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ABSTRACT  

As part of the European funded research project JOULES (Joint Operation for Ultra Low Emission Shipping), 

the Institute for Electric Power Systems and Automation of TUHH investigates the potential of methanol 

powered fuel cell systems for marine applications. Detailed measurements were carried out on a HTPEM (High 

Temperature Polymer Electrolyte Membrane) fuel cell system using a pilot plant located at MEYER WERFT, 

Germany. For the measurements two fuel cell modules from the Danish fuel cell manufacturer SerEnergy were 

operated in parallel, having a total nominal electric output of 10 kW. The measurement results gained in a 40-

hours long-term test provide extensive and reliable data regarding fuel consumption, energy efficiency, potential 

for waste heat recovery and exhaust gas emissions. In addition, the load acceptance behaviour of the system 

has been investigated which is a crucial point for later integration into marine energy systems. The description 

of the investigated fuel cell system and the presentation of its operational behaviour according to measurement 

results are the essential part of this research. Besides that, the basic potential of methanol powered fuel cells for 

marine applications is discussed. 
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NOMENCLATURE 

CH3OH  Methanol 
FCPP  Fuel Cell Pilot Plant  
FCSM  Fuel Cell System Module 
HTPEMFC High Temperature Polymer Electrolyte Membrane Fuel Cell 
Other abbreviations and symbols are explained at their point of occurrence. 

1. INTRODUCTION 

Reducing emissions of both greenhouse gases and pollutants has become a major objective for technology 

development and integration within the maritime industry. This development is essentially driven by 

environmental legislation which already affects the cost structure and the business opportunities of shipping 

companies today (Lehne et al., 2015). Additional pressure results from a rising public awareness regarding the 

environmental impact of shipping. This applies in particular for cruise vessels and ferries. Considering policy 

papers like the EU-2020 Energy Strategy (European Commission, 2010) or the Transport White Paper 

(European Commission, 2011) it is very likely that the relevance of “green shipping” will continue to increase in 

the future. As an example, the long term strategy of the EU includes the reduction of greenhouse gas emissions 

of at least 40% by 2050. 

In response to these future challenges the European funded research project JOULES (Joint Operation for Ultra 

Low Emission Shipping, www.joules-project.eu) was established as part of the European Seventh Framework 

Program. JOULES is focused on energy grid optimisation with respect to fuel consumption and exhaust gas 

emissions using numerical simulations in the early phase of ship design. The subject of investigation are ship 

types built in Europe with a high system complexity such as ferries, cruise vessels and offshore support vessels. 

The results of energy system simulations will be used for a further assessment of the environmental impact and 

the profitability of new ship designs considering the entire life cycle of a ship (Nagel, 2015).  
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In JOULES, very different technologies are investigated concerning their potential for improving system 

efficiency and lowering harmful exhaust gas emissions. A brief overview is given in (JOULES Consortium, 

2015). Fuel cells are regarded to be a reasonable alternative to internal combustion engines in various 

application cases considered within JOULES. The future river cruiser concepts which are investigated under the 

lead of MEYER WERFT for example propose the usage of DC grids supplied by different sources (diesel 

engines as well as fuel cells, batteries and photovoltaic systems). In the 2050 design, the main energy supply is 

supposed to be ensured by fuel cells without using any internal combustion engines. The integration of fuel cells 

on board ships is addressed in other maritime research projects as well, e. g. Pa-X-ell, see also Figure 1. 

In order to gain experience with the integration of fuel cells on board ships, MEYER WERFT operates a land-

based fuel cell pilot plant (FCPP) which was used for the experimental investigations presented in this research. 

In the next step, a fuel cell power unit with more than 60 kW electric output shall be installed on a ferry to work 

in parallel to the conventional energy supply. 

2. POTENTIAL OF METHANOL POWERED FUEL CELL SYSTEMS FOR MARINE APPLICATIONS 

2.1 FUEL CELL TECHNOLGY 

Fuel cells are a conceivable alternative to internal combustion engines for various reasons. 

¶ Fuel cells have a significant potential for lowering the emissions of pollutants. This holds in particular for 

NOx (due to lower temperatures during energy conversion) and also Particulate Matter (PM). 

¶ The cell stack shows good efficiency at part load (see polarisation curve in Section 4.2). 

¶ Fuel cell systems allow a very modular plant layout by combining several small units. 

¶ Since fuel cells deliver DC, they can be easily integrated into DC grids. 

 
There are several types of fuel cells available on the market and some more at research stage. The three most 

advanced, commercially available technologies are (van Beek, 2013):  

1. Proton Exchange Membrane Fuel Cells (PEMFC, operating temperature 60-80 °C (LT) or 160-200°C (HT)),  

2. Solid Oxide Fuel Cells (SOFC, operating temperature 700-900 °C), 

3. Molten Carbonate Fuel Cells (MCFC, operating temperature above 650 °C).  

 

Further details to the different types of fuel cells can be found in literature (Bagotsky, 2012), (Barbir, 2013), 

Figure 1: Schematic diagram showing the possible integration of fuel cells on board a cruise vessel as 

investigated in Pa-X-ell (diagram modified by authors, publication with kind permission of MEYER 

WERFT). Additional grid components are labelled with the numbers 1 – 4.  



(Behling, 2013). The high temperature fuel cells need a long period of time to start up due to the high operating 

temperature and the slow heating rate which need to be applied to avoid thermal stresses. The advantage of 

high temperature systems compared to PEM fuel cells is that no fuel processing is required in general meaning 

that fuels such as LNG can be supplied directly to the system. 

