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1.  Executive Summary 

The solid oxide fuel cells (SOFC) promising high efficiencies in multifuel operation make them a suitable 

option for an efficient power propulsion system on ships with reduced emissions. SOFC systems have 

the advantage that they can utilize different types of fuels including ammonia (NH3), methanol (CH3OH) 

and pure hydrogen (H2). However, this often-cited fuel flexibility leads to complex system behaviours, 

which need to be better understood by executing extensive simulations and evaluating testing data. 

This deliverable represents the investigation of the performance of an multifuel SOFC stack model, 

considering the specifications of an Elcogen stack, in order to optimize and to better understand the 

system and stack development needs for a multi-fuel operation. All the results presented in this 

deliverable consider the stack specifications of an Elcogen E3000 stack.  

The aim of this task is to give first inputs to the system architecture modelling, conducted in deliverable 

D3.1 ‘Preliminary system architecture for the lab scale system considering multi-fuel use (P&ID, 

definition of main components)’ , by gaining an understanding of; the most promising fuel compositions, 

the suitable stack operation windows in terms of temperature, fuel utilization, current density etc., . 

Furthermore, feedback on the system design and operating windows when an ammonia cracker and 

methanol steam reformer unit are included.  

Therefore, AVL has developed a 0-D system and stack analysis tool in order to optimize various types 

of SOFC systems. This tool is based on a fully automized parameter study including a generic 

architecture.  This generic architecture, tailored for the FuelSOME project and multifuel operation, 

includes the stack and main BoPs such as reformer, oxidation catalyst/off-gas burner and various fuel 

recirculation approaches, which is mandatory for system understanding and optimization.  

The investigations of this parameter study show, that for all three fuels, an anode gas recirculation is 

essential in order to effectively improve the system fuel utilization and to achieve the system's electrical 

efficiency target of > 50 percent. Furthermore, different inverter efficiencies show an expected effect 

on the system electrical efficiency over the complete power load range of the stack.  

Another key finding of this deliverable is the effect of the H2O and NH3 concentration at the stack inlet 

during the NH3 operation. The results for the ammonia case show that the system electric net efficiency 

increases when the NH3 inlet concentration increases. In case of H2O discharge in the anode 

recirculation feed, the effect on the electrical system efficiency is even more significant. The increase 

of efficiency in both cases has different origins, which will be elaborated in more detail in the discussion 

section in this deliverable.  

Similar investigations have been carried out for the SOFC system fuelled with H2 and CH3OH, where the 

lower stack air flow limit, of the stack, was considered. In case of CH3OH, no H2O discharge in the 

recirculation path was considered, because the H2O is used in the pre-reformer of the system. The 

analysis shows that the system electric net efficiency of CH3OH, NH3, and H2 is similar for all three types 

of fuels, up to around 1750 W DC stack power. However, only the efficiencies of NH3 and CH3OH 
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increase further above 50 % at 2000 W of DC stack power for CH3OH and 2250 W DC of stack power 

for NH3. It has to mentioned that for all investigations an inverter efficiency of 97 percent was assumed. 
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2.  Introduction 

Until today more than 90 percent of the world's weight trade is currently handled by sea, due to the 

fact that it’s one of the most effective and economical ways of transporting goods internationally. 

However, sea transportation is also linked to a significant amount of pollution emissions (Berend van 

Veldhuizen, 2023). Therefore, new strategies and technologies need to be developed to overcome the 

challenging future targets from governments, regulatory bodies, business partners and consumers. A 

"green revolution" in the maritime industry to reduce the industry emissions by 50% by 2050 has 

started. To meet emission targets a number of different measures, such as; energy saving technologies, 

efficient port operations, green fuels (e.g. CH3OH, NH3, H2), and new merging technologies to convert 

the chemical energy held in these fuels into mechanical energy in multiple ways (Valentin, 2022) , 

(Gear, 2022). 

The decarbonization of the maritime sector foresees the SOFC technology as a viable option compared 

to combustion propulsion systems due to their high efficiencies, low emissions, part load operations, 

fuel flexibility and high fuel impurity tolerance. Therefore, the main goal of the FuelSOME  project is to 

determine the technological viability of a scalable, adaptable, and multifuel capable energy production 

system based on SOFC technology specially catered for long-distance maritime shipping. The developed 

multifuel system architecture and lab scale prototype system will be able to operate on NH3, CH3OH 

and H2 at electrical system efficiencies of > 50 percent.  

