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Summary

Throughout current literature, different combinations between fuel cell type, heat engine type and fuel have been
considered. Most studies focus on one combination, and operating conditions (fuel cell temperature, fuel cell
pressure, cell voltage, fuel utilization factor, etc.) vary throughout these studies. Due to these variations in
operating conditions, as well as differences in integration strategy, it is difficult to select a single combination to
be the most suitable for marine applications. Additionally, current literature primarily focusses on maximizing
system efficiency. Other factors such as system size, weight, IR signature and acoustic emissions are less
frequently discussed in current literature. System size and weight are important factors for the feasibility of the
combined cycles in current vessel designs, and the IR signature and acoustic emissions are important criteria
for naval applications.

In this thesis, a solid oxide fuel cell (SOFC) is combined with an internal combustion engine (ICE) or a gas turbine
(GT), and the system is fuelled by diesel or methanol (MeOH). This results in the following four combined cycles:

* Diesel-fuelled SOFC-ICE
+ Diesel-fuelled SOFC-GT

* MeOH-fuelled SOFC-ICE
* MeOH-fuelled SOFC-GT

These combinations are compared for naval surface combatants based on system efficiency, annual energy
consumption, annual CO, emissions, exhaust gas temperature, total system weight and total system volume.
Additionally, the combined cycles are compared to the current power generation system of a SIGMA surface
combatant to determine the relative performance of the combined cycles to a conventional heat engine.

To determine the annual energy consumption, CO, emissions and exhaust temperature, the combined cycles
are modelled in Cycle-Tempo. The SOFC, ICE and GT are modelled as individual models and validated with
available reference data. These individual models are then combined into a single model for each combined
cycle, which is validated by comparing the results with results from current literature. The size and weight of the
system is then obtained by selecting readily available components and summing their dimensions and weights.

For each comparison criteria, a different combined cycle performs the best. To minimize annual energy con-
sumption, total system weight and total system volume, the diesel-fuelled SOFC-ICE combined cycle performs
the best. To minimize exhaust gas temperature, the diesel-fuelled SOFC-GT combined cycle is the best choice.
To minimize annual CO, emissions, the MeOH-fuelled SOFC-ICE combined cycle is preferred. The exact per-
formance of the combined cycles for these comparison criteria, depends on the power split between the SOFC
and the heat engine. The annual energy consumption for the diesel-fuelled SOFC-ICE is between 4.4% (for a
power split of 4.6-95.4) and 18.2% (for a power split of 25-75) lower than the current system of the SIGMA. The
weight of this system is between 1.5% lighter (for a power split of 4.6-95.4) and 51.6% heavier (for a power split
of 30-70) compared to the current system. For both the diesel-fuelled combined cycles, the exhaust temperature
at silent speed can be reduced by 212 °C, which is a reduction of 58.3% compared to the current system. At
cruising speed, the diesel-fuelled SOFC-GT can reduce the exhaust temperature with up to 207 °C at a power
split of 30-70, which is a reduction of 65.8% compared to the current system. When using the MeOH-fuelled
SOFC-ICE combined cycle, the annual CO, emissions can be reduced by up to 25.9% compared to the current
system for a power split of 25-75.

Depending on the preferred comparison criteria (annual energy consumption, emissions, exhaust temperature
or system weight and volume), a different combined cycle and power split is preferred. There is no single solution
that performs best for all criteria. It is therefore up to the designer to choose which criteria is most important and
select the combined cycle accordingly. For this thesis, annual energy consumption and total system weight and
volume are considered most important. For the combined cycles, a trade-off needs to be made between these
criteria. A higher power split results generally in a lower annual energy consumption, but this also leads to a
higher system weight and volume. To select the best power split for the SIGMA, a utopian solution is defined.
This solution consists of the lowest annual energy consumption and the lowest system weight. This solution is
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impossible to reach, and the combined cycle and power split that lies closest to this utopian solution is deemed
the best. This best solution is the diesel-fuelled SOFC-ICE combined cycle with a power split of 8.4-91.6 in
favour of the ICE.

The diesel-fuelled SOFC-ICE combined cycle is implemented in the general arrangement plan of the SIGMA
to assess the feasibility of this system in terms of system volume. The current power generation system (ICEs
and diesel gensets) are removed, and the new components for the combined cycles are placed in the newly
available space in the vessel. In the current general arrangement of the vessel, a maximum power split of 7.8-
92.2 in favour of the ICE can be placed without having to change the design of the vessel. This power split
is slightly lower than the ideal power split of 8.4-91.6. This lower power split results in a slightly higher annual
energy consumption and slightly lower system weight and volume compared to the ideal power split. Compared
to the current system of the SIGMA, the diesel-fuelled SOFC-ICE combined cycle with a power split of 7.8-91.2
can reduce the annual energy consumption and CO, emissions by about 6%. The exhaust temperature at silent
speed reduces by about 212 °C (about 58%) and by about 80 °C (about 25%) at cruising speed. This reduction
in energy consumption, CO, emissions and exhaust temperature comes at the cost of a 4% increase in total
system weight.

Overall, fuel cell combined cycles can help in reducing the fuel consumption and GHG emissions of the marine
sector. Nevertheless, the implementation of fuel cell combined cycles alone is insufficient to reach the net-zero
targets set by the IMO as outlined in [2]. For naval surface combatants, the combined cycles only reach a small
reduction in fuel consumption and CO, emissions (6%). The main benefit for these vessels lies in the reduction
in exhaust gas temperature. A significant reduction in exhaust gas temperature (58% at silent speed and 25%
at cruising speed), and therefore a reduced IR-signature, is possible with a system small enough to still fit in the
current design of the SIGMA.
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Introduction

Shipping contributes to about 3% of the global greenhouse gas (GHG) emissions [3]. To reduce this contribution,
the International Maritime Organisation (IMO) has set targets to reduce the GHG emissions from shipping to
net-zero in 2050 [2]. To reach this target, technological innovation and supportive policies are necessary [4].
Among the technical innovations, fuel cells are considered as promising for the marine sector due to their higher
efficiencies compared to conventional diesel engines and gas turbines [5]. Besides higher efficiencies, fuel
cells offer the possibility to reduce noise and vibrations due to a reduction in moving components compared
to conventional heat engines [5, 6]. Compared to a conventional diesel generator, fuel cells can reduce the
acoustic emissions by 50 dB [7], making them particularly interesting for naval vessels. In these vessels, acoustic
emissions need to be minimized to avoid detection by enemy vessels [8]. Additionally, fuel cells can contribute
to a reduction in infra-red (IR)-signature of the vessel through waste heat recovery [6]. This reduction in IR-
signature decreases the likelyhood of detection by enemy vessels, and decreases the risk of being hit by enemy
missiles using IR-targeting [8].

However, there are a few drawbacks to using fuel cells. The main issues are the power density and transient
load response [5, 9, 10]. When pairing high-temperature fuel cells with heat engines, the transient load response
improves and the power density of the system increases [10]. Additionally, the system efficiency of these com-
bined cycles can reach values surpassing 70% [11, 12]. If waste heat is recovered in the combined cycle system,
the IR-signature of the vessel can also be reduced. However, these combined cycles still include conventional
heat engines, reducing the benefits in terms of acoustic emissions.

The high system efficiency, increased power density, improved transient load response, and possibility for waste
heat recovery make fuel cell combined cycles an interesting solution to reduce the fuel consumption, GHG
emissions and IR-signature of naval vessels. The focus of this thesis is therefore to compare fuel cell combined
cycles with current solutions, and determine the relative performance gain in terms of fuel consumption and
vessel signature (GHG emissions and IR-signature).