PEMFCs run on pure hydrogen or reformate (gas mixtures rich on hydrogen) provided by a fuel processor. In 

the latter case the synthesis gas leaving the reformer and entering the fuel cell can contain significant amounts 

of CO. Since a HTPEM fuel cell is operated at higher temperatures than an ordinary (LT)PEM fuel cell, it can 

handle higher CO concentrations (about 1-3 % instead of less than about 50 ppm) which is a major advantage 

for marine applications as well as others (Araya, 2012), (Mosbæk, 2010), (Wedel, 2013), (Zhao, 2013). 

Unfortunately, HTPEM materials are less far developed concerning reliability and manufacturability compared to 

their LT counterparts since the automotive industry has pushed the latter one for years (Wedel, 2013). 

2.2 METHANOL AS MARINE FUEL 

Since transport, storage and handling of hydrogen is challenging (Ball, 2015), alternative fuels are in focus for 

the operation of fuel cells on board ships. In particular, the usage of LNG and methanol is considered to be a 

reasonable solution (DNV, 2012), (Zhan, 2009). Methanol has the special advantage of requiring low reforming 

temperatures of less than 300 °C compared to other hydrocarbon fuels (800 – 900 °C) making it increasingly 

proposed for the on-board generation of hydrogen rich synthesis gas for HTPEMFC operation (Araya, 2012).  

Methanol (CH3OH) is a simple alcohol which can be produced by many different feedstocks. The most common 

and most cost-effective method of methanol production is the steam reformation of fossil natural gas (80% of 

total production according to (Ellis, 2014)). Other possible pathways include for example the use of farmed 

wood or waste wood via black liquor. Depending on the used feedstock, the environmental impact for fuel 

production varies significantly, see Table 1 which also includes data for conventional diesel fuels and LNG for 

comparison. 

Table 1: Fuel data (GWP = Global Warming Potential, LHV = Lower Heating Value) 

Fuel Feedstock Energy for 
production 
(MJ/MJfuel)

a 

GWP of 
production 

(gCO2,eqv/MJfuel)
a 

LHV 
(kJ/kg)

b 
Density 
(kg/m

3
)
b 

CO2-Emiss. 
operation 
(tCO2/tfuel)

c 

CO2-Emiss. 
operation 

(gCO2/MJfuel) 

HFO (avg.)  Crude oil 0.24 9.9 40350 980 3.114 77.2 

MGO (LS)
 

Crude oil 0.27 15.1 42700 860 3.206 75.1 

 
Methanol

 
Farmed wood 1.07 6.8 19900 793 1.375 69.1 

Waste wood 0.59 2.4 19900 793 1.375 69.1 

Natural gas 0.59 23.4 19900 793 1.375 69.1 

LNG(Medium)
 

Natural gas 0.23 17.5 49000 450 2.750 56.1 
HFO (avg.) = mean values for different qualities of heavy fuel oil, MGO (LS) = Marine Gas Oil (Low Sulphur = 0.1 % m/m), a Taken from (Ellis, 2014), original sources: data 
for methanol and LNG adapted from (Edwards, 2014), data for HFO and MGO provided by IFEU. b Usual values adapted from JOULES LCPA-Tool/JOULES fuel database 
(density at 15 °C (diesel, methanol) or at -164 °C (LNG)), see also: (Cornforth, 1992), (Eswara, 2013), (Hashimoto, 2005), (INGAS, 2010), (Joos, 2006), (Kazangas, 2013), 
(Kontoulis, 2013), (Merker, 2012), (Methanex, 2006), (Mollenhauer, 2007), (Stenersen, 2011). c (IMO, 2009), JOULES fuel database. 

 
Table 1 also contains data for CO2 emissions caused by burning the corresponding fuels. Looking at the data 

given in gCO2/MJfuel it can be determined, that methanol has the potential for a significant reduction of CO2 

emissions in comparison to fuels of diesel quality resulting from a smaller carbon content. Additionally, methanol 

contains in fact no sulphur, so SOx emissions cannot occur by nature which is, in particular, beneficial for the 

operation in Emission Control Areas. 

Today, methanol is widely used in the chemical industry 

with a consumption of 53 million tons in 2011 (Bertau, 

2014). Resulting from that, large production facilities 

using proven technology are already available. Figure 2 

shows the development of prices for methanol, MGO and 

HFO in the past. Currently (October 2015) the energy 

related prices are as follows (1 EUR = 1.0970 USD): 

methanol ≈ 60 USD/MWh (295 EUR/MT in Europe, 

methanex.com), MGO ≈ 35 USD/MWh (410 USD/t in 

Rotterdam, bunkerworld.com) and HFO (380cSt) ≈ 20 

Figure 2: Historical MGO, HFO and methanol 

prices on an energy basis (Ellis, 2014) 



Figure 3: Illustration of methanol power system H3 

5000 (source: SerEnergy A/S). Dimensions with 

housing: Height: 266 mm, Width: 442 mm, Depth: 

702 mm. System weight: approx. 75 kg. 

USD/MWh (222 USD/t in Rotterdam, bunkerworld.com). It gets obvious that the price of methanol has 

decreased significantly since 2014 due to the fact that crude oil prices also went down dramatically. On the 

other hand, the current large price gap to conventional diesel fuels is a significant drawback. 