In this deliverable the groundwork to develop a multifuel system architecture is set by carrying out a 

comprehensive parameter study in which a simulation environment was set up consisting of a stack 

model embedded in a generic, decoupled architecture. As the stack performance and behaviour is the 

focus of initial generic analysis (here after referred to as v0 analysis), this decoupled architecture allows 

a free variation of parameters without being limited by the behaviour of a predefined architecture. The 

results of the v0 analysis and this deliverable represent theoretical targets for the multifuel system 

architecture development conducted in D3.1 ‘Preliminary system architecture for the lab scale system 

considering multi-fuel use (P&ID, definition of main components)’ by defining the stack characteristics, 

stack operation windows and deriving first system requirements. 
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2.1 Mapping Projects’ Outputs 

 

Table 1: 'Adherence to FuelSOME GA deliverable and task description' 

FuelSOME Task 

Respective 
Document 

Chapter(s) 
Justification 

TASK 2.3 – 
Performance 
mapping of 
stacks for 
system 
development 

The aim of this task is to give first 

input to AVL for system modeling 

(WT3.1) and to gain an 

understanding on the 

development needs for the stack 

technology for multi-fuel operation 

(WT2.1). In this initial step, the 

SOFC stack behavior will be 

assessed feeding it with simulated 

gas mixtures, corresponding to the 

outlet gas composition from 

ammonia crackers and methanol 

steam reformers. High purity, 

bottled gases will be mixed to 

obtain carefully controlled fuel 

streams. Special focus will be laid 

on 

• The most promising fuel 

compositions; 

• The suitable stack 

operation window 

(temperature, fuel 

utilization, current density 

etc); 

• Potential stability issues to 

address in due time from 

the stack and system 

perspective.  

VTT will modify existing laboratory 

stack test rigs to use a standardized 

module interface as defined in WP3 

between Elcogen and AVL and 

perform the tests. AVL will provide 

information on the needs from the 

system point of view and Elcogen 

will provide information from the 
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Section 4 

 

 

The concept of the so-called 

parameter study is 

explained, and the Simulink 

Model is represented. It is 

essential for a system 

architecture development to 

understand the stacks 

boundaries and it´s most 

efficient operating window, a 

stack model in Matlab 

Simulink was set up. In order 

to simulate the stack 

performance certain 

assumptions had to be 

made, which are represented 

in the subsections of section 

3.  

 

 

In this section the optimum 

operating window of the 

stack as well as performance 

influencing parameters, such 

anode off-gas recirculation, 

direct internal reforming, 

NH3 concentrations at stack 

inlet, water discharge rates 

in the anode off gas on the 

stack are investigated and 

analysed 
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stack point of view. Performance 

mapping should cover at least the 

following aspects to identify critical 

operation points: different operation 

conditions (start-up, shut-down, 

steady-state) part and full load 

operation, fuel utilization, and direct 

internal reforming. 

TASK 2.4 – 
Development 
of fuel 
reforming/crac
king units for 
multi-fuel 
SOFC 
applications 

The aim of this task is to design, 

construct and commission the 

necessary ammonia cracker and 

methanol steam reformer 

for a SOFC stack module test rig. 

Ideally, both processes would take 

place in the same unit. As a first 

step, VTT will perform small-scale 

tests in a suitable reformer test rig. 

Among others, catalyst performance 

and lifetime and reactant feed will be 

studied. The operation conditions 

shall be chosen according to 

requirements stemming from 

suitable operation windows for the 

SOFC, based on work in Task 2.1 and 

2.2. 

Section 4 

Based on the parameter 
study results for CH3OH, NH3 
and H2, requirements for the 
reformer/cracker unit 
developed by VTT have been 
defined. These requirements 
include temperature 
windows, volume flows, 
compositions etc. 

FuelSOME Deliverable 

D2.4 Initial report on stack performance with simulated multifuel feed 

This deliverable represents the initial results of TASK 2.3 – Performance mapping of stacks for system 

development. The aim of this task is to give first input to AVL for system modelling and to gain an 

understanding on the development needs for the stack technology for multi-fuel operation 

 

2.2 Deliverable Overview and Structure 

The FuelSOME project focuses on establishing the technological feasibility of a flexible, scalable, and 

multi-fuel SOFC system architecture, capable of operating with CH3OH, NH3 and H2 at an electrical 

system efficiency of > 50 percent. In order to develop such a system, an AVL SOFC tailored “V-model” 

(from systems engineering development approach) was set up. The first step of this model, (v0 - initial 

generic analysis) is covered within this deliverable. In this first step the main project targets, system 

requirements and stack specifications are defined and based on that, a parameter study, to gain a 

fundamental system understanding, was conducted. The parameter study (v0 simulation) is the key for 

developing a SOFC system and is used to analyse the effect of different operational and model 

parameters on the model's behaviour.  