1.1. Problem definition

Numerous studies have been conducted on the performance of fuel cell combined cycles. Different fuel cells
(proton exchange membrane fuel cell (PEMFC), solid oxide fuel cell (SOFC) and molten carbonate fuel cell
(MCFC)) are combined with different heat engines (internal combustion engine (ICE), gas turbine (GT), organic
Rankine cycle (ORC) and steam Rankine cycle (SRC)), and many different fuels are considered (diesel, methanol
(MeOH), liquefied natural gas (LNG), natural gas (NG), methane (CH,), hydrogen (Hz), ammonia (NH3)). How-
ever, many of these studies focus only on one combination of fuel and combined cycle, and each study has
slight differences in integration strategy and operating parameters (temperature, pressure, fuel utilization, cell
voltage, etc.). These differences make it challenging to compare the different studies with each other, and to
determine which combination of combined cycle and fuel is most promising for the maritime sector. Additionally,
the research on combined cycles focussing on naval vessels is limited, and important factors for these vessels
such as IR-signature and acoustic emissions are not considered in current literature.

Moreover, the combined cycles are typically optimized for system performance, and the sizing of the system
is often ignored. Some studies [13—15] state that the size and weight of the system increase compared to
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conventional heat engines, but these studies often ignore the effect of this increase on the design and operation
of the vessel. Combined cycles can reach net electrical efficiencies of up to 70% [12], whereas conventional
heat engines only reach up to 50% [16]. However, these efficiencies are obtained for a large contribution of
the fuel cell to the total power, which results in a large and heavy system. An increase in system weight and
volume may mean that the overall weight of size of the vessel increasses when accomodating the combined
cycle. This increase in weight or size of the vessel may lead to an increase in ship resistance, and therefore fuel
consumption, (partly) negating the improved efficiency of the combined cycles.

1.2. Research objective

Due to the lack of research on combined cycles for naval vessels, this thesis focusses on the application of
combined cycles on these type of vessels. Different combinations of combined cycles and fuels are evaluated
at the same operating conditions and integration strategy, and these combinations are compared based on
system efficiency, annual energy consumption, annual GHG emissions, IR-signature, system weight and volume.
By using the same integration strategy and operating conditions for each combined cycle and fuel, a direct
comparison between the systems can be made, and the best system can be selected for naval vessels. To
check whether the considered combinations are actually beneficial for naval vessels, the combinations are also
compared to the current power plant of a reference vessel. After comparing the systems with the current power
plant, the best performing solution is determined, and then drawn in the general arrangement of the reference
vessel. This implementation step ensures the feasibility of the best system in terms of available space in the
vessel.

1.3. Scope

The goal of this thesis is to compare different combinations of fuel and combined cycles for application on naval
surface combatants. In the timeframe of the master thesis, it is not possible to evaluate every possible combined
cycle and fuel. For this thesis, only diesel and MeOH and only the combined cycles where an SOFC is combined
with an ICE or GT are considered, and these combinations are shown in Table 1.1. For a detailed explanation
on why these fuels and combined cycles are chosen, the reader is directed to chapter 2.

In naval vessels operated by North Atlantic Treaty Organization (NATO) members, the diesel is standardized as
NATO F-76 fuel. This fuel contains a maximum of 0.5% sulphur, which has significant poisoning effects on the
fuel cell [5, 17]. Several desulphurization processess are possible, but, to the extent of the authors knowledge,
none of these processess are available as onboard systems. For the purpose of this thesis, the desulphurization
process is assumed to take place onshore, and desulphurized diesel enters the fuel tanks of the vessel.

Table 1.1: Combinations of combined cycle and fuel considered in this thesis

Combined cycle | Fuel

SOFC-ICE Diesel
MeOH

SOFC-GT Diesel
MeOH

To reach a complete picture of the performance of the different systems, they have to be evaluated for every
possible operating mode of the vessel. These operating modes are generally captured in an operational profile
of a vessel, in which the power demand is related to operating time. In the timeframe of the master thesis, it is
not feasible to evaluate the four diffferent combinations for every operating mode of the vessel. The operational
profile is therefore simplified to only contain three operating modes: silent operation at low speed, sailing at
cruising speed and sailing at top speed. The different combinations of combined cycles are evaluated, and
conclusions are drawn, based on these three operating modes. The performance of each system is evaluated
for different criteria: net electrical efficiency (i.e. fuel consumption), IR signature (i.e. exhaust temperature), GHG
emissions (i.e. CO, emissions), size and weight. Based on these criteria a best performing system is selected,
which will then be drawn in the general arrangement of a naval surface combatant.
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1.4. Research questions

The aim of this thesis is to determine how different combined cycles perform compared to eachother, and to
implement the best performing system into the design of a naval surface combatant. For this purpose, the
following main research question is formulated:

How do different combinations of fuel and combined cycle perform in terms of system efficiency,
size, weight, IR signature and GHG emissions for a naval surface combatant, how do they compare
to the current power generation system of a reference surface combatant, and how can the best-
performing system be integrated in the general arrangement of this reference vessel?

This main research question contains multiple different aspects, and to ensure that every aspect is adressed it
is divided into multiple sub-questions:

1. What is the power requirement for the different operating points, and how should this power requirement
be split among the fuel cell and the heat engine?

2. What is the overall efficiency and fuel consumption of the different combinations of fuel and combined
cycle?

3. How does each combination affect the IR signature and GHG emissions of the vessel?
4. What is the size and weight of each combination?

5. How do the different combinations compare to the current power plant of the vessel, and which system
performs the best?

6. How can the best-performing system be implemented in the general arrangement of the vessel?

After answering all of the sub-questions, all of the necessary information is available to write a comprehensive
and complete answer to the main research question.

1.4.1. Hypothesis

Based on current literature on combined cycles, a hypothesis for the main research question can be formulated.
The combined cycles are evaluated on different criteria, and depending on the criteria a different combined cycle
or fuel may be better.

In terms of system efficiency, efficiencies for SOFC-ICE systems are slightly higher than the SOFC-GT systems.
Between diesel and MeOH, the reported efficiencies lie close together, and no clear winner can be chosen at
this time. For sizing and weight of the systems, GTs offer better power density compared to ICEs. It is therefore
expected that the SOFC-GT system outperforms the SOFC-ICE system. Additionally, the energy density of diesel
is about twice the energy density of MeOH. If the energy input is kept constant over the different combined cycles,
it is expected that the diesel systems perform better in terms of weight. Due to the lower energy density of MeOH,
the fuel storage onboard would be twice as large compared to diesel, which increases the overal weight of the
system.

The IR-signature of the vessel depends on many factors and the largest contributors are the waste heat and
reaction products of the main machinery. The waste heat from the main machinery heats the surrounding steel,
creating a hotspot in the ships hull. The reaction products leave the ship through large exhaust funnels, creating
a hotspot at the exhaust of the ship. Lastly, the actual exhaust gasses can heat surrounding equipment after
leaving the exhaust funnel, creating additional hotspots [18]. Implementing fuel cells in the power plant can
help in reducing the temperature of the exhaust gasses leaving the ship, which has a positive impact on the
IR-signature of the vessel. Exhaust temperatures for ICEs are generally lower than exhaust temperatures for
GTs. It is therefore expected that the SOFC-ICE system performs the best regarding IR-signature. Additionally,
MeOH has a lower flame temperature than diesel, which reduces the exhaust temperature for MeOH compared
to diesel operation.

GHG emissions largely depend on type of fuel and the amount of fuel used by the system. ICEs have a higher
thermal efficiency than GTs, meaning that the ICE consumes less fuel compared to the GT. MeOH produces
less GHG when combusted compared to diesel. For this reason it is expected that the MeOH-fuelled SOFC-ICE
performs the best in terms of GHG emissions.

Overall, the system efficiency and system weight are the most important criteria in selecting the best system.
GHG emissions are directly related to fuel consumption (system efficiency), and IR-signature is highly dependent
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on waste heat utilization. IR-signature can also be suppressed by cooling the exhaust gasses before they leave
the vessel. A lower exhaust temperature necessitates less cooling, and is therefore favourable for naval vessels.
When mostly considering system efficiency and weight and volume, it is expected that the SOFC-ICE system
running on diesel will be the best solution due to the higher energy density of the fuel resulting in less fuel storage
weight and volume, and the higher efficiency of the ICE compared to a GT.