Methanol is toxic and attacks certain coatings / material surfaces, in particular when blended with water (Braess, 

2005), (Menrad, 1982), (Methanex, 2006). So special care and materials are required for its operation on board 

ships. Due to the fact that methanol bio-degrades quickly in water, it is one of the less hazardous chemicals in 

the case of a maritime spill, even if it is transported in large volumes (Häkkinen, 2012), (Nagel, 2014). Since the 

energy density of methanol (≈16 MJ/l) is less than half of MGO (≈37 MJ/l), the required volume for storage is 

more than twice as high. Considering the fact that the HTPEM fuel cells investigated in this research need to be 

supplied with a methanol-water-mixture of 60/40 % vol. (LHV = 11400 kJ/kg, density = 911 kg/m
3
, energy 

density ≈10 MJ/l at standard ambient conditions), the required extra volumes for fuel handling on board would 

be significant. Bunkering such a fuel mixture is not reasonable in this respect. Instead, the amount of water 

required for fuel blending should be produced on board as far as possible (e. g. by using fresh water generators 

or collecting condensate from exhaust gas flow or other sources). 

3. PILOT PLANT 

The fuel cell pilot plant (FCPP) used for the experimental investigation looked at here consists of multiple fuel 

cell system modules (FCSMs) applying HTPEM technology. The pilot plant can contain up to eight fuel cell 

modules. For this research two fuel cell modules were installed and could be operated in parallel. One of the 

FCSM was brand new, the other FCSM was already in operation for several days but in good conditions. No 

malfunctions or any extraordinary loss of performance caused by cell degradation or the like could be observed 

before or during the test trial. 

3.1 FUEL CELL MODULES 

The used FCSMs of type H3 5000 are manufactured 

by SerEnergy A/S. The nominal electrical output is 

specified as 5 kW. The FCSMs have a liquid 

(triethylene glycol) cooled HTPEM stack. A methanol-

water-mixture (60/40 % vol.) is used as fuel (reformer 

is integrated). Further details are described in 

(SerEnergy, 2015). Figure 3 shows the layout and the 

principle dimensions of the mentioned FCSM.  

After entering the fuel cell system, the methanol-water-

mixture is evaporated. The evaporator is heated by the 

cathode exhaust gas of the fuel cell. The evaporated 

methanol-water-mixture is being reformed into a 

hydrogen-rich synthesis gas which enters the cell 

stack. There, most of the hydrogen is converted to 

electricity. The other hydrogen leaves the cell stack 

(small exhaust gas stream of the anode) and is used 

for the internal heating of the reformer (for further 

details see also Section 4.1 and 4.4). 

 

 

 

 

 



3.2 PLANT LAYOUT 

The entire equipment of the pilot plant is located in two separate 20ft containers, one of them being used only 

for fuel storage. 

The other container contains the FCSMs described in the previous section. All FCSMs are encased in an 

explosion-proof cabinet. Each FCSM has its own pump for filling an internal fuel tank. There are two central 

pipes, one for supply air and one for exhaust gas, connected to the explosion-proof cabinet. A high proportion of 

waste heat is transferred from the FCSM internal cooling circuit to the outer cooling circuit (operated with water) 

of the pilot plant. For the cooling of internal electronics (DC/DC converter, controller etc.) air is used. To 

guarantee a continuous air flow through the system there has to be a certain negative pressure which is 

regulated by a frequency-controlled fan which is located in the exhaust gas pipe of the pilot plant. The total 

electrical output of the fuel cell modules is transferred into AC by an external DC/AC converter and fed into the 

public grid. A schematic representation of the FCPP is given in Figure 4. 

3.3 ELECTRIC BALANCE 

The load signal for each of the operated FCSM is defined as 

 
The electric power produced by the FCPP Pel,FCPP is 

smaller than its net power Pel,Grid since the plant has a 

significant own consumption Pel,Aux. Consumers to be 

taken into account are a) the exhaust gas fan located in 

the exhaust gas pipe Pel,Ex-Fan,
 
b) the cooling water 

supply pump Pel,Cw-Pump and c) all consumers located in 

the cabinet of the FCSMs Pel,Cabinet (e. g. power supply 

for internal controllers, pumps and fans of FCSMs). All in 

all, the electric balance of the FCPP can be described as follows: 

ὖȟ ὖȟ ὖȟ   = ὖȟ ὖȟ ὖȟ ὖȟ  . (2) 

 

Figure 5 visualizes the power routing of the FCPP and corresponding nomenclature used in this research. 
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Figure 4: Schematic drawing of the FCPP. Exemplary one FCSM is shown. All FCSMs are located inside 
the cabinet and are connected to the same intercooler stage. The FCSMs deliver their power to a 
common DC/AC converter. The figure shows also a variety of measured quantities and used equipment 
(signals measured by the FCSM itself were also used as far as they were accessible). 

Figure 5: Power routing and nomenclature 



4. THEORETICAL PRINCIPLES  

In order to get a better understanding of the measurements that were conducted, a short introduction to high 

temperature PEM fuel cell principles is provided in the following. 

4.1 METHANOL REFORMING 

High temperature polymer electrolyte membrane (HTPEM) fuel cells convert, similar to low temperature PEM 

fuel cells, hydrogen to an electric current. The difference is that the provided fuel must be reformed to a H2 rich 

gas first. This takes place inside the reformer, which is located ahead of the fuel cell stack, see Figures 3 and 4. 