[D2.4 ‘A: Initial report on stack performance with simulated multifuel feed’]  

  

@FuelSOME 2022   Page 12 of 37  

In chapter Error! Reference source not found. the general v0 development approach and the 

development of the stack model is described. Furthermore, the implementation of the applied 

assumption in terms of pressure and heat losses, inverter efficiencies and fuels being used for setting 

up the stack model is described in chapter Error! Reference source not found.. In chapter Error! 

Reference source not found. the results regarding the most promising fuel compositions, the 

suitable stack operation windows in terms of temperature, fuel utilization, current density etc., are 

represented and discussed in detail in chapter Error! Reference source not found..  

 

  



[D2.4 ‘A: Initial report on stack performance with simulated multifuel feed’]  

  

@FuelSOME 2022   Page 13 of 37  

3.  Stack performance investigation 

Marine scale SOFC systems are comprised of a number of stack modules, that contain multiple SOFC 

single stacks, which are connected to each other in a series or a parallel electrical architecture.  To 

understand and consider the effects that arise from such real stack modules and to construct a multifuel 

system, an understanding of a single stack optimum operating window and main characteristics such 

as voltage, area specific resistance (ASR), power output, and direct internal reforming (DIR) are critical 

to understand in a first generic approach. As the stack performance in multifuel operation is the focus 

of the v0 analysis represented in this deliverable, AVL´s 0D system and stack analysis tool was used to 

get a deep and comprehensive system understanding by building empirical models for more than 100 

key system parameters (e.g. system efficiency, cell voltage, gas concentrations, blower power demand, 

etc.). The results are based on several thousand stationary simulation results. This is typically executed 

at the beginning of the development process, where no architecture, control strategy or component - 

except from the stack is defined in order to get a first impression of the theoretical system performance 

and limitations.  

This chapter will discuss elaborate the different development steps, within this parameter study, and 

conclude with a discussion of made assumptions in terms of heat- and pressure losses, inverter 

efficiencies, recirculation options etc.  

 

 

3.1  General Method 

 

As already mentioned in the deliverable D3.1 ‘Preliminary system architecture for the lab scale system 

considering multi-fuel use (P&ID, definition of main components)’ the development of SOFC system 

architectures is conducted according to a so-called V model. In Figure 1, AVL´s tailored SOFC V-model 

approach is represented. The first step in this V-model focuses on defining the main project targets, 

system requirements and stack specifications. The v0 simulation is stationed at the beginning of the 

process with the main aim of investigating the stacks ideal operating windows when operated with 

different kind of fuels and on meeting theoretical targets. Subsequentially, but not executed at this 

stage are the v1 and v2 simulations which integrate specifications from suppliers and more definite 

system architectures including more sophisticated heat exchanger networks and details related to the 

system thermodynamics. 
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Figure 1: AVL´s systems engineering’s core development methods within the SOFC development process 

 

 

The basic process of the v0 parameter study is represented in Figure 2. 

 

 

Figure 2: Figure Basic process description for the parameter study 

 

 

Since the main goal of the project is to develop a multifuel system architecture that is capable to be 

operated with CH3OH, NH3, and H2 at an electrical system efficiency of >50 percent, it is essential to 

investigate a single representative SOFC stack and to simulate the system's prime mover. Therefore, a 

stack model in Matlab Simulink, using AVL built 0D blocks, was set up. Assumptions such as chemical 

equilibriums, ideal gases, inverter efficiencies, auxiliaries energy consumptions, heat- and pressure 

losses etc. were defined.  

Even the fact that in real life stack modules, effects such as flow maldistributions, heat transfers 

between every single stack and area specific resistances are to be expected, the investigation of one 
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single stack unit gives a first hint in terms of theoretical optimal operating windows of the stack. Thus 

areas to improve its performance without being comprised by an architecture design can be identified. 

Therefore, v0 simulation is used to analyse the effect of different operational and model parameters on 

the stack models behaviour. The simulation environment consists of a calibrated stack model in a 

generic, decoupled architecture. An example of a generic architecture is represented in Figure 3, 

including the stack and the reformer/cracker unit. The reformer/cracker unit and the stack are modelled 

components whereas the rest of the BoP would be defined in the second step (v1) of the above-

mentioned SOFC tailored V-model (v1 system architecture development, D3.1 ‘Preliminary system 

architecture for the lab scale system considering multi-fuel use (P&ID, definition of main components)’). 