Lastly, a higher power share of the SOFC is expected to increase the system efficiency, but also increase the
system weight. Sapra et al. [13] optimize a SOFC-ICE system running on LNG, and find an optimal power split of
28-72 in favour of the ICE for an oceangoing patrol vessel (OPV). With this power split, the system will be about
twice the volume and about 8% heavier compared to a conventional power plant. Due to the large increase in
system volume, it is expected that this power split will not fit in a reference vessel. To fit the vessel, it is expected
that a lower power split is necessary to be feasible for implementation in a reference vessel. However, it is
expected that the combined cycle at this lower power split will still improve the system efficiency, IR signature
and GHG emissions compared to a conventional power plant, albeit less than the optimal power split calculated
by Sapra et al.

1.5. Outline of the report

Throughout this report, the previously mentioned research questions are answered. First, current literature on
SOFC combined cycles is briefly discussed in chapter 2. This chapter also compares the different fuels for these
combined cycles for naval application. Next, chapter 3 discusses how the performance of the different combined
cycles is assessed. Then, in chapter 4, the models to calculate the performance are created. The performance of
the different combined cycles and their performance with respect to the current system is discussed in chapter 5.
This chapter also draws conclusions on the best sytem for naval surface combatants. The best system is then
drawn in the general arrangment plan of a reference vessel in chapter 6. Lastly, the final conclusions and
recommendations are stated in chapter 7 and chapter 8 respectively.



SOFC combined cycles in current literature

In current literature, solid oxide fuel cell (SOFC) combined cycles are studied extensively, both for stationary
applications and marine applications. In this thesis, combined cycles with a gas turbine (GT) or an internal
combustion engine (ICE) are evaluated. These combined cycles (SOFC-GT and SOFC-ICE) are discussed in
section 2.1 and section 2.2 respectively. Next, in section 2.3, the different fuels for these combined cycles are
addressed, and the most suitable fuels for naval surface combatants are selected.

2.1. SOFC-GT

In current literature, two main system layouts can be identified: pressurized and atmospheric systems (Figure 2.1)
[19]. In pressurized systems, also referred to as direct systems, the SOFC is located between the compressor
and the turbine of the GT, and operates at elevated pressures. In these systems, the airflow through the com-
pressor of the GT is generally equal to the airflow necessary for the SOFC, resulting in large SOFC power shares
(between 80-90%) [20, 21]. This high SOFC power share results in high system efficiencies (up to 80% [22]),
but also increase the system weight and volume due to the relatively low energy density of the SOFC compared
to the GT.

Atmospheric systems, or indirect systems, operate the SOFC at atmospheric conditions. Waste heat from the
SOFC exhaust gas is used to increase the temperature of the air between the compressor and turbine of the GT.
Additional fuel can be supplied in a combustor to further increase the turbine inlet temperature and increase the
power production of this turbine. In this system, the airflow into the SOFC does not need to match the airflow
through the compressor, and smaller SOFC power shares can be used in this system. A lower SOFC power
share increases the energy density of the system, but this comes at the cost of a lower system efficiency.

Various studies focus on the performance of pressurized or atmospheric systems, and some are briefly discussed
below.

CH, Exhaust

Gas t Exhaust CH Exhaust
turbine : ) Air bypass )
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(b) Atmospheric SOFC-GT combined cycle
(a) Pressurized SOFC-GT combined cycle

Figure 2.1: Different SOFC-GT integration strategies [19]



2.2. SOFC-ICE 6

Chan et al. [20] model a pressurized SOFC-GT combined cycle running on NG. In their system, the NG is
internally reformed at the anode of the SOFC, and the SOFC produces 80.5% of the total power of the system.
With their system, an elctrical efficiency of 61.9% is obtained. When including the heat recovery in the system,
the overall system efficiency (electrical+heat) rises to 86.4%.

Zhao et al. [23] model an atmospheric SOFC-GT combined cycle running on syngas produced from coal. With
this system, the authors report an electrical efficiency of 57%. This efficiency is slightly lower than the efficiency
reported by Chan et al. [20] in the pressurized system. When an SOFC is operated at elevated pressures, the
open cell voltage increases. This in turn leads to a higher cell voltage, which increases the electrical efficiency
of the fuel cell [24]. This in turn raises the system efficiency of the combined cycle.

Park and Kim [21] compare the performance of a pressurized system with an atmospheric system running on
methane (CH,). The authors report an electrical efficiency of 66.5% for the atmospheric system and an electrical
efficiency of 72.5% for the pressurized system. The higher system efficiency for the pressurized system is due
to the higher SOFC efficiency at elevated pressures.

Gandiglio et al. [25] also compare the performance of a pressurized and an atmospheric system. Their systems
run on NG instead of pure CHy, resulting in electrical efficiencies of 64.6% and 71.9% for the atmospheric and
pressurized system respectively. These values are slighly lower than the reported efficiencies by Park and Kim
[21]. This can be explained by a difference in fuel utilization factor of the fuel cell, and differences in mechanical
and generator efficiency in the system.

Lastly, van Biert et al. [19] compare the performance of pressurized and atmospheric systems running on CH,
for different fuel utilization factors, cell voltages, stack temperatures and compression ratios. The authors find
that for the pressurized system, a net electrical efficiency of 75.5% can be achieved. When running the same
cell voltage and stack tempertature as Park and Kim [21], van Biert et al. obtain system efficiencies differing by
2.4%, which they attribute to differences in fuel utilization, GT power fraction and fuel cell stack power density.

An overview of these studies (and other identified research focusing on SOFC-GT combined cycles) is given in
Appendix A. In the studies focussing on SOFC-GT combined cycles, integration strategies, operating parameters
and fuel vary. This makes it difficult to compare the different integration strategies and fuels with each other, and
to determine which combination is best for shipping applications.

2.2. SOFC-ICE

SOFC-ICE combined cycles are a more recent development, and these cycles are mainly studied due to lower
capital costs, longer lifetime, reduced sensitivity to ambient conditions and increased efficiency of an ICE com-
pared to a GT [26, 27]. There are two main integration strategies present in current literature: coupled and
decoupled systems (see Figure 2.2). In both strategies, anode off-gas (AOG) from the SOFC is combusted in
the ICE for additional power generation. In coupled systems, the ICE runs only on AOG. In this configuration,
the SOFC has the highest contribution to the total power, resulting in a high system efficiency. However, this
also means that the power density of the system is relatively low due to the low power density of the fuel cell.
In decoupled systems the ICE runs on a mixture of AOG and additional fuel. The possibility to direct additional
fuel to the ICE means that the power share of the ICE can increase compared to the coupled system, which
improves the power density of the system. However, due to the addition of extra fuel, the system efficiency is
lower compared to the coupled system.

Anode

Anode

<'7-|%|_> Cathode l I Cathode l

(a) Coupled SOFC-ICE combined cycle (b) Decoupled SOFC-ICE combined cycle

Figure 2.2: Different SOFC-ICE integration strategies [28]
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Various studies focus on SOFC-ICE combined cycles, and a few of these studies are discussed briefly below.

Park et al. [29] integrate a homogeneous charge compression ignition (HCCI) ICE with an SOFC into a coupled
system. In this combined cycle, AOG from a pressurized SOFC running on externally reformed NG is combusted
in the HCCI engine. The SOFC produces 86.9% of the total power, and the system has a net electrical efficiency
of 59.5%. Additionally, waste heat is recovered through steam generation, resulting in a total system efficiency
(electrical + heat) of 71.1%.

Chuahy and Kokjohn [12] analyze a diesel-fuelled SOFC-ICE combined cycle. In their system, the fuel cell
operates at elevated pressures, and diesel can be directly fed into a HCCI engine resulting in a decoupled
system. The SOFC generates 85.3% of the total power, resulting in a system electrical efficiency of 70.9%.

Sapra et al. [13] study an atmospheric decoupled system for application on naval vessels. The system efficiency
and sizing are optimized for three different vessel types: oceangoing patrol vessel (OPV), landing platform
dock (LPD) and high-end surface combatant (HSC). The ideal power split based on system efficiency and sizing
is 28-72 for the OPV, 55-45 for the LPD and 27-73 for the HSC. With these power splits, the authors report a
system efficiency of 51.9% for the OPV, 59.1% for the LPD and 51.9% for the HSC.

