelling approach 
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Figure 5 Heat and mass balance for a catalyst tube 

The heat transfer from the catalyst tube wall to the 
packed bed is simplified as a simple thermal 
resistance using the thermal conductivity of the 
catalyst material but neglecting the convective part 
from the fluid flow to the tube wall. The heat transfer 
from the packed bed flow to the catalyst is derived 
from a Nusselt correlation used for spherical 
packed beds (cf. [54]) already provided as model 
template in the software package. Combined with 
the thermal resistance between the tube wall and 
the catalyst, the particles 𝑈𝑖 can be calculated. To 
account for the axial temperature distribution the 
setup is divided into five sections. On the other 
hand, there is no radial heat distribution which 
shows a significant impact on the heat transfer and 
thus on the reaction or respectively the methanol 
conversion efficiency (cf. [51]). The effect must be 
compensated with a proper tuning of the heat 
transfer in the packed bed using appropriate 
measurement data. The pressure drop in the 
packed bed is described with the widely used 
semiempirical Ergun equation (cf. [51]). The 
reaction rate 𝑟𝑖 is calculated with a tuned reaction 
kinetic thus giving the opportunity to calculate the 

change of the molar flow rate �̇�𝑖for each species 

and thus the reaction heat �̇�𝑖. Two reaction kinetic 
approaches have been used: a Langmuir-
Hinshelwood approach (cf. Equation (10), (11)) as 
used in [51, 55] and a power law approach (cf. 
Equation (12), (13)) used e.g. in [56]. Both kinetics 
take the MSR (Equation (1)) and reverse water gas 
shift (rWGS) (Equation (2)) reaction into account. 
The measurement results are derived from a lab-

scale isothermal packed bed tubular reactor test rig 
under a variation of inlet temperature from 200-
280°C at a fixed inlet flow composition for a 
commercial Cu/ZnO/Al2O3 catalyst. 

𝑟𝑆𝑅 =

𝑘𝑆𝑅

𝐾
𝐶𝐻3𝑂

(1)𝑝𝐶𝐻3𝑂𝐻

𝑝𝐻2
0.5 (1−

𝑝𝐻2
3 𝑝𝐶𝑂2

𝐾𝑆𝑅𝑝𝐻2𝑂
𝑝𝐶𝐻3𝑂𝐻

)

(1+
𝐾
𝐶𝐻3𝑂

(1)𝑝𝐶𝐻3𝑂𝐻

𝑝𝐻2
0.5 +

𝐾
𝑂𝐻(1)

𝑝𝐻2𝑂

𝑝𝐻2
0.5 +𝐾

𝐻𝐶𝑂𝑂(1)
𝑝𝐻2
0.5𝑝𝐶𝑂2)(1+√𝐾𝐻(1)𝑝 𝐻2)

  

(10) 

𝑟𝑟𝑊𝐺𝑆 =
𝑘𝑟𝑊𝐺𝑆𝐾𝐻𝐶𝑂𝑂(1)

𝑝𝐶𝑂2𝑝𝐻2
0.5⋅(1−

𝑝𝐻2𝑂

𝐾𝑟𝑊𝐺𝑆𝑝𝐻2
𝑝𝐶𝑂2

)

(1+
𝐾
𝐶𝐻3𝑂

(1)𝑝𝐶𝐻3𝑂𝐻

𝑝𝐻2
0.5 +

𝐾
𝑂𝐻(1)

𝑝𝐻2𝑂

𝑝𝐻2
0.5 +𝐾

𝐻𝐶𝑂𝑂(1)
𝑝𝐻2
0.5𝑝𝐶𝑂2)

2   

(11) 

𝑟𝑆𝑅 = 𝑘1𝑝𝐶𝐻3𝑂𝐻𝑝𝐻2𝑂  (12) 

𝑟𝑟𝑊𝐺𝑆 = 𝑘2𝑝𝐶𝑂2𝑝𝐻2 − 𝑘−2𝑝𝐻2𝑂𝑝𝐶𝑂  (13) 

The kinetics are tuned within the software package 
using a model of the lab-scale isothermal packed 
bed tubular reactor test rig using the pre-exponent 
and the activation energy of the Arrhenius 
approach. Figure 6 shows the comparison of both 
reaction kinetics compared against five 
measurement points at different inlet temperatures 
for the methanol conversion efficiency.  

Figure 6 Comparison-conversion efficiency MEOH 

The Langmuir-Hinshelwood mechanism is 
normally used to describe heterogeneous reactions 
on surfaces, considering adsorption-desorption 
steps and surface reactions. Despite its complexity 
and challenges with data fitting as seen here, it 
remains valuable for accurate modeling. In 
contrast, the power law approach is less complex, 
expressing reaction rates as functions of reactant 
concentrations. However, it doesn't account for 
adsorption and surface reactions, thus being less 
accurate for heterogeneous catalytic reactions and 
therefore not commonly used. Nevertheless, the 
power law approach shows a better fit for the 
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temperature range of interest at 220-280°C within 
5%. 