 

 

 

Figure 3: Figure General system flowsheet for parameter study. 

 

 

As the stack is the focus of the v0 analysis, this decoupled architecture allows a free variation of 

parameters without being limited by the behaviour of a predefined architecture. After recording model 

response with changing parameter inputs, according to a design of experiment (DoE), several analyses 

can be performed. This active DoE was run more than 3000 times in AVL´s Cameo program enabling 

a modelling and optimization algorithm to identify the best trade-offs between the defined stack 

boundaries and to build up an empirical model.  

An example of a Cameo visualization can be seen in Figure 4. The red points are representing operating 

points where the stack critical operating limits where not respected, and thus the operations would be 

unsuitable and are neglected in further considerations. 
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Figure 4: Visualization of the results for the active DoE. 

 

 

Typically, the impact of a parameter variation on system efficiency can be analysed, and optimization 

algorithms are run to maximize efficiency within certain operational boundaries. Results of such v0 

optimizations represent theoretical targets for further development and set up of system architecture. 

 

 

 

3.1.1  System efficiency definition 

 

One of the main targets of the FuelSOME project is to achieve an electrical system efficiency of >50 

percent, with H2, CH3OH and NH3 as fuel, with one harmonized multifuel architecture. The system 

efficiency definition used in this deliverable is referring to the net system AC electrical efficiency 

represented in the EquationError! Reference source not found.: 

 

𝜂𝐹𝐶 𝑆𝑦𝑠𝑡𝑒𝑚 𝑛𝑒𝑡 𝐴𝐶 =
𝑃𝑆𝑡𝑎𝑐𝑘 𝐷𝐶 ∗ 𝜂𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟 − 𝑃𝐴𝑖𝑟 𝐵𝑙𝑜𝑤𝑒𝑟 − 𝑃𝑅𝑒𝑐𝑖 𝐵𝑙𝑜𝑤𝑒𝑟 − 𝑃𝐴𝑢𝑥 

𝐿𝐻𝑉𝑆𝑦𝑠𝑡𝑒𝑚 𝐹𝑢𝑒𝑙 𝑖𝑛 + 𝑃𝐸𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑝𝑢𝑡

 

 

 

1. Equation: System efficiency definition (Thai-Quyen Quach, 2022) 

PEnergy input: the required energy to balance the negative thermal balance 

PAux: Auxilliary power consumption of the system independent from the system load (control 

hardware, ventilation, lights, etc.) 
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3.1.2  Heat and pressure losses 

 

The heat and pressure loss characterisations were estimated based on experience from past system 

and component tests. Conservative values have been used for the conducted parameter study, whereas 

for real life components and the final system prototype lower values are to be expected. For the v0 

calculation this is sufficient. 

 

3.1.3 General system assumptions 

 

As the parameter study considers a generic system layout, some assumptions regarding the system 

behaviour, such as the heat recovery efficiencies and the heat input efficiency were made. Therefore, 

the system investigation was independent from a predefined system architecture, which allows freedom 

in investigating the stack performance, as well as the reformer/cracker unit behaviour without 

limitations. 
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4. Results 

In this chapter the parameter study results of the CH3OH, NH3 and H2 investigations and the influence 

of different parameters such as water discharge rates, DIR, anode off gas recirculation, NH3 

concentration at stack inlet etc. on the electrical system efficiency are represented. A water discharge 

in the recirculation line has the advantage of enhancing the fuels molar fraction before supplying it 

back into the stack. It has to be mentioned that for all three fuels investigated an inverter efficiency of 

97 percent was assumed. For each case operation with and without anode off gas recirculation was 

considered. 

 

4.1 Methanol 

 

The first case that was investigated was the operation of the stack with CH3OH. The investigations 

show that for the CH3OH case a recirculation of the anode off gas to the reformer for methanol steam 

reforming needs to be considered. This recirculation concept simplifies, on one hand the overall system 

configuration, because the electrochemically produced steam in the stack, in combination with the heat 

in the anode off-gas can be used in the reformer through this process, and on the other hand it improves 

the system electrical efficiency. In Figure 5 and Figure 6 the effect of the anode off gas recirculation 

on the electrical system efficiency is represented. As shown in Figure 5, the peak in the performance 

of the stack is at 2500 W. At this point the DIR level is decreasing significantly to 0.2, since the 

recirculation of the anode gas increases, causing an increased CH4 conversion inside the reformer and 

thus, higher H2, CO2 and H20 concentrations at stack inlet. In Figure 6 the peak in the reformer 

downstream temperature at 2400 W is due to the higher recirculation rates. The max fuel utilization 

limit is reached at 2100 W. 
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Figure 5: Effect of the anode off gas recirculation on the electrical system efficiency during CH3OH operation 
(inverter efficiency 97%) 
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Figure 6: Effect of the anode off gas recirculation on the reformer downstream temperature during CH3OH 

operation (inverter efficiency 97%) 

 

 

4.1.1 Direct internal reforming (DIR) 

 

Another effect that was critically investigated was the direct internal reforming, which is one of the 

limiting parameters in terms of stack performance. It has to be mentioned that for this analysis, coking 

effects, or limits were the coking starts to occur, where excluded with the conducted optimization runs. 