By feeding the reformer with methanol and water a synthesis gas is created which is a mixture of the 

components H2, H2O, CO, CO2 and CH3OH. In this particular case the transformation is carried out using steam 

reforming technology. Besides steam reforming several other reforming processes are known, for example 

methanol decomposition, partial oxidation and combined reforming. It must be stated, that steam reforming and 

methanol decomposition are endothermic processes, while partial oxidation is exothermal (Alejo, 1997), 

(Enzenzberger, 2012). 

The composition of the synthesis gas can be calculated by minimizing the Gibbs free energy of the involved 
components (Baehr, 2012). Following this approach, the resulting distribution (see Figure 6) assumes that the 
reaction mechanisms reaches its equilibrium. In reality, depending on the actual operating conditions, the 
composition might be slightly different with a smaller H2 yield compared to predictions derived from such a 
thermodynamic method. 
The used fuel mixture with 60 % vol. methanol evaporates at 72 °C (METHANEX, 2006). Looking at the 

equilibrium composition shown in Figure 6, it becomes apparent, that for any temperature, at which the 

evaporated fuel mix enters the reformer, a high H2 yield is achievable. For temperatures above 200 °C a 

significant CO production starts, which is an unwanted byproduct as CO poisons the fuel cells catalyst. Since 

the reformation of methanol is endothermic heat has to be provided to the reformer in order to reach the desired 

synthesis gas composition. This is achieved by burning the anode off gas which yields out of the fuel cell stack. 

In order to do so an excess of H2 has to be supplied for the electric power generation in the fuel cell stack.  

4.2 POLARISATION CURVE 

The fuel cell electrodes generate an open circuit voltage due to electrode reactions occurring with the reactant 

gases. An operating fuel cell cannot maintain that open circuit voltage, when a current is drawn from the stack. 

The terminal voltage of a fuel cell stack is lower than the open circuit voltage, because of ohmic losses and 

further polarisations. The overall stack voltage is determined by the reversible cell voltage decreased by the 

irreversible voltage losses. The latter are called polarisations and can be split up into activation losses, ohmic 

losses and concentration losses.  

Figure 6: Results of minimizing the Gibbs free energy for the reaction mechanism of steam reforming (a), 

methanol decomposition (b) and a water gas shift reaction (c) at a pressure of 1 bar with S/C = 1.5 (the fuel 

mixture entering the reformer has a fixed ratio of water moles to methanol moles of 3/2). It can be clearly 

seen, that a complete conversion of CH3OH is reached at 200 °C. 



Figure 7: Effect of CO concentration and 

operating temperature on the polarisation curve 

of a HTPEM fuel cell. Picture taken from 

(Andreasen, 2009) with permission. 

A fuel cell operated at low current density experiences a 

voltage drop due to activation losses. This amount is 

needed to overcome the energy barrier in order to run 

the electrochemical reaction at the electrodes. The 

ohmic resistance characterizes the behaviour of the 

stack while a current is drawn. Its share becomes 

dominant at intermediate current densities. Typically a 

linear approach determines the ratio of voltage drop to 

charge flux. At high current densities the voltage drops 

further caused by a concentration polarisation. This 

amount represents the ebbing of educt supply due to an 

increasing flow resistance. Usually a fuel cell is 

operated at intermediate current densities where the 

voltage drops linear with an increasing current. 

Figure 7 shows different operating conditions of a 

HTPEM fuel cell. The variation of the CO concentrations 

and the operation temperature results in significant 

voltage polarisations at higher current densities. Looking 

at the figure it can be seen, that the fuel cell stack has to 

be operated at sufficiently high temperatures in order to 

withstand the poisoning effects caused by an increased 

CO concentration.  

4.3 STACK EFFICIENCY 

During operation electric power and waste heat are produced by the fuel cell. In order to control the fuel cell 

operating temperature the produced waste heat has to be removed. The considered HTPEM technology uses a 

heat exchanging fluid, which is pumped through tiny flow channels located between the single cells. The control 

of the stack temperature is of great importance, since a changing operating temperature would affect the 

voltage characteristics as shown in Figure 7. 

The efficiency of the fuel cell stack is defined as the ratio of electric power to the lower heating value of 

hydrogen times the hydrogen flow rate. 

–
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The waste heat can be expressed as the voltage difference from 1.25 V (= reversible cell voltage) to the actual 

operating point U(I) (see Figure 7) times the current. 
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4.4 FLOW RATES 

Inside the cell stack two mechanisms run parallel to each other when a current is drawn from the stack. At the 

anode of the fuel cell hydrogen is oxydised under donation of electrons and at the fuel cells cathode oxygen 

forms to water under acceptance of electrons.  
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From Faraday’s law the flow rates for educts and 

products being involved in the fuel cell reaction 

mechanism can be derived (Barbir, 2013). Taking the 

stoichiometric coefficients of Eq. (7) into account, the 

reactant and product flow rates for a fuel cell stack 

consisting of n cells can be found as shown in Eq. (8). 

An example will illustrate the magnitude of water production inside the cell stack of the investigated FCSM. In 

case of an electric output of 4.2 kW the stack current is 57.3 A. The water production will then lead to a water 

mass flow of 0.64 g/s (per FCSM). 

In Figure 8, the flow path of different species as they 

occur during operation of the investigated FCSM is 

shown. A large proportion of hydrogen is utilized in the 

fuel cell stack characterized by λH2,FC. Usually, λH2,FC is in 

the order of magnitude of 1.35. The anode off gas 

characterized by (λH2,FC – 1) enters the burner, where the 

remaining hydrogen part is utilized in combination with 

oxygen from ambient air expressed by λO2,Ref which is in 

the order of magnitude 10. The fuel cell stack is also 

supplied with ambient air to provide sufficient oxygen for 

the fuel cell reaction. This air demand can be expressed 

by λO2,FC.  