Another study by Sapra et al. [10] evaluates a decoupled system running on NG. In this system, the SOFC
operates at atmospheric pressure, and different power splits are evaluated (33-67, 50-50 and 67-33). The
performance of these power splits is compared to a standalone, NG-fuelled marine engine. Each power split
achieves a higher system efficiency than the standalone engine. The higher power split (67-33) obtains the
highest efficiency improvement of 8.4%. The lowest power split achieves a 5.2% improvement compared to the
standalone engine. The authors then look at the power density and transient load response of the system, and
conclude that the lower power split (33-67) is beneficial for marine applications.

An overview of these studies (and other identified research focusing on SOFC-ICE combined cycles) is given in
Appendix A. For this combined cycle, different integration strategies, operating parameters and fuels are used
in current literature, making it difficult to compare the studies and select the best combination of fuel and system
layout for marine applications.

2.3. Fuels

For the previously presented combined cycles, different fuels are used in current literature. Diesel, MeOH, NG,
LNG, CH,4, NH3 and H; have all been considered [19, 30-35]. Most studies focus on NG, either in its gaseous
form, liquified as LNG, or simplified to pure CH,. For each fuel, reported system efficiencies lie between 50-70%.
However, a direct comparison between the different fuels is difficult due to differences in integration strategy and
operating conditions.

Due to time constraints for the thesis, not all of the different fuels can be considered. For this reason, a selection
of fuels is made by evaluating the different fuels for suitability on naval surface combatants. To determine which
fuel is most suitable for these vessels, a multi criteria analysis is performed. Each fuel is ranked based on flash-
point, toxicity, explosive limits in air, energy density, storage and handling conditions, availability, technology
readiness level (TRL), and emissions such as carbon dioxide (CO-), nitrogen oxide (NO,), sulphur oxide (SO,),
unburnt hydrocarbons (UHC) and particulate matter (PM), and an overview of all the fuel properties regarding
these criteria is given in Table 2.1.

For the multi criteria analysis, the properties from Table 2.1 are transformed to a score between 1 (bad) and 5
(good). Each criteria is also given a weight factor. These weight factors are based on a small survey conduc-
ted within Damen Naval. Representatives from different departments were asked to score the different criteria
between 1 (low importance) and 5 (high importance) for two operating times; times of peace and times of war.
The results from this survey were averaged, leading to the different weight factors for peacetime and wartime.
During times of war, the vessel is likely to be targeted by missiles, torpedoes and naval guns, increasing the risk
of a fuel leak. The safety of the fuel is therefore very important. Low flash-point and high explosive limits can be
catastrophic to the vessel and toxicity can be catastrophic to the crew. The weight factors for safety are therefore
high for times of war. During peacetimes, the vessel is less likely to be damaged, meaning that the risk of a fuel
leak decreases, posing less risk to the ship and crew. While still important parameters, the weight factors of the
safety criteria are therefore reduced for peacetime.
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Table 2.1: Overview of the properties of each fuel for the different comparison criteria [7, 36—63]

. Fuel
Criteria
hydrotreated
Diesel vegetable MeOH NH; LNG H-
oil (HVO)
Safety Eg‘ﬁ‘ >52 °C >61°C 9.7 °C N/A <188°C | N/A
Toxicity Low Low Low High Non-toxic Non-toxic
l'iEr’T‘]‘i’t';S"’e 0.6-6.5% 0.6-7.5% 5.5-44% 16-25% 4-15% 4-76%
Operatio- Energy 45.8 MJ/kg, | 44.0 MJ/kg, 19.9 MJ/kg, 18.6 MJ/kg, | 55.2 MJ/kg, 120 MJ/kg,
nal Density 38.2 GJ/m? 34.4 GJIm? 15.8 GJ/m? 12.7 GJ/m?® 25.5 GJ/Im® 9.6 GJ/Im?
Storage ° °
and Hand- | Ambient Ambient Ambient "34°Cort7 | 4g20c ;253 "Coor
ling bar 250 bar
Medium, Medium-
Availability | Good but steadily Good Low Good Low
increasing
TRL Mature Mature Available Testing Mature Research
Environ- CO; emis- | 0.2701 0.0405 0.2486 N/A 0.2061 N/A
mental sions kg/kWh kg/kWh kg/kWh kg/kWh
Other SO,, NOg, NO,, PM, SO,, NO,
emissions | PM, UHC UHC NO., PM NO..PM PM, CH,4 NO

The energy density and availability of the fuel are important characteristics during wartime. These characteristics
directly influence the refuelling intervals and refuelling locations of the vessel, which have a significant impact
on the operational deployability of the vessel. While these factors are also important during times of peace,
changing course for refuelling and shorter refuelling intervals are not as bad as during times of war. Storage and
handling conditions of the fuel influence the complexity of the fuel system onboard. A simpler system is always
better regardless of operating times, due to due to easier maintenance and reduced system costs. The TRL
becomes more important depending on the desired time of implementation. When this lies further in the future,
this becomes less relevant.

While GHG emissions are important characteristics for commercial vessels, this is less the case for naval vessels.
Global GHG emissions are a serious problem, and governments also try to reduce the emissions for government
operated vessels, such as surface combatants. For this reason, the GHG emissions associated with the fuel are
somewhat important. However, during times of war the GHG emissions of the vessel are of reduced importance.
More important are the operational capabilities of the vessel, which should not be limited by the use of alternative
fuels just because they have lower GHG emissions.

For operation during times of peace, HVO performs the best. Followed by diesel, MeOH and LNG respectively.
Ammonia (NH3) and hydrogen (H;) score the worst out of all the fuels, making them undesirable for use on
naval surface combatants. For wartime operation, the fuels rank about equal to peacetime operation. The only
difference being that LNG and MeOH swapped places. Another interesting thing to note is the significant increase
in score for diesel. This is explained by the low weight factor of environmental performance of the fuel for wartime
operation. On the other criteria, diesel and HVO score almost identical, which decreases the score difference
compared to peacetime operation.

Interesting to note is that one respondent of the survey pointed out that, due to the current geopolitical climate,
upcoming new-build projects will all be designed exclusively around wartime scenarios. For this reason, only
the results for wartime operation are taken for the selection of the fuels, making the preferred fuel for combined
cycles in naval surface combatants diesel or HVO. Due to the better availability of diesel, this fuel is preferred
for short term implementation. When looking at implementation further in the future, availability of HVO will be
better, and HVO will be the preferred choice due to its better environmental performance.
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Table 2.2: Multi-criteria analysis of the different fuels for use in naval surface combatants operating during times of peace and times of war.
For peacetime the total possible score is 154, and for wartime the total possible score is 163.5

. Weight Fuel
Criteria
Peace | War Diesel

Flammability 2.7 4.2
Safety Toxicity 4.0 4.5

Explosiveness 2.8 4.3

Energy Density 3.8 4.6

Storage and 3.7 3.5
Operational Handling

Availability 4.3 5.0

TRL 3.0 3.7

CO, emissions 2.7 1.3
Environmental | Other emis- 3.8 1.5

sions

Total Peacetime 30.8 - 115.8 111.0
Wartime - 32.7 115.0 96.6 116.6

MeOH and LNG may also be interesting for naval applications. In wartime, these two fuels score almost identical,
with a marginal preference for LNG. When peacetime operation returns in the design of surface combatants, it
is interesting to also include these fuels in the comparison. In this thesis, only diesel and MeOH are considered
for the combined cycles. Diesel and HVO have almost identical properties, with the main difference in GHG
emissions and availability of the fuel. For naval vessels, availability of the fuel is more important than GHG
emissions, and diesel is preferred over HVO due to the better short-term availability. Additionally, extensive
research is already performed on combined cycles using LNG (or NG) as fuel. For this reason, this fuel is also
left out in this thesis.

When combining these fuels with the combined cycles discussed in the beginning of this chapter, the following
combinations are considered in this thesis:

* Diesel-fuelled SOFC-ICE
* Diesel-fuelled SOFC-GT

* MeOH-fuelled SOFC-ICE
* MeOH-fuelled SOFC-GT

For these combinations, the performance indicators are given in chapter 3. Next, the models to asses these
combinations are given in chapter 4, and the results are discussed in chapter 5.