Therefore, it can be assumed that in the complete load range represented in the Figure 7, no coking 

effects occur. In Figure 7 the two different cases of DIR have been investigated. In the first step the 

DIR limit of the stack was respected and the system electrical efficiency analysed. Until the performance 

peak at 2500 W the continuous increase in the system electricity can be observed. The second case, in 

which this DIR limits was not respected, showed the same behaviour with almost no difference in the 

electrical system efficiency. It could be observed that a violation of the DIR limit has a minor effect on 

the system efficiencies in most of the operation points. 
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Figure 7: Effect of the DIR limit on the system efficiency during CH3OH operation  (inverter efficiency 97%) 

 

 

In Figure 8 the relations between DIR, system efficiency and recirculation rates are represented. As 

discussed, the peak in the stack performance is reached at 2500 W, while at this point the DIR drops 

significantly. The DIR drops due to two reasons. First, the increased recirculation rate of the anode off 

gas increases the H2, CO2 and H2O content before the reformer. Second, due to the high recirculation 

rate the reformer temperature increases up to 550 °C and therefore increases the CH4 conversion. 

Both effects are reducing the DIR rate at the performance peak of the stack to the 0.65 limit. 
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Figure 8: Electrical system efficiency influencing parameters for CH3OH operation (inverter efficiency 97%) 

 

 

 

4.1.2 Methanol results summary 

 

In the investigations of the CH3OH case, the DIR limits were respected in the optimisation runs. 

However, it was observed that a violation of the DIR limit has a minor effect on the stack efficiencies 

over the whole operating range. The recirculation path is beneficial for the CH3OH operation in order 

to reuse the water in the recirculation line for the steam reforming process. As represented in Figure 8 

the highest system efficiency of > 55 percent occurred at around 2500 W with an assumed inverter 

efficiency of 97 percent. In the lower operating points where the stack efficiency decrease occurs, 

countermeasures using a state-of-the-art heat integration concept as represented in deliverable D3.1 

‘Preliminary system architecture for the lab scale system considering multi-fuel use (P&ID, definition of 

main components)’, can be set in place to increase the system electrical efficiency. The fuel recirculation 

rate is high during the complete operation range, anode of gas recirculation (AOGR) is between 0.6-

0.8. 
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4.2 Ammonia 

 

The NH3 operation investigations are done in the same analytical way as for the CH3OH case in order 

to better understand the effect of different parameters such as water discharge in the anode 

recirculation feed and the NH3 concentration at stack inlet. Ammonia can be considered as an alternative 

fuel for marine SOFC propulsion systems because it is free of carbon, has a high volumetric power 

density and can also be stored in a simpler way compared to H2. In the following chapter the results of 

the NH3 investigation are represented.  

In Figure 9 the effect of the anode off gas recirculation and water discharge rate on the electrical 

system efficiency is represented. In the operation mode without anode off gas recirculation, the 

efficiency peak of 52 percent is at 2500 W, whereas for the operation mode with recirculation the 

efficiency peak of 55 percent can be observed at 2300 W. The efficiency target of > 50 percent can be 

also achieved without an anode off gas recirculation but with an inverter efficiency of 97 percent. 

Interesting to see is also that the highest efficiency with recirculation is achieved at part load operation. 