Figure 8 shows that two exhaust gas streams exist in a 

FCSM. The one arising from the cathode containing exclusively humid air and the one formed by the burner 

containing fractions of CO2 and H2O besides air. The fraction of CO generated in the reformer is usually 

completely oxidised in the catalytic burner (see Section 5.3). 

5. RESULTS AND DISCUSSION OF THE EXPERIMENTAL INVESTIGATION 

The FCPP has been operated at different load levels during the test trial. A representative overview of recorded 

data is given in Table 2.  

Table 2: Investigated operating points (steady-state) 

Load Pel,Stack,i Pel,FCPP Pel,Grid Time 

38.5 % 1.92 kW 3.44 kW 2.81 kW 00.00 h – 03.85 h 
49.9 % 2.49 kW 4.53 kW 3.86 kW 03.88 h – 13.35 h 
74.5 % 3.72 kW 6.83 kW 6.05 kW 14.86 h – 20.25 h 
84.5 % 4.20 kW 7.76 kW 6.93 kW 21.40 h – 36.36 h 

5.1 EFFICIENCY 

5.1 (a) Converter Efficiencies and Own Consumption 

The conversion from stack power to grid power is affected by the efficiencies of the DC/DC converter (inside a 

single FCSM) and the common DC/AC converter installed at the FCPP. The total efficiency is about 90%, see 

Figure 9. A serious oscillation of power could be observed at higher loads of the FCPP. The reason for this is 

that one FCSM suffered slightly from degradation during the test trial causing problems for the implemented 

internal control algorithms during test trial at higher loads. 

As described in Section 3.3, the FCPP contains various auxiliaries. Figure 10 shows the specific own 

consumption ε = Pel,aux / ΣPel,FCSM and the proportion of different consumers. According to that, the internal 

consumers of the FCSMs (sum of all auxiliaries located in the cabinet, see also Section 3.2) build up the largest 

consumer whereas the power consumption of the exhaust gas fan can almost be neglected. 
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Figure 8: Flow path of species in a FCSM 



5.1 (b) Specific Fuel Consumption and Overall Efficiency 
The specific fuel consumption (SFC) can be calculated by using the integral values of power and fuel flow rate 

(which is not continuous for the installed FCSMs due to two-step control of the internal fuel supply pumps) over 

a long period of time. The results (assuming a LHV of 19900 kJ/kg) are presented in Figure 11. The lower trend 

accounts for the electric power output Pel,FCPP, which 

describes the plain behaviour of the FCSMs. This trend 

shows typical fuel cell behaviour, while the SFC is low at 

part load and increases with higher power outputs. The 

upper trend represents the SFC in which all auxiliary 

consumers are taken into account. Responsible for the 

different behaviour is the high auxiliary power demand at 

part loads as shown in Figure 10. The overall plant 

efficiency can be calculated according to 

 
Table 3 gives an overview of calculated plant efficiencies 

for steady states. In order to show the potential of the 

HTPEM technology the efficiencies for operation without 

auxiliary power demand are shown, too. For that matter 

the plant efficiency reaches more than 43 % at low load 

and about 39 % at high load. When auxiliary power 

demands are considered the plant efficiency drops to 

values in the range of 36 %. 

5.2 COOLING WATER 

The trend presented in Figure 12 shows the waste heat removed from the FCPP by the outer cooling circuit. 

The corresponding inlet and outlet cooling water temperatures are shown in Figure 13. The inlet temperature is 

controlled and can be kept constant excluding very low load operation of the FCPP. 

 

Table 3: Plant efficiencies 

Load Pel,FCPP Pel,Grid η(Pel,FCPP) η(Pel,Grid) 

38.5 % 3.44 kW 2.81 kW 43.5 % 35.1 % 

49.9 % 4.53 kW 3.86 kW 42.7 % 36.3 % 

74.5 % 6.83 kW 6.05 kW 42.1 % 37.1 % 

84.5 % 7.76 kW 6.93 kW 39.1 % 34.9 % 
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Figure 9: Converter efficiencies Figure 10: Specific own consumption 

Figure 12: Cooling water heat content 

Figure 11: SFC for steady state operation 

Figure 13: Cooling water temperatures 



5.3 EXHAUST GAS 

5.3 (a) Exhaust Gas Flow Rate and CO2-Emissions 

During the test trial the volume flow of the exhaust gas 

was measured using a vane anemometer centered in 

the exhaust gas pipe. The resulting volume flow is 

presented in Figure 14. 

The specific mass flow (SM) of dry exhaust gas 

SMdExGas, describes the mass flow of each individual 

constituent available in the exhaust gas without the 

water mass flow in relation to the electric power fed 

into the grid, see Eq. (10). In Table 4 it can be seen 

that the ratio decreases with increasing load values. 

This means that at part load the largest amount of 

excess air is available.  

Table 4 also presents values for the specific water 

mass in the exhaust gas SMH2O,ExGas. This value 

describes the amount of water produced in the 

reformer, in the fuel cell stack and in the burner in 

relation to the electric grid power, see Eq. (11). It does 

not take any humidity coming from the environment 

into account. The reformer produces water as this is 

available under excess condition in the fuel mixture. 

Important for benchmarking with other primary converter 

technologies is the specific CO2 production rate 

SMCO2,ExGas. The corresponding values are also listed 

in Table 4.  