Performance metrics

This chapter explains how the different combined cycles are evaluated. First, in section 3.1, a reference vessel is
selected to determine the power output for the systems. In section 3.2 the modelling software for the combined
cycles is discussed. This section also addresses the calculation of the performance indicators (efficiency, fuel
consumption, emissions, etc.) to compare the different combined cycles.

3.1. Reference vessel

The combined cycles in this thesis are studied for application on naval surface combatants. For these vessels, the
power output of the combined cycle depends on the ship resistance (which varies with ship speed, displacement,
sea state and hull fouling) and amount of power needed to run all the electrical systems onboard. For this
power output, there is no single answer for all surface combatants. Smaller surface combants will have a lower
power output than the larger variants. Additionally, surface combatants designed for stealth operations have a
vastly different power demand that surface combatants designed for anti-aircraft warfare (AAW). For this thesis, a
reference vessel is selected from the vessel portfolio of Damen Naval. Due to the military nature of these vessels,
the available vessels for this thesis are limited. These vessels are generally designed for foreign or domestic
governments, which means that most information regarding these vessels is classified and cannot be shared for
this thesis. Besides custom designed vessels for governments, Damen Naval also offers a standardized modular
design for the export market. Thise export vessels are part of the SIGMA class surface combatant, and data-
sheets for these vessels can be publicly accessed from the Damen Naval website. For this reason, the SIGMA
is chosen as the reference vessel for this thesis. Different sized vessels are available in the SIGMA range, and
for this thesis the SIGMA 10514 is taken as the reference vessel. Additional information about this vessel can
be found in Appendix C.

3.1.1. Power output

The power output for the combined cycles is calculated using the available data for the SIGMA. This power output
needs to be high enough to overcome the resistance of the vessel, and also power the electrical systems onboard
the ship. For the SIGMA, a power-speed curve and a hotel load of 0.5 MWe are provided by Damen Naval. The
power-speed curve (Figure 3.1) shows the required engine power for different ship speeds at a design draught
of 4 m, sea state 3 and clean hull conditions. This engine power is equal to the power output of the main drivers,
which is higher than the power that is actually delivered to the propeller. When transferring the engine power to
the propeller, some losses are induced by the gearbox and shaft bearings. The actual power delivered to the
propellers is not part of the scope of this thesis, and the power given by the power-speed curve is taken as the
propulsion power needed from the combined cycles.

10
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Figure 3.1: Power-speed curve of the reference vessel for 4 meter draught, sea state 3 and clean hull conditions

The engine power (P, 4in.) from Figure 3.1 cannot be used directly as the power output for the combined cycles.
In this figure, the engine power is given in mechanical power (MW). In the combined cycles (part of) the power
is produced as electrical power (MWe). This electrical power needs to be converted to mechanical power before
it can be used to drive the propellers of the reference vessel. In this conversion, energy losses are introduced.
An electric motor converts electric power into rotational mechanical power. During this conversion, some power
is lost in the motor due to friction and heat. Depending on the type of electric motor, these losses are between
4-30% [64]. Additionally, the electric power coming from the combined cycle may not match the input power of
the electric motor (alternating current (AC), direct current (DC), voltage, current, etc.). To match these properties,
an electric conversion step may be necessary. Depending on the conversion step (AC-AC, AC-DC, DC-DC or
DC-AC conversion) losses are between 5-20% [65-67].

This means that the electric power output of the combined cycles needs to be higher than the mechanical power
stated in Figure 3.1. For this thesis, a conversion step efficiency (nconversion) @and motor efficiency (ne_motor
of 95% are assumed. To obtain the electric power output of the combined cycle (P, ), the engine power from
Figure 3.1 is divided by the conversion step efficiency and motor efficiency (Equation 3.1). The total power output
of the combined cycle (P,,;) is then obtained by summing the electric propulsion power and the hotel load (P}, o¢e1),
as shown in Equation 3.2. This total power is plotted against the different ship speeds in Figure 3.2, showing
the total electric power that needs to be produced by the combined cycle to operate the vessel at a given ship
speed.

Pcc,el = Pengine (31)

nCOTerT‘SiOTl * ne—moto’r‘

Ptot = Pcc7el + Photel (32)
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Figure 3.2: Electric power output for the combined cycles at different ship speeds, for 4 meter draught, sea state 3 and clean hull conditions

In the power-speed curves, ship speeds ranging from 1 to 30 kts are given. However, due to ttime constraints,
not all of these ship speeds can be considered in this thesis. For the analysis of the different combined cycles,
only three ship speeds are considered: silent speed at 6 kts, cruising speed at 18 kts and top speed at 27 kts.
The total electric power output for these ship speeds is taken from Figure 3.2, and stated in Table 3.1. This power
output is the total required power when all of the power is generated as electrical power. This means that the heat
engine of the combined cycle is connected to a generator, which converts mechanical engine power to electrical
power. This generator also induces energy losses of about 3% [68], meaning that the engine power needs to
be slightly higher than the electric power from the generator. Another option is to mechanically couple the heat
engine to a gearbox (Figure 3.4). This way, less power is needed to drive the vessel as there are less losses
in the conversion from mechanical to electrical and back to mechanical power. In this thesis, both the electric
propulsion and hybrid propulsion are considered in the sizing of the system. To ensure that the models created
in chapter 4 provide enough power to operate the vessel, the power output for electric propulsion is taken. This
means that for the hybrid propulsion, the system produces slightly more power than necessary for the operation
of the vessel. This results in a slight overestimation of the fuel consumption for the hybrid solutions compared
to the fully electric solutions.

Table 3.1: Electric power output of the combined cycle for the three operating speeds of the reference vessel

Operating mode  Ship speed Electric power output

Silent 6 kts 0.8 MWe
Cruising 18 kts 5.6 MWe
Top 27 kts 23.3 MWe
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Figure 3.4: Hybrid power plant. The propeller is driven by an electric motor and a heat engine through a gearbox. The electric power for
the electric motor is generated by the fuel cell

3.1.2. Operational profile

With the power demand for the different operating modes, the fuel consumption and CO, emissions can be cal-
culated for each operating mode. However, the vessel does not always operate at the same operating mode. To
compare the fuel consumption and emissions for a combination of operating modes, they need to be converted to
an annual fuel consumption and annual CO5 emissions. To calculate the annual fuel consumption and emissions,
an operational profile is used. This operational profile relates the different operating modes with the annual time
spent at this ship speed. For frigates, a typical operational profile is given by Klein Woud and Stapersma [69],
and this operational profile is shown in Figure 3.5. In this operational profile, three different missions are shown:
towed array mission, general purpose mission and carrier escort mission. For each mission, the time spent at
the ship speeds between 0 and 30 kts are given.
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Figure 3.5: Typical operating profile of a frigate for different missions [69]

For an accurate calculation of the annual fuel consumption and emissions, all of the ship speeds and missions
should be considered. However, this is not feasible in the timeframe of this thesis, and only three ship speeds are
considered (6, 18 and 27 kts). The operational profile given by Klein Woud and Stapersma is therefore simplified
for this thesis to only contain these three ship speeds. The ship speeds present in the original operating profile
are assigned to the three operating modes based on the absolute distance of the original speed to the simplified
speed, with the exception of 0 knots. For 0 knots, the ship is assumed to be laying in the harbour, where it
obtains its power from the shore. For this ship speed the onboard power plant is not running, and this ship speed
does not contribute to the fuel consumption and emissions of the vessel. The ship speeds from 2 to 10 knots are
assigned to silent operation, 12 to 22 knots to cruising speed and 24 to 30 knots to top speed. For each mission
in the operational profile (towed array, general purpose and carrier escort) the time spent at each operating mode
is obtained. Next, it is assumed that the reference vessel spends an equal time on each mission (i.e. 33% towed
array, 33% general purpose and 33% carrier escort). The time spent at each operating mode is therefore equal to
the average value of the different missions, which is calculated using Equation 3.3 to Equation 3.5. This results
in the simplified operational profile given in Figure 3.6.