This can be explained by higher recirculation rates and thus high H20 and N2 content at stack inlet when 

moving towards full load. Until 2000 W no difference in the electrical system efficiency in case of a 90 

percent water discharge rate in the anode off gas and a recirculation of the anode off gas  can be 

observed compared to the case with recirculation and no water condensation. At full load (3000 W) 

and electrical system efficiency of 61 percent can be achieved with 90 percent water discharge and 

recirculation. The difference in full load operation with a 90 percent water discharge rate and anode off 

gas recirculation compared to the case with recirculation, but without water discharge is around 7 

percent.  
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Figure 9: Effects of water condensation, and anode recirculation on the system efficiencies in NH3 operation 
(90% water condensation, inverter efficiency 97%) 

 

4.2.1 Water discharge effect 

 

The effect of the different water discharge rates on the electrical system efficiency was investigated in 

more detail during the course of this parameter study. The Figure 10 illustrates system efficiencies with 

different water discharge rates in the recirculation line. It can be observed that until 2100 W almost no 

difference in the efficiency can be identified. It was found that anode off-gas recirculation, including a 

90 percent water discharge, improves electrical efficiency by up to 9 percent compared to a layout 

without water discharge with the same stack configuration and fuel utilization. A system layout with an 

anode off gas recirculation and 90 precent water discharge, to enhance the hydrogen molar fraction at 

stack inlet, was found to be capable of reaching electrical efficiencies of more than 61%.  
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Figure 10: Effect of different water discharge rates in the recirculation line in case of NH3 operation (inverter 
efficiency 97%) 

 

4.2.2 Ammonia content effect on Stack inlet 
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W DC stack power output. The results for NH3 are illustrated in Figure 11 and Figure 12 where each 
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Figure 11: Effect of the NH3 concentration on the stack inlet in case of no water discharge on the fuel 
recirculation line (inverter efficiency 97%) 

 

 

 
Figure 12: Effect of the NH3 concentration on the stack inlet in case of 90% water discharge on the fuel 

recirculation line (inverter efficiency 97%) 

 

 

4.2.3 General overview 
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the key findings it has to be mentioned that the peak in the system performance is reached at around 

2300 W. The electrical system efficiency target of higher > 50 percent can be achieved between a load 

range of 1800 W and 3000 W. It has to be mentioned that an increased water discharge rate as well 

as a max NH3 of 60 percent level at stack inlet is beneficial for increasing the stack performance also 

over a wider load range of the stack.  

 

 
Figure 13: Electrical system efficiency influencing parameters for NH3 operation  

(inverter efficiency 97%, no water removal in the recirculation line and no ammonia at stack inlet) 

 

 

4.3 Hydrogen 

 

For the H2 operation case the effect of water discharge rates and the recirculation of the anode off gas 

on the electrical system efficiency was investigated. The investigations have been executed considering 

the lower stack air flow limit of 12000 Nl/h. It was found that for the H2 operation, the air flow limit is 

not a limiting factor. In Figure 14 it can be seen that a recirculation of the anode off gas is beneficial 

in order to increase the performance for the complete operating range of the stack. An efficiency 

increase of 6 percent at 1750 W and an increase of max 4 percent at 3000 W can be achieved with a 

recirculation compared to the option where no recirculation takes place. If additionally, a water 

discharge of e.g., 90 % in the anode off gas is considered the efficiency peak of 56 percent at 2300 W 

can be achieved.  
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Figure 14: Effects of water discharge and anode off gas recirculation on the electrical system efficiency during H2 
operation (inverter efficiency 97%) 

 

4.3.1 Water discharge effect 

 

The investigations on the different water discharge rate on the electrical system efficiency are 

represented in Figure 15. It can be seen that the highest increase of around 5 percent in the electrical 

system efficiency can be achieved by implementing a water discharge of 30 percent. With a recirculation 

and a water discharge rate of higher than 30 percent the efficiency target of >50 percent can be 

achieved for part load operation. In the H2 operation no internal endothermic reaction cooling effect 

occurs at the stack anode, thus a high air volume flow is required, which leads to higher parasitic air 

blower losses and thus lower efficiencies. In H2 operation case, a high focus on optimizing performance 

influencing parameters, as well as on the system architecture development and design conducted in 

D3.1 ‘Preliminary system architecture for the lab scale system considering multi-fuel use (P&ID, 

definition of main components)’ needs to be set to overcome these challenges and to achieve an electric 

net efficiency of >50%.  
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Figure 15: Effect of the water discharge rate in the fuel recirculation line on the system efficiency in case of H2 

operation (inverter efficiency 97%) 

 

4.3.2 General overview 

 

In the H2 operation case it was found the peak in the electrical efficiencies is at part load operation 

independent of the water discharge rates. The efficiency target of > 50 percent is challenging to achieve 

especially with the case of no water discharge. It can be observed that the stack temperature limit of 

700 °C is already reached at 2000 W, which equals the performance peak. In the high load operating 

points, the higher recirculation rates, the more exothermic behaviour of the stack, and thus the 

increased air volume flow is required to cool the stack which causes higher parasitic losses, explaining 

the lower efficiencies represented in Figure 16. 
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Figure 16: Electrical system efficiency influencing parameters for H2 operation (no water condensation, inverter 
efficiency 97%) 