3.2 Preferential oxidation 

For the preferential oxidation a packed bed reactor 
is used. As the reaction is exotherm no additional 
heat transfer is necessary which simplifies the 
modelling to the configuration depicted in Figure 7 
including a convective heat transfer to the system’s 
internal module space. 

Figure 7 Heat and mass balance PROX 

The reaction rate 𝑟𝑖 for each species is calculated 
using a reaction kinetic according to the Langmuir 
Hinshelwood approach comparable to [57]. The 
used kinetics include the CO oxidation (Equation 
(4)), hydrogen oxidation (Equation (5)) as well as 
the CO (Equation (6)) and CO2 ((7)) based 
methanation reactions. Experimental results for the 
Ru based catalyst are used to tune the reaction 
kinetics. Those tests comprise a lab scale 
isothermal packed bed tubular reactor at fixed inlet 
composition and space velocity while increasing 
the temperature up to 200°C. Figure 8 shows the 
results of the tuned simulation model compared to 
the experimental data as the absolute value of the 
relative error calculated according to Equation (14). 

The simulation accuracy regarding the transient 
temperature ramp up is within <5% providing 
sufficient accuracy to use the kinetics for further 
investigations about the ramp up behavior of the 
system. 

Figure 8 Comparison-conversion efficiency CO 

3.3 Shift process  

For the shift process a packed bed reactor is used 
showing a similar heat and mass balance as Figure 
7. The reaction kinetic is set up as shown in (15) 
using the partial pressure of the species 𝑝𝑖, the 

temperature 𝑇 and the equilibrium constant 
according to [58]. 

𝑟𝑊𝐺𝑆 = 𝑘𝑊𝐺𝑆 (𝑝𝐶𝑂𝑝𝐻2𝑂 −
𝑝𝐶𝑂2𝑝𝐻2

𝑒
4577.8
𝑇 −4.33

⏟        
𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

)  

(15) 

With the lack of experimental data to determine 
accurate kinetics, using this kinetic as a preliminary 
solution is valid, provided that the process 
conditions are meticulously controlled to maintain 
the kinetic balances. 

4 MODELLING OF THE PEM FUEL CELL 

The PEMFC is analogous to the reactors in the 
H2MO, the core component of the FCMO. Precise 
process control is crucial to ensure the efficiency of 
the PEMFC's electrochemical energy conversion. 
Therefore, obtaining accurate results from the 
PEMFC model requires a precise model of the BOP 
to predict process conditions such as pressure, 
temperature, and humidity on both the anode and 
cathode sides, as well as the stack temperature. 
For the PEMFC, the software package provides a 
template that integrates the modeling of flow, 
thermal, electrochemical, and heat domains, 
simplifying the implementation of the geometry and 
material data of the stack assembly. The 
electrochemical correlation is described using the 
Nernst equation (cf. Equation (16)), which explains 
the reversible work for a redox reaction under 
varying temperature and concentration. Due to 
effects like activation, ohmic and mass transport 
losses, the Nernst voltage is reduced to the usable 
voltage. 

𝑟 = |
𝑦𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 −𝑦𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛

𝑦𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡
|  (14) 
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𝐸(𝑇) = 𝐸0 −
𝑅⋅𝑇

2⋅𝐹
⋅ 𝑙𝑛 (

𝑝𝐻2⋅𝑝𝑂2
0.5

𝑝𝐻2𝑂
)  

(16) 

This relationship is described by the cell’s 
polarization curve as a function of the current 
density, as shown in Figure 9. The polarization 
curve can be divided into three sections based on 
current density, with each section contributing 
significantly to the overall losses (cf. [34]). Each 
loss is correlated with a semi-empirical formula 
used in a set of equations to model the fuel cell 
within the software package. 

Figure 9 Polarization curve and losses 

Table 5 summarizes the used correlations. The 
activation loss considers the reaction kinetics of the 
two half-cell reactions. 