The flow rates are also calculated here exemplarily for 

the purpose of comparison using the following 

stoichiometric ratios: λO2,FC=2.5; λH2,FC=1.35; 

λO2,Bur=10.0, see also Section 4.4 (tRef = 275°C). The 

calculations assume dry air at the inlet. The 

stoichiometric ratios are not aligned to the existing 

FCSM, but represent reasonable values in order to 

obtain theoretically possible flow rates. Without going 

too much into detail concerning calculation (basic 

correlations are presented in Section 4.4), calculated 

mass flows are presented in Table 5.  

It becomes evident that the air demand of the FCPP is much higher than the theoretical value according to 

calculation for such a plant. The reason for this is the parallel flow of air conducted through each FCSM in order 

to remove heat by conduction, e. g. for cooling internal controllers. This need for cooling air is not represented in 

the calculations. In the FCPP, the air flow is regulated by the variable speed drive fan located in the exhaust gas 

pipe. The controlled variable for the fan drive is the pressure difference between inlet and outlet of the FCPP 

which is kept at a constant level over the entire operating range (about 25 Pa which is significantly smaller than 

the backpressure of the FCSM itself what makes additional internal fans in the FCSMs necessary). Since no 

measurement values are available for temperatures inside the FCSMs, it could not be proven whether the actual 

cooling air demand of the FCPP is significantly lower. But according to statements from the fuel cell 

manufacturer SerEnergy A/S the setting of the exhaust gas fan includes a significant safety margin. All in all it 

can be assumed, that the specific air demand of a large-scale implementation on board a ship would be lower 

 

Figure 14: Exhaust gas volume flows for different load 

values. The upper trend represents the humid exhaust gas, 

the lower trend shows the volume flow of the dry gas. 
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 Load 38% 50% 75% 85% 

SMdExGas kg/kWh 75 56 38 34 
dExGas/FCSM g/s 29.3 30.0 31.9 32.7 

SMH2O,ExGas kg/kWh 1.1 1.0 1.1 1.1 
SMCO2,ExGas kg/kWh 0.67 0.63 0.60 0.58 

Table 4: Exhaust gas mass flows (absolute 
values are valid for a single FCSM) 

 Load 38% 50% 75% 85% 

IStack A 23.0 30.9 49.0 57.2 
Air,in g/s 5.89 7.92 12.55 14.65 

Fuel,in g/s 0.39 0.52 0.83 0.97 
Air,out g/s 5.58 7.50 11.90 13.88 

H2O,out g/s 0.42 0.56 0.89 1.04 
CH3OH,out g/s 0 0 0 0 

CO+CO2,out g/s 0.28 0.38 0.59 0.70 

Table 5: Theoretical mass flow rates according to 
calculation for a single FCSM 

 



than measured at the FCPP (especially at part load) but without reaching the theoretical values calculated here 

since a certain amount of air will always be required for cooling FCSM internal electronics or the like. 

5.3 (b) Emission of Pollutants 

Due to the fact that the FCPP is operated with a large 

proportion of excess air, the exhaust gas is diluted 

significantly. This holds in particular at low part load 

since the pressure difference between inlet and outlet 

of the FCPP is kept constant over the entire load range 

by the control of the exhaust gas fan. Resulting from 

this, the numbers for exhaust gas concentrations 

presented in this research are plant-specific and do not 

represent necessarily the exhaust gas composition of 

other plants using HTPEMFCs. Nevertheless, some 

general trends can be derived. After presenting CO2 

emissions above, CO, NOx and HC emissions (steady-

state operation) are commented in the following. 

As shown in Section 4.4, the reformer transforms 

methanol and water mainly to hydrogen and carbon 

dioxide but traces of carbon monoxide appear, too. This 

makes the gas which leaves the reformer in general harmful. But looking at the exhaust gas mass flow of the 

FCPP, no CO could be observed for steady-state operation, see Figure 15. It must be assumed that the 

catalytic burner converts carbon monoxide with ambient air to carbon dioxide so that in fact no CO is released to 

the environment. 

NOx emissions were not detected during the test trial since operating temperatures are far too low for a 

significant rate of NOx formation (Kolar, 1990). This was also confirmed during other measurements performed 

by the authors on a micro HTPEM fuel cell system similar to the FCSM investigated here. 

It is also possible that unutilized hydrocarbons are present in the synthesis gas which leaves the reformer but 

these will definitely be utilized by the catalytic burner and will not be released to the environment. Nevertheless, 

very small amounts of hydrocarbons were detected during measurements whenever the inner fuel tank of a 

FCSM was refilled. The reason for this behaviour is obviously the venting of the FCSM internal fuel tank. The 

amounts were in the range of some ppm only. Since the lower explosion limit of methanol in air is around 60000 

ppm (Methanex, 2006) this behaviour had no effect on the safety of the FCPP. 

5.4 ENERGY BALANCE AND POTENTIAL FOR WASTE HEAT RECOVERY 

Figure 16 shows the Sankey diagram for 85% load. All energy flows shown there are based on measurements 

except the term described as PRef. This value is assumed to be equal to the energy flow required for evaporation 

and steam reforming of the fuel mixture which was not accessible for measurement. For 85 % load the 

proportion of PRef can be calculated to 6.3 %. For other loads the value of PRef has the same order of magnitude 

which is reasonable in principle. In addition, looking at the energy balance, a relevant cell degradation can be 

excluded since waste heat flows are supposed to be significant larger in this case. Generally, since the energy 

balance can be settled using physically reasonable assumptions, it can be assumed with good confidence that 

the chosen test setup is fine and accuracy of measurement is sufficient. 