 

 

4.4 Electrical system efficiency comparison of CH3OH, NH3 and H2 

 

 

As represented Error! Reference source not found. the CH3OH and NH3 cases reach net system 

efficiencies of > 50 percent, with assumed inverter efficiencies of 97 percent and conservative estimated 

heat losses. Whereas for the hydrogen operation performance influencing parameters need to be 

further investigated and optimized within this project in order to reach the above-mentioned efficiency 

target. For all cases a fuel recirculation was considered. The specific system parameters are described 

in the previous chapters.  
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Figure 17: Electrical system efficiencies comparison for CH3OH (inverter efficiency 97%), NH3 (inverter efficiency 
97%, without water discharge) and H2 (inverter efficiency 97%, without water discharge) 

 

It was found that for the CH3OH, NH3 operation case the system electric net efficiency is similar until 

around 1750 W. However, only the efficiency of NH3 and CH3OH increases further to 55 % at 2300 W 

and 57 % at 2500 W of DC stack power. The stack air flow rate is represented in Figure 18 and provides 

one explanation for the different efficiencies. In case of the CH3OH operation, the air flow limit is 

restricted by the lower stack limit in all operating points. For the NH3 and H2 case, the air flow limit is 

not a limiting factor at 2300 W and 2200 W. It is assumed that for the lower operating points, higher 

electric efficiencies could be achieved for all three investigated fuels, by lowering the lower stack air 

flow limit. However, that would lead to a further mismatch of flow rates on the air path in the system. 

The limiting factor to lower the air flow rate is the temperature, (which can be monitored and directly 

and monitor accordingly), and the oxygen utilisation, which is limited in to fulfil the oxygen supply 

towards the surface of the membrane.  
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Figure 18: Air flow rates of the stack for an operation with a anode off gas recirculation and no water discharge 
for CH3OH, NH3 and H2 (inverter efficiency 97%) 

 

4.4.1 Effect of inverter efficiencies on the electrical system performance 
for CH3OH, NH3 and H2 

 

Especially for the SOFC operation a DC/AC inverter shall have a high power factor, a high protection 

liability from internal and external faults as well as a high efficiency in order to interface with an utility 

grid. Due to the fact that SOFC´s operate at low voltages, they need to be boosted in order to be able 

to be connected to the public grid or a marine grid. In different literature it is mentioned that state of 

the art converters can already achieve 99 percent efficiency without filter and 98 percent with filter 

which has a huge benefit to further increase an SOFC´s system efficiency. As represented in Figure 19 

the DC/AC inverter efficiency has a significant effect on the overall system efficiency.  

The following inverter efficiencies were considered in this parameter study:  

𝜂𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟 = 90%: case for small case applications mostly for system validation tests 

𝜂𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟 = 95%: in case for a serial production system within kW ranges 

𝜂𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟 = 97%: optimised case for high MW scale applications where dedicated inverter selection and 

design is possible thus the higher efficiency could be realised 
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Figure 19: DC/AC inverter efficiency effect on the electrical system efficiency with no water discharge in the 

anode off gas for CH3OH, NH3 and H2  
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5. Discussion 

The main goal of this parameter study was to provide an first input on the most promising fuel 

compositions and the suitable stack operating windows in terms of temperature, fuel utilizations, etc., 

for D3.1 ‘Preliminary system architecture for the lab scale system considering multi-fuel use (P&ID, 

definition of main components)’, where a preliminary multifuel system architecture was developed. 

Therefore, the three fuels were investigated in detail and analysed in this deliverable. The main key 

finding for all three fuels analysed was, that a recirculation of the anode off gas is beneficial in order 

to increase the electrical system efficiency. Especially the CH3OH operation has the advantage of using 

the electrochemically produced steam in the stack in combination with the heat in the anode off-gas in 

the reformer to achieve a high system efficiency. Ther recirculation option helps to increase the fuel 

utilization at the stack which is considered to be one of the most promising parameters affecting the 

stack performance (D. Saebea, 2012). An SOFC system which operates at high fuel utilizations can 

provide high electrical system efficiencies. The higher amount of steam at stack inlet, however, dilutes 

the fuel stream at the SOFC fuel side because more hydrogen is used by the electrochemical processes 

at high fuel utilization The imbalanced fuel passing through the SOFC results in a hydrogen deficit, 

which leads to an high accumulation of nickel oxide and accelerates corrosion on the carbon plate. 

Therefore its recommended to run the SOFC at an moderate fuel utilization level (D. Saebea, 2012).  