10kts ,towed array 10kts ,general purpose 10kts  carrier escort
D izoks Li + 2 icouts b + 2 iouts b

tsilent = 3 (33)
22kts towed array 22kts general purpose 22kts carrier escort
oo D it2uts li + D iz 1okts i + D iz 1okts B (3.4)
crursing 3 .

30kts towed array 30kts general purpose 30kts carrier escort
P > i—2akts Li + > i—2auts L + > i—2aks bs 35
tOp - 3 ( . )
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Figure 3.6: Simplified operational profile considered in this thesis

3.2. Performance indicators

The performance of the different combined cycles is assessed on system efficiency, GHG emissions, IR-signature,
system weight and system volume. First, the modelling software to obtain these performance indicators is dis-
cussed. Next, for each these performance indicators the calculation method is briefly discussed.

3.2.1. Modelling software

To obtain the fuel consumption, CO, emissions and exhaust temperature, Cycle-Tempo (CT) is used. CT is
a thermodynamic flow modelling software for the thermodynamic analysis of energy conversion systems [70].
CT contains a component library with (among others) heat exchangers (HEX), pumps, compressors, turbines,
fuel cells and reformers, which correspond to the necessary components for the combined cycles. With these
components, a system matrix of energy and mass equations is generated, from which the relevant mass and
energy flows are calculated. CT gives temperature, pressure, mass flow and composition of the different streams,
as well as the energy output and efficiency of the entire system. CT is used in current literature to assess the
performance of SOFCs with different fuels by [71]. Additionally, SOFC combined cycles are analysed using CT
by Aravind et al. [22] and van Biert et al. [19]. This shows the suitability of this software for the analysis of the
different combined cycles in this thesis. In chapter 4 the development and working principles of the different
combined cycle models are discussed in detail.

3.2.2. Power split

An important aspect of the combined cycles is the power split. This power split gives the contribution of the
SOFC and heat engine to the total power. A larger contribution of the SOFC leads to a higher system efficiency.
However, this also leads to an increase in size and weight of the entire system due to the lower power density
of the SOFC compared to the heat engine. In this thesis, the power split will be varied to see the exact influence
on efficiency and sizing of the system based on the following boundary conditions:

+ At silent operations, all of the required power is delivered by the SOFC to reduce acoustic emissions of the
vessel.

* At cruising speed, the power production is shared between the SOFC and heat engine.
+ At top speed, the total installed power equals the power demand of the vessel.

The exact power split for the combined cycles and how it is defined is discussed in detail in chapter 5.
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3.2.3. Part-load operation

Depending on the evaluated power splits and installed power of the components, the heat engine and fuel cell
operate at either full-load or part-load at the different operating modes. The efficiency of the ICE, GT and SOFC
changes depending on the operating load of the component, which is shown in Figure 3.7. For the marine ICE,
available data for the MAN 20V20/33D STC diesel engine is used [72]. The marine GT is the efficiency curve
of the GE LM2500+ [73]. Lastly, the SOFC performance curve is given for a SolydEra fuel cell module [74]
fuelled by hydrogen and NG. Here, it can be seen that the part-load operation of these components significantly
influences the efficiency of the component. For the ICE, a maximum can be observed between 75-90% load.
For the GT and SOFC this maximum lies at 100% and 75% load respectively. To maximize the efficiency of
the combined cycles, these different components should be operated at or close to their respective maximum
efficiency. However, this may not be possible for all operating modes, and this depends on the available power
output of commercial systems, the number and size of the installed components, and the power demand of the
vessel at the different operating modes. If for example a single GT that can deliver the power for top speed
operation is installed, it will operate at part-load for the other operating modes. If however the total power is
split between multiple engines, a single engine can be operated for cruising speed, while the other engines are
only used for top speed. This improves the efficiency of the system by running the engine closer to its maximum
efficiency.
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Figure 3.7: Part load efficiency curves of an SOFC running on NG and Hs [74], marine ICE [72] and marine GT [73]. The curves for the
SOFC show the net electrical efficiency, and the curves for the ICE and GT show the net thermal efficiency

3.2.4. System efficiency

For each combined cycle, the system efficiency is calculated by CT as the net power output of the system divided
by the energy input of the fuel (Equation 3.6). This parameter gives a good indication of which combined cycle
performs the best for a given operating mode, but it cannot be used to compare the different combined cycles
over the entire operating profile of the reference vessel. For this reason, the annual energy consumption is used
to compare the different combined cycles instead. For each operating mode, the CT model calculates a mass
flow of fuel in kg/s. This is converted into an annual energy consumption using Equation 3.7. The fuel mass flow
is multiplied with the lower heating value (LHV) of the fuel, and the time spent at this operating mode per year.
The annual energy consumption is then obtained by summing the energy consumption of each operating mode.

Pnet _ Pnet

_ 3.6
Ein,fuel M fuel * LHVfuel ( )

’[’/:
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EY" =t pyer - LHVyel - t;, Where i = silent, cruising, top (3.7)
3.2.5. GHG emissions

GHG emissions for marine power plants include CO,, carbon monoxide (CO), UHC, NO,, SO, and PM. In CT,
not all of these components are taken into account. The CT models assume a full conversion of the fuel into CO-
and water (H,O). This means that there will be no CO, UHC and PM present in the exhaust gas of the models.
Additionally, in this thesis the fuels contain no sulphur, which means that SO, emissions are also not present in
the CT models. Lastly, NO, emissions are also not calculated in the CT models.

This means that only CO, emissions can be calculated using the CT models. In CT, the exhaust gas composition
is calculated in molar fractions, and is a mixture of intake air (77.29% N, 20.75% O,, 1.01% H>0, 0.03% CO
and 0.92% Ar based on volume), and CO, and H,O from oxidizing the fuel. The annual CO, emissions are
obtained by calculating the mass flow of CO, in the exhaust gas, and subtracting the mass flow of CO, already
present in the intake air Equation 3.8. The mass flow of CO, is obtained by multiplying the mass flow of the
exhaust gas ("ezhaust ) With its average molar mass (M.,..q.5:) @and the molar fraction of CO, in the exhaust gas
(zco,). This is then divided by the molar mass of CO, to obtain a mass flow in kg/s. The mass flow of CO, in
the intake are is calculated the same way, but by using the average molar mass and molar fraction of CO, for
the intake air. These two values are then subtracted to obtain the CO, emissions from oxidizing the fuel. Next,
this value is converted to an annual CO, emission by multiplying with the time spent at the different operating
modes (¢;) and dividing by 1000 kg/ton.

: CO» L L 00
covear — <mexhaust “Mezhaust * T oo haust Mair,in Ma"ﬂ’ﬂ Lair,in t;
s — _

. , Where i = silent, cruising, to
Mco, Mco, 1000 9 top

(3.8)

3.2.6. IR-signature

The IR-signature of the vessel is determined by both internal and external factors. From the internal factors, the
main machinery has by far the highest contribution. Hot exhaust gasses coming from the engine, as well as heat
radiated to the steel hull from the main machinery create visible hot-spots in the IR spectrum. External factors
are heating of the hull due to radiated heat from the sun, both directly absorbed by the hull, or reflected by the
sea water to the hull. [18]

With the CT models, only the temperature of the exhaust gasses can be determined. Of the internal factors, the
exhaust temperature has the most significant contribution to the IR-signature [18]. In this thesis, radiated heat
from the machinery and sun are not taken into account, and the IR-signature only consists of the hot exhaust
gasses leaving the system.

3.2.7. System weight and volume

The weight and volume of the system are determined by selecting off-the-shelf components meeting the power
output (for heat engine, e-motor and fuel cell), power consumption and fluid flow (blowers and pumps) and trans-
mitted heat (HEXs). Additionally, the fuel storage weight and volume is taken into account. For the calculation of
the fuel storage, the range of the reference vessel is used. This range is calculated with Equation 3.9 by multiply-
ing the fuel storage weight (m #,.; in ton) with the ship speed (v, in NM/hr) and then dividing this value by the
fuel consumption at this ship speed (12 4., in ton/hr). 1t should be noted that this calculation is a simplification of
the range calculation for the actual vessel. In reality, the range also depends on e.g. tank filling factors. For the
sake of comparing the different combined cycles, this simplified range is sufficient as long as all the combined
cycles are calculated in the same way. The ship speed and fuel consumption are taken for cruising speed (18
NM/hr), resulting in a range of the reference vessel of 5700 NM. This range is used to calculate the fuel storage
weight for each combined cycle in chapter 5.