Figure 15: Measured CO concentrations for 
different loads. The observed values are below the 
traceability threshold. The maximum workplace 
concentration for CO is 30 ppm (DFG, 2012). 



The overall efficiency of the plant might be improved by using the waste heat of the exhaust gas or the cooling 

water (see also Section 5.2). The FCPP already includes an exhaust gas cooler but this was not in operation 

during the test trial. Figure 17 shows the measured exhaust gas temperatures. By taking into account that the 

exhaust gas contains in fact no pollutants, it could be treated as discharge air in case temperature is below a 

value of about 60 °C. In this respect, cooling down the exhaust gas would not only be reasonable from an 

energetic point of view but might also result in significant advantages for the entire ship design. 

 5.5 TRANSIENT BEHAVIOUR 

During the experiments the load signal was varied stepwise for several times. The observed load acceptance 

behaviour is shown in Figure 18 (different positive load steps) and Figure 19 (different negative load steps). 

According to these figures, the actual load changes ramp-wise (constant slope over the entire operating range) 

for a stepwise change of the load setpoint. The load change rate is approximately 0.13 %/s for a positive load 

step and -0.26 %/s for a negative load step.  

Generally, it can be determined that the load acceptance behaviour of the investigated FCSM is currently 

limited. This results from difficulties regarding the control of the hydrogen and oxygen supply. As a 

consequence, the fuel cell manufacturer has limited the load change to a fixed rate as it can be seen in the 

figure above. At this stage, it has to be pointed out that load acceptance behaviour is not an issue for ordinary 

applications of such FCSMs. Normally, they are supposed to work in parallel with energy storage devices. 

Resulting from this, the transient performance was not optimized by the fuel cell manufacturer up until now and 

might be improved significantly for future generations of FCSMs designed for the usage on board ships.  

Basically, the transient behaviour of the investigated FCSM is strongly influenced by the performance of the 

methanol reformer and the control of the cathode fan. If the load change rate for stepping up the FCSM would 

be significantly faster, the amount of hydrogen leaving the reformer might be too small. This would lead to an 

operation under starved hydrogen conditions which might cause irreversible damage to the cell stack resulting 

from carbon corrosion (Barbir, 2013). Additionally, a remaining hydrogen content in the anode off gas must always be 

Figure 16: Sankey-Diagram of the FCPP for 85 % 

load 

Figure 19: Transient behaviour (stepping down) Figure 18 Transient behaviour (stepping up) 

Figure 17: Measured exhaust gas temperature for 

different loads 



Table 7: Efficiency data for high and 
medium speed diesel engines 

available to supply the catalytic burner with energy. In contrast to that, the load change rate for stepping down the FCSM is 

restricted in order to protect the reformer from thermal damage caused by an oversupply of the burner with hydrogen. 

6. COMPARISON TO MARINE ENGINES 

Since diesel engines are by far the most common type of primary energy converter used on board ships, a 
comparison of fuel cells with diesel engines is worthwhile. 
Table 6 shows some data for a medium speed diesel engine 

(with a fixed speed of 800 rpm, an MCR of 3000 kW, using 

MGO with a lower heating value of 42.7 MJ/kg as fuel, under 

standard ambient conditions) as derived from a JOULES 

simulation model. Information about fuel consumption can 

also be found in engine project guides as shown in Table 7 

for generator sets with an MTU high speed engine (MTU, 

2013) and MAK medium speed engine (MAK, 2011). 

Considering that fuel consumption data from project guides 

include normally 5% tolerance and engine efficiencies do 

not include losses caused by the generator, the overall 

efficiencies of generator sets may be reduced in the order of 

magnitude of 3 percentage points. 

Thus it can be noticed, that the average efficiency of the 

investigated FCPP (see Section 5.1) is comparable to high 

speed engines but lower than those of medium speed 

engines. In addition, it can be determined that the efficiency 

of fixed speed diesel engines is poor at very low loads 

compared to nominal operation which is in contrast to the 

good part load behaviour of fuel cells. On the other hand, the 

exhaust gas temperature of conventional marine diesel engines is at least 200 °C higher than the exhaust gas 

temperature of the investigated FCSMs (see also Table 6 and Figure 17). Resulting from this, common waste 

heat recovery systems using steam as energy carrier can be used with diesel engines in a feasible way having 

a fuel saving potential in the range of 5% (Ginetti, 2015). 

Due to the high temperatures during combustion, NOx is present in the exhaust gas of diesel engines, as can 

be seen also in Table 6 for an exemplary Tier II compliant medium speed diesel engine. Other pollutants can 

also be detected in relevant amounts. In (Woodyard, 2009) the following values are specified for a typical 

exhaust gas composition of a medium speed diesel engine burning high sulphur fuel: SOx=10 g/kWh, 

HC=1g/kWh, CO=0.6 g/kWh, PM=0.25 g/kWh. Since the investigated FCSMs produce an insignificant amount 

of pollutants (see Section 5.3), they are highly advantageous in this respect. 