The Tafel equation, a simplified form of the Butler-
Volmer equation, incorporates the current density 
𝑖, the exchange current density 𝑖0, the ideal gas 

constant 𝑅, Farraday’s constant 𝐹 and the charge 
transfer coefficient 𝛼. The exchange current density 

is calculated using the catalyst specific area 𝐴𝑐, the 

catalyst loading 𝐿𝑐, the activation energy 𝐸 and the 
partial pressure of hydrogen respectively oxygen at 

the anode respectively the cathode side. The ohmic 
overpotential is calculated from the membrane 
thickness 𝑡𝑚 experimental coefficients 𝑎 − 𝑐 the cell 

temperature 𝑇𝑐 and the membrane water content 

𝜆𝑚. Mass transport losses are primarily caused by 
the diffusion of reactants through the gas diffusion 
layer (GDL). At high current densities, this diffusion 
is hindered by significant water accumulation, 
resulting in reduced reactant supply and voltage 
drop. The diffusion is calculated with Fick’s law 
over support nodes within the GDL. The Diffusion 
coefficient is calculated according to the method 
shown in [59]. 

Table 5 Overpotential correlations 

Figure 9 Correlation  

1 
𝜂1 =

𝑅 ⋅ 𝑇

2 ⋅ 𝛼 ⋅ 𝐹
⋅ 𝑙𝑛 (

𝑖

𝑖0
) 

𝑖0 = 𝑖0
𝑟𝑒𝑓
⋅ 𝐴𝑐 ⋅ 𝐿𝑐 ⋅

𝑝𝐴/𝐶

𝑝𝑟𝑒𝑓
⋅ 𝑒

𝐸
𝑅⋅(

1
𝑇𝑟𝑒𝑓

−
1

𝑇𝑐𝑒𝑙𝑙
)
 

Tafel 

2 
𝜂2 = 𝐼 ⋅ (

𝑡𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒
𝜎𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒

) 

𝜎𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 = (𝑎 ⋅ 𝜆𝑚 − 𝑏) ⋅ 𝑒
𝑐⋅(

1
303−

1
𝑇𝑐𝑒𝑙𝑙

)
 

Springer 

3 
𝐽 = −𝐷

𝑑𝐶

𝑑𝑦
 

 

The calculated losses are directly converted into 
heat and added to the coolant flow within the fuel 
cell using the Colburn heat transfer correlation and 
a tuned heat transfer multiplier on the coolant side. 

The water management within the fuel cell is also 
an essential part of the model as it determines the 
membrane’s proton conductivity and the gas 
transport of the reactants within the GDL. For the 
membrane water content as well as the membrane 
water diffusivity calculation the Springer equation 
(cf. [60]) with its empirical coefficients based on 
membrane humidity and temperature is used. 

The model behavior is determined and affected by 
the tuning of the chosen empirical coefficients used 
in the mentioned equations. The tuning for the 

Figure 10 Evaluation FC Model - (a) Cathode mass flow (b) Stack voltage 
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model and its accuracy regarding the fuel cell is 
described in [34]. The tuning was carried out using 
single cell measurements using a fixed reformat 
composition resulting in a deviation of less than 
3%. In a full system simulation context, a proper 
tuning of components is essential to gain a high 
model accuracy. 

An initial comparison of the fuel cell system model 
to testing data, including the PEMFC stack and the 
balance of plant components, demonstrates the 
model's accuracy. Figure 10 presents the 
measurement and simulation data during a test run 
for (a) the cathode mass flow and (b) the stack 
voltage each scaled to the maximum value. These 
tests were conducted at Freudenberg’s internal 
testing rigs using pure hydrogen instead of syngas. 
The measurement data was processed using a 
Gaussian filter to minimize measurement noise. 
The absolute value of the relative error was 
calculated according to Equation (14). The model's 
accuracy for both values shown is within 5% for the 
entire range of operation. The cathode mass flow 
behavior (cf. Figure 10 (a)) is primarily determined 
by the compressor, which is modeled with a 
compressor map based on supplier data and the 
precise mapping of the flow path, including all 
pressure losses of the installed components. The 
transient behavior of the mass flow during load 
changes, which is crucial for accurately predicting 
control responses, is well-represented. Comparing 
the mean absolute value of the relative difference 
for stack voltage (1.5%) and cathode mass flow 
(0.8%), it becomes evident that deviations in the 
simulation concerning stack temperature and stack 
tuning accuracy contribute to the overall model 
discrepancies. As the anode mass flow is provided 
with an appropriate controlled boundary condition it 
is not contributing here. Nevertheless, with a 
relative difference of less than 5%, the model 
demonstrates sufficient accuracy to be used for 
further investigations. 