R= mfu.el * Uship (39)
mfuel



Cycle-Tempo models

For the modelling of the different combined cycles, Cycle-Tempo (CT) software is used. The first step is to create
a standalone model for the ICE, GT and SOFC. These standalone models are created in section 4.1 for operation
on diesel fuel and in section 4.2 for operation on MeOH fuel. These models are created to ensure that the results
from CT are the same as the reference data for these components. Next, in section 4.3, the standalone models
are combined into a single model to represent the SOFC-ICE and SOFC-GT combined cycles. Just like the
standalone models, the combined cycle models are created for both diesel and MeOH fuel. Lastly, section 4.4
gives some concluding remarks about the combined cycle models.

4.1. Diesel

First, the models of the ICE, GT and SOFC running on diesel are created. In this thesis, the combined cycles
will be implemented in naval vessels. For these vessels, fuels are standardized for NATO members to ensure
the performance of the fuel when refuelling at different locations. NATO F-76 diesel fuel is the standardized
version of marine diesel, and this fuel is used for this thesis. NATO F-76 diesel, hereafter referred to as diesel,
has an average chemical formula of Cy4 sHo6.9 [17]. The heaviest hydrocarbon available in CT is C4Hy4, which
is much lighter than diesel. Diesel can therefore not be chosen in CT as a predefined fuel, and it needs to
be approximated by mixing carbon (C) and hydrogen (H) atoms. To be able to mix the diesel with AOG in the
combined cycle, these two streams must be of the same type. AOG is a so-called Gas Mixture, which means
that diesel also needs to be a Gas Mixture. For a Gas Mixture, the composition of the stream is set based on
molar percentages. For diesel, the molar H/C ratio is 1.82 [17], which leads to a mixture containing 35.46% C
and 64.54% H. CT calculates the LHV of a Gas Mixture, which is 44231 kJ/kg for the given molar ratio. This
value is slightly different than the LHV for diesel, which is 42700 kJ/kg [17]. This means that in the CT model,
the fuel mass flow will be slightly different than the actual mass flow of diesel with the correct LHV. However, as
the combined cycles are compared based on energy flow and not fuel mass flow, it does not really matter, and
the ICE, GT and SOFC models are created using the LHV as calculated by CT.

4.1.1. Internal combustion engine

The thermodynamic cycle of an ICE consists of a compression stroke, heat addition through combustion, and an
expansion stroke. In thermodynamics, this process is approximated by the Diesel, Otto or Seiliger cycle. These
cycles consist of adiabatic compression, heat addition, adiabatic expansion and heat release. The main differ-
ence between the different cycles is in the heat addition. For diesel engines (which start the combustion of the
fuel through compression ignition (Cl)), the Diesel cycle is commonly used, where the heat addition takes place
at constant pressure [75]. For this thesis, the Diesel cycle is also assumed. The modelling in CT is done by con-
necting standard components. For the ICE, no standard component is available, and the thermodynamic cycle
needs to be approximated using the available components. These available components are the compressor,
combustor and turbine, which are used to approximate a Diesel cycle for the ICE. First, air is compressed in
the compressor, and then fed into the combustor. In the combustor, diesel is added and combusted with the
compressed air, which raises the temperature. Next, the reaction products from the combustor are expanded in
the turbine. To check whether the CT model can predict the thermal efficiency, fuel consumption and exhaust
temperature accurately, test data for a marine diesel engine is used. The engine used for this thesis is the MAN

18
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20V28/33D STC, which is a sequentially turbocharged, intercooled marine diesel engine. For this engine, test
data for different engine loads is available from the paper by Geertsma et al. [72]. Besides modelling the cylinder
as compressor-combustor-turbine, an additional compressor, turbine and HEX are included to represent the tur-
bocharger and intercooler. Addtionally, a pump provides the cooling water for the intercooler, and another pump
is added to represent the fuel pump. The layout of the ICE model is shown in Figure 4.1.
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Fuel pump

Fuel inlet

Air inlet 0;777774,0

Figure 4.1: CT model for the ICE

With the main layout of the model set, the parameters of the different components need to be determined. First,
the ambient conditions of the model need to be set. In the available test data for the engine, ambient pressure
is 0.97 bar and ambient temperature is 25 °C. These conditions are set for the air inlet, fuel inlet and cooling
water inlet. Next, the air is compressed in the turbocharger. The pressure ratio and isentropic efficiency of the
turbocharger compressor are set to match the outlet pressure and temperature of the engine data. After the
turbocharger compressor, the air is cooled in the intercooler. In the intercooler, the temperature difference and
pressure loss are set to match the intake conditions of the engine. Next, the air enters the cylinder, where it
is compressed. The pressure after the compression stroke is not given in the engine data, and needs to be
calculated. For this calculation, Equation 4.1 and Equation 4.2 for adiabatic, polytropic compression are used
[76]. These equations relate the pressure and volume at the beginning and end of the compression stroke for a
standard Diesel cycle. Here, the pressure ratio of the compression is calculated with the geometric compression
ratio of the engine (v, /v2) and a polytropic exponent (n). These parameters are given by Geertsma et al. [72] for
this specific engine, and are 13.8 and 1.38 respectively. Using these values gives a pressure ratio (Il;mp) Of
37.41 and a temperature ratio (TR) of 2.71. In CT, these values are used to match the pressure and temperature
at the outlet of the compressor. The pressure ratio is set in the compressor as an input variable, and the TR is
used to match the outlet temperature of the compressor by varying the isentropic efficiency of the compressor in
CT. In this case, setting an isentropic efficiency of 1 in the compressor results in an outlet temperature equal to
the expected TR from Equation 4.2.

Hcmn;M' = pﬁ (Ul> (41 )
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Next, the pressure after the combustor is taken equal as the pressure before the combustor. This is in line with
the Diesel cycle, where combustion takes place at constant pressure. The pressure after the turbine is given
in the engine data, and the pressure ratio of the turbine is then set accordingly. The isentropic efficiency of the
turbine is taken equal to the compressor (which is 1), resulting in a temperature after the turbine as calculated
by CT. To match this temperature with the engine data, the air-excess ratio (\) of the combustor is set. Lastly,
the pressure ratio and isentropic efficiency of the turbocharger turbine are set to match the exhaust pressure
and temperature of the engine data. Now that all the pressures and temperatures are set correctly, the power of
the turbocharger compressor needs to be matched with the power of the turbocharger turbine. This is achieved
by lowering the mechanical efficiency from 1 until both powers are equal. Lastly, the mechanical efficiency of
the cylinder compressor and turbine are set to match the output power and thermal efficiency of the engine with
the reference data. The operating parameters for each component are shown in Table 4.1 for full load of the
engine, and these parameters are compared to values present in current literature. For the part-load parameters,
the reader is directed to Appendix D. In this table, it can be seen that only the air-excess ratio differs from the
value presented by Geertsma et al. [72] for this engine. This means that in the model, the air consumption of the
engine is underestimated. This influences the composition of the exhaust gas, which will give different fractions
for each molecule than the actual exhaust gas of the real engine. If )\ is taken equal to the value presented by
Geertsma, the exhaust temperature would become way lower than the temperature in the reference data. For
the different combined cycles, exhaust temperature is one of the performance indicators in the comparison. For
this reason, an accurate calculation of exhaust temperature is given a higher priority than an accurate exhaust
gas composition. While exhaust gas composition is also important for the CO, emissions of the combined cycle,
the CO, produced by oxidizing the fuel (in kg/s) is not affected by the exhaust gas composition. Figure 4.2
shows how the efficiency and exhaust temperature of the CT model compare to the reference data for full- and
part-load operation of the engine. Here it can be seen that the model predicts the engine efficiency and exhaust
temperature accurately, and this model can be used for the calculations of the combined cycles.