Major drawback of the fuel cell technology in general is their price. According to the authors’ knowledge the 

power related investment costs (EUR/kW) of HTPEMFCs as investigated here are currently 10 – 20 times 

higher than those for generator sets driven by medium speed diesel engines (nominal power range 2500 – 

12000 kW). The power related investment costs for HTPEMFCs might decrease significantly through the years 

due to improvements in manufacturing technology, lower material costs, economies of scale, increase in energy 

efficiency and other reasons. But even assuming a price drop of about 80-90 % as it has been observed for 

photovoltaic systems in the last two decades for example (according to public media sources, see also 

http://pv.energytrend.com), the power related investment costs of HTPEMFCs would be about twice as high 

than those for conventional generator sets. 

Marine diesel engines, in particular those for generator operation, show a good transient behaviour meaning 

that load can be changed from low part load to full load in the range of 10 s (Banek, 2015), (MAK, 2011). This is 

about 50 times faster than the load up procedure of the FCSM investigated here using current control algorithms 

as presented in Section 5.5. Resulting from this, the usage of the investigated FCSMs on board ships would be 

only reasonable for covering a steady base load or in case energy storage devices with sufficient capacity are 

Table 6: Simulation results for a medium 

speed diesel engine (steady-state) 



installed. As mentioned in Section 5.5, the load acceptance behaviour was not optimized by the manufacturer 

yet and significant improvements can be expected in this area for the future. 

The weight of a single FCSM is currently about 75 kg leading to a specific weight of approximately 15 kg/kW 

(according to manufacturer weight decrease is possible in future generations of FCSMs). This is in between the 

weight for marine generator sets using high speed diesel engines (about 8 kg/kW) and medium speed diesel 

engines (in the order of magnitude of 20 kg/kW) according to (MAK, 2011), (MTU, 2013), (Merker, 2012), 

(Thiemann, 2008). As a rough approximation, the same also holds for dimensions or required volume 

respectively, see also (Stapersma, 2011). Resulting from this, HTPEMFCs using methanol as fuel are already 

competitive regarding power-weight ratio and power-volume ratio although still being in the phase of field testing 

for marine applications. On the other hand, it is a matter of fact that, in any case, a large number of FCSMs will 

be required for providing power in the scales required on board ships. Currently, 570 of the investigated FCSMs 

would have to be installed for 2850 kW electric power which can be covered by a single MAK 6 M32 C medium 

speed diesel engine (MAK, 2011). Resulting from this, it must be assumed that installation and maintenance of 

such FCSMs might influence design and operation of a ship significantly.  

Taking into account that the reliability of the investigated FCSMs has not yet reached the level of marine 

engines according to experiences with FCPP operation and also considering investment costs as described 

above, it is very likely that this technology will be reserved to niche applications for the next years to come. In 

the long term, that might change decisively not only resulting from improvements in fuel cell technology (costs, 

efficiency, transient behaviour and others) but in particular from a further increased ecological pressure making 

the operation of diesel engines less attractive. The latter one may be affected in particular by fiercer 

environmental legislation, e.g. stricter emission limits or extensive emission taxes.  

A possible consequence is the increasing need for exhaust gas aftertreatment systems on board ships using 

diesel engines with corresponding implications for investment and operating costs. As an example, according to 

the authors’ knowledge, the installation of an SCR catalyst to reduce NOx emissions for IMO Tier III compliance 

will increase power related investment costs and system weight in the range of 5-10 %. Depending on operating 

conditions (e. g. required NOx reduction), the costs for engine operation (incl. its fuel consumption) might 

increase in the order of magnitude of 5 %. Such Life Cycle Costing (LCC) issues will be further investigated in 

JOULES together with aspects of Life Cycle Assessment (LCA) to be able to compare different ship designs 

regarding their environmental impact and profitability in a holistic way. 

In this context, another aspect which is also intensively discussed within the EU, is the question of 

internalisation of external costs caused by transportation (European Commission, 2007). Green house gases as 

well as harmful emission have a number of negative impacts on society, e. g. to health impact caused by 

particulate matter, damage of forests and buildings by acidification, loss of biodiversity by eutrophication and 

others (Nagel, 2014). Up until now, the corresponding costs are borne by the society instead of the polluter. A 

case study assuming a possible future internalisation of external costs can be found in (Lehne, 2015). In this 

research it is shown, that the net present value of a ship design might be influenced significantly by including 

external transport costs to the costs of a ship and its operation. Thus, the internalisation of external costs could 

be one possible political instrument to close the future gap between environmental requirements and economic 

constraints and promote thereby the uptake of technologies like fuel cells. 

7. CONCLUSION AND OUTLOOK 

According to the experimental investigations presented in this research, the usage of HTPEMFC on board ships 

can help to reduce the environmental impact of shipping as only insignificant amounts of pollutants are emitted. 

The investigated FCSMs showed a good overall efficiency, however, they did not fully reach their theoretical 

potential due to the significant demand of electric power for internal auxiliaries. The transient behaviour of the 

investigated FCSMs is limited yet. Thus, using the current control algorithms, an operation under dynamic load 

is not possible without using energy storage devices in parallel. HTPEMFC are still in the phase of field testing 

for marine applications. Investment costs and long-term reliability are currently by far not on the level known 

from diesel generator sets. Nevertheless, fuel cells operated with methanol have a high potential for future 



applications in shipping. Methanol is considered to be a reasonable fuel option since storage and handling are 

easier compared to hydrogen, the carbon content is lower in comparison to diesel fuels and a production on 

large scale is feasible using various feedstocks. In the next step, the presented measurement results will be 

used to create a simulation model of the investigated FCSM. This model will be integrated into JOULES 

simulation models of holistic ship energy systems for further investigation of the fuel cell system integration in 

various marine application cases. 
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