Another key finding was the influence of DC/AC inverter efficiencies on the electrical system efficiency. 

For all three fuel a significant effect was observed, especially in an increase from 90% to 95% of the 

inverter efficiency.  

For CH3OH the DIR operation is a suitable solution to simplify on one hand the system architecture and 

on the other hand making the SOFC an attractive and efficient technology by means of producing 

electrical power. The two main advantages of the DIR are that it’s an endothermic reaction and that a 

high conversion rate and high efficiency may be achieved by directly promoting the conversion of CH4 

at the fuel cell's anode side through the electrochemical reaction's consumption of H2 or CO. It has to 

be mentioned that if DIR operation is conducted, a anode material needs to be foreseen which is 

resistant to carbon formation at stack operating temperature and can avoid local cooling or overheating 

inside the stack (Berend van Veldhuizen, 2023), (S. Prabhakar, 2020) 

The NH3 case was investigated critically since NH3 as a fuel is considered as an alternative for marine 

e SOFC propulsion systems because it is free of carbon-free, it can be easily stored, and it has a high 

volumetric energy density (Thai-Quyen Quach, 2022). The main influencing parameters on the NH3 

performance are the water discharge at the anode off-gas and the NH3 concentration at stack inlet. It 

was found that an increase of the NH3 concentration until 60 vol  percent leads to an increase in the 

electrical system efficiency. A water discharge rate of 90 percent and a 30 vol percent NH3 concentration 

at stack inlet can lead to an electrical system efficiency of > 60 percent at full load. Even though the 

direct internal reforming of NH3 has advantages when used as a fuel in SOFC systems, there can also 
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be some technical issues occurring which need to be considered. For example, internal reforming of 

NH3 in the SOFC stack can lead to a nitriding issue of the nickel catalyst and the gas separator in the 

anode electrode, which negatively effects the stack performance. Furthermore, it has to be noted that 

a lower rate of ammonia decomposition could result from lower temperatures caused by the 

endothermic reaction (Thai-Quyen Quach, 2022).  

In the H2 operation, the effect of the water content in the anode off-gas recirculation as well as the 

effect of the anode off gas recirculation on the system performance was investigated. For the H2 a 

water discharge is beneficial in order to reach the electrical efficiency target of > 50 percent. It was 

found that for the H2 case the exothermic reaction inside the stack is limiting the performance of the 

stack towards full load. The peak in stack performance is reached at part load operation since due to 

the higher recirculation rates, the H20 concentration is increasing and the temperature limit of the stack 

is reached. In order to cool the stack accordingly in this operation point higher air flows are needed 

and higher parasitic losses are occurring from the air blower.  

The investigations of the electrical system efficiency of CH3OH, NH3 show that for a system without 

water discharge the efficiencies are similar till around 1750 W, whereas the NH3 and CH3OH increases 

further to 55 % at 2300 W and 57 % at 2500 W of DC stack power. For the H2 operation without water 

discharge it is not possible to reach the efficiency target of > 50 percent. Therefore, further 

optimizations runs and developments need to be conducted in order to overcome the efficiency 

challenges in a multifuel SOFC system.  
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6. Conclusions and Next actions 

6.1 Conclusions 

 

The results of the conducted parameter study show that running a SOFC system with CH3OH and NH3 

can lead to very high system efficiencies of > 50 percent when considering e.g. water discharge in the 

anode off-gas recirculation path, higher NH3 concentrations at stack inlet or lower air flow limits. The 

same is true for H2 fuelled systems, however, further parameter optimizations are needed to also 

achieve an electric net efficiency >50 percent. Overall, a multi fuel SOFC system has several challenges 

in terms of optimized operating conditions. Material compatibility and cost optimization should also be 

considered. The tool developed by AVL and presented in this deliverable is an innovative approach to 

help to solve the above-mentioned challenges as part of the v0 to v2 development process. 

 

6.2 Next Actions 

 
In the next steps the multifuel stack model will be further optimized towards higher system efficiencies. 

To this aim the AVL v1 approach will be used where a heat exchange network and more detailed 

component data is considered. Furthermore, the test results from the reformer/cracker unit and stack 

module test will be used in order to calibrate the model. Therefore, alignments with the partners are 

needed to define suitable test plans in order to verify certain phenomena and parameters, investigated 

in this deliverable, also on the test bed. In the deliverable D2.5 ‘Final report on stack performance with 

simulated multifuel feed‘ the results of the stack and reformer/cracker performance tests in comparison 

to the results of the conducted parameter study will be presented.
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