5 SYSTEM SIMULATION 

The system simulation of Freudenberg’s maritime 
fuel cell system uses the setup shown in Figure 4. 
The control and safety functions required to 
operate the system are implemented within the GT-
model environment as well, which facilitates the 
further development of these functions. Depending 
on the scope of the investigation, the model can be 
simplified; for instance, the FCMO module is 
neglected during the startup phase of the H2MO 
system. However, during the load run of the 
system, both the FCMO and H2MO modules are 
utilized. The system simulation is configured to run 
using GT's implicit solver, which ensures faster 
runtimes. Dependant on the systems operation 
state the time step is adjusted automatically 
ensuring the best compromise between runtime 

and convergence. chemistry solver designed to 
handle differential-algebraic equations (DAEs). To 
accurately solve the chemical reactions, the 
software package includes a Specifically, a DASSL 
solver is employed to manage the stiff kinetics 
present in the system. The rWGS reaction in the 
MSR exhibits a particularly fast reaction rate. This 
rapid rate significantly contributes to the system's 
stiffness, especially during startup conditions when 
the concentrations of reactants change quickly until 
a stable and steady operation is achieved. 

Figure 11 shows the hydrogen generation during 
the system run up. Between the start of media 
supply and the first hydrogen peak it takes six 
minutes to fill the piping system and heat 
exchangers with the fluids and start the evaporation 
process. To reduce carbon decomposition of the 
reformer catalyst, water vapor is introduced first to 
avoid exposing the catalyst to pure methanol. 
Additionally, the higher heat capacity of water 
vapor reduces the risk of hot spot formation within 
the catalyst. Once methanol vapor is provided, 
hydrogen generation begins and stabilizes after 15 
minutes. In total, around 21 minutes are necessary 
from the supply of the fluids to achieve stabilized 
hydrogen production after starting with a preheated 
system. 

Figure 11 Hydrogen generation during start up 

The system model is used beside the insight into 
the transient start up process to tune the control 
loops of the system. Figure 12 shows the methanol 
control valve over a ramp up of the system power 
from idle to full load. For a better visibility the left 
and right half of the curve are depicted over 
different scaling of the y-axis. The deviation is 
derived according to Equation (14) showing high 
deviation in the beginning of the control due to a 
delay in the control of 0.5s including the CAN 
communication and the valve opening and closing 
times. Nevertheless, the control shows no 
overshoot and the deviation diminishes over time. 
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6 CONCLUSIONS 

The paper shows Freudenberg’s maritime fuel cell 
system realizing a methanol steam reforming 
process to provide a H2 rich reformat gas to a LT 
PEMFC. The presented modelling of the key 
components of both processes shows a high 
accuracy of the 1D-System simulation compared 
with preliminary component measurements. 

However, the lack of resolution perpendicular to the 
flow in the 1D simulation approach results in an 
overpredicted temperature of the packed beds, 
particularly during startup and load changes. This 
issue can be mitigated by adjusting the heat 
transfer coefficients within the packed beds and the 
reformer. Initial comparisons of heat transfer with 
CFD results indicate deviations within a 5% range 
of the 1D approach. 

The comparison of the Langmuir-Hinshelwood with 
the power law approach for the MSR showed that 
an insufficient set of data to tune the high number 
of parameters leads to a misleading prediction of 
the conversion efficiency with high deviations for 
the Langmuir Hinshelwood approach. With the 
power law the deviation in the useful temperature 
range is less than 5% as well. 

On the other hand, the tuning of the Langmuir 
Hinshelwood approach shows a good accuracy for 
the PROX kinetics due to sufficient experimental 
data also with an absolute value of the relative error 
less than 5% over the measured temperature ramp. 

The PEMFC model shows a good correspondence 
between simulation and measurement data, for 
steady operation as well as for transient load 
changes already within a deviation of less than 4%. 

The verified models are used to predict the 
transient system behavior during start up predicting 
the time until the first hydrogen generation and tune 
the control loop functions. 

Further measurement taken from the complete 
system will be used to validate the accuracy of the 
complete system simulation as well as provide the 
opportunity to improve the model accuracy to be 
used for further system optimization and 
development. 

7 ABBREVIATIONS 

ATR Autothermal reaction 

BP Bipolar plate 

CL Catalyst layer 

CS Cryogenic separation 

CZA Copper zink aluminum 

ECA Emission controlled area 

ETS European trading system 

FCMO Fuel cell module 

GDL Gas diffusion layer 

GHG Green house gas emissions 

H2MO Hydrogen module 

HCCI Homogeneous charge compression ignition 

HT High temperature 

IMO International maritime organization 

LT  Low temperature 

MCFC Molten carbonate fuel cell 

MDO  Marine Diesel Oil 

MEA Membrane electrode assembly 

MPL Microporous layer 

MS Membrane separation 

MSR Methanol steam reforming 

PEMFC Proton exchange membrane fuel cell 

PM Polymer membrane 

PROX Preferential oxidation 

PSA Pressure swing adsorption 

RCCI Reactivity controlled compression ignition 

rWGS Reverse water gas shift 

SC Steam to carbon 

SOFC Solid oxide fuel cell 

WGS Water gas shift 

 

Figure 12 Methanol flow control during system power ramp up 
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