Table 4.1: CT parameters for the ICE model at 100% load

Component Parameter CT Value Reference value = Reference
Turbocharger Isentropic efficiency compressor Tis,compr 0.79 - 0.8 - [12]
Pressure ratio compressor eompr 4752 - 4752 - [72]
Mechanical efficiency compressor 1., compr 0.956 - -
Isentropic efficiency turbine Tis, turb 0.855 - 08 - [12]
Pressure ratio turbine iwrs 3.468 - 3.468 - [72]
Mechanical efficiency turbine Nm,turb 0.956 - -
Intercooler Pressure drop ADioss 0.049 bar 0.049 bar [72]
Temperature drop AT 186 °C 186 °C [72]
Cylinder Isentropic efficiency compressor Nis,compr 1 - - -
Pressure ratio compressor eompr 3741 - - -
Mechanical efficiency compressor 1, compr 0.8568 - 0.85-09 - [77, 78]
Air excess ratio combustor A 1.95 - 24 - [72]
Isentropic efficiency turbine Tis, turb 1 - - -
Pressure ratio turbine | P 49.29 - - -
Mechanical efficiency turbine T, turb 0.8568 - 0.85-0.9 - [77, 78]
Generator Generator efficiency Ngen 097 - 0.95-0.97 - [68]
Pumps Isentropic efficiency Nis 085 - 0.7-0.85 - [19, 71]
Mechanical efficiency M 08 - 0.6-09 - [19, 71]
Overall Power output Pyt 10000 kW 9997 kW [72]
Energy consumption E;, 8411.25 kJ/kWh 8411.90 kJ/kWh [72]

Exhaust temperature Tewh 386.79 °C 387 °C [72]
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Figure 4.2: Comparison of exhaust temperature and efficiency of the ICE model and the reference values [72] at different operating loads

4.1.2. Gas turbine

Similar to the ICE model, the GT is modelled using standard components. In CT a gas turbine component is
available. However, with this component, there is no freedom regarding the intake fuel or integrating the GT into a
combined cycle. This means that this component is not suitable for this thesis, and the GT needs to be modelled
using a compressor, combustor and turbine. Just like the ICE model, the GT model is created taking reference
data into account. For the GT model, reference data for a General Electric LM2500+ marine gas turbine is used,
and performance data of this GT is given in Table 4.2 [73].

Table 4.2: Performance data for the General Electric LM2500+ marine gas turbine [73]

Load Electric power  Generator Inlet airflow  Fuel flow Thermal Pressure ratio Exhaust Combustion chamber
[%]  output [MWe] efficiency [%] [ka/s] [ka/s] efficiency [%] compressor[-] temperature [°C] pressure loss [%]
100 31.2 97.5 88.4 1.87 37.7 23.54 534 3
90 28.1 97.5 84.7 1.70 37.3 22.14 515 3
80 24.9 97.4 80.3 1.55 36.3 20.69 504 3
70 21.8 97.3 75.5 1.40 35.2 19.17 493 3
60 18.6 97.0 70.4 1.25 33.8 17.72 484 3
50 15.5 96.6 65.5 1.09 32 16.05 474 3
40 12.3 96 59.8 0.94 29.7 14.46 464 3
30 9.1 95 53.2 0.78 26.4 12.61 458 3
20 6.0 93 46.3 0.61 222 10.62 447 3
10 2.8 87.4 38.5 0.41 15.6 8.38 426 3
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Figure 4.3: CT model for the GT

The LM2500+ consists of a single compressor, and two turbines. One turbine produces just enough power
to drive the compressor, and the other turbine produces the output power. This layout is also adopted in the
CT model, and is shown in Figure 4.3. Just like the ICE model, the parameters for each component are set
to match the reference data. While Table 4.2 gives most of the necessary information, this is not sufficient to
fully set the model parameters. For the model to run correctly, the isentropic efficiency of the compressor and
both turbines, as well as the pressure ratio of both turbines needs to be determined. In the paper by Haglind
and Elmegaard [73], compressor maps are given for the LM2500+. These compressor maps show the relation
between corrected mass flow, pressure ratio and isentropic efficiency of the compressor. The corrected mass
flow is calculated with Equation 4.3 [79]. In this case, the corrected mass flow is equal to the actual mass flow.
This is because the inlet temperature and pressure of the compressor are equal to ambient conditions, which
simplifies the corrected mass flow equation to just the mass flow. When taking the mass flow and pressure ratio
of the compressor given in Table 4.2, the operating line of the compressor can be plotted in the compressor map
of Figure 4.4a. This figure is then used to determine the normalized speed for each operating point, which is then

used to plot a second operating line in Figure 4.4b. From this figure, the isentropic efficiency of the compressor
at the different operating points is read.
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Figure 4.4: Compressor map for the General Electric LM2500+ marine gas turbine [73], with the operating line plotted on top
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First, the pressure ratio and isentropic efficiency of the compressor are set in the model. Next, the pressure loss
and air-excess ratio are set in the combustor. This gives a pressure and temperature of the exhaust gasses
entering the first turbine. Next, the pressure ratio and isentropic efficiency of the two turbines are varied to match
the first turbine with the compressor power, and the exhaust temperature of the model with the reference data.
Lastly, the mechanical efficiency of the compressor and turbines are set to match the thermal efficiency of the
reference data. The parameters used for the full-load model, as well as a comparison to values presented in
literature, are shown in Table 4.3. For full-load and part-load operation of the GT, the reference data and the
results from the model are compared in Figure 4.5. In this figure, it can be seen that the model predicts the
exhaust temperature and efficiency correctly for loads higher than 60%. At loads between 30%-60%, the model
slighly underestimates both the exhaust temperature and thermal efficiency. This difference is however minimal,
and is not expected to impact the system performance of the combined cycles significantly. However, at loads
lower than 30%, the model can no longer predict the system efficiency correctly. This can be explained by the
design of the actual GT. The GE LM2500+ is a so-called variable geometry gas turbine. This means that the
angle of the inlet guide vanes can be controlled and changed during operation. This change in inlet guide vane
angle influences the inlet flow of the gas turbine, and has a positive impact on the performance of the gas turbine.
In CT, this change in inlet guide vane angle cannot be captured by the model. This means that at low loads,
where the inlet guide vane angle is changed the most, the model can no longer predict the performance of the
GT correctly.

Table 4.3: CT parameters for the GT model at 100% load

Component Parameter CT Value Reference value Reference
Compressor Isentropic efficiency MNis 0.843 - 0.78 - [19]

Pressure ratio IT 23.54 - 23.54 - [73]

Mechanical efficiency 7., 0.997 - 099 - [73]
Turbine Isentropic efficiency Nis 0.865 - 0.82 - [19]

Pressure ratio I 480 - -

Mechanical efficiency 7., 0.997 - 099 - [73]
Power turbine Isentropic efficiency Nis 0.86 - -

Pressure ratio IT 476 - - -

Mechanical efficiency 1, 0.996 - 099 - [73]
Generator Generator efficiency Ngen 0.975 - 0.975 - [73]
Pumps Isentropic efficiency Nis 085 - 0.7-0.85 - [19, 71]

Mechanical efficiency 1, 0.8 - 0.6-0.9 - [19, 71]
Overall Power output P 31.28 MW 31.21 MW [73]

Energy consumption  E;,, 9530.6 kJ/kWh 9549.1  kJ/kWh [73]

Exhaust temperature  T..; 533.8 °C 533.8 °C [73]
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Figure 4.5: Comparison of exhaust temperature and efficiency of the GT model and the reference values [73] for different engine loads

4.1.3. Solid oxide fuel cell

The SOFC can be implemented in the model using the fuel cell component. In this component, there are three
options regarding SOFCs. The first option is the standard SOFC. Using this option, only H, and CO can be
fed into the fuel cell. When using diesel fuel, this fuel needs to be reformed by an external fuel reformer into
a mixture of H, and CO. However, during this reforming, some H; and CO react back into CH, in a so-called
methanation reaction [80, 81]. This means that a small amount of CH, will also enter the fuel cell, and the
standard SOFC cannot be used in the model. The other options are indirect internal reforming (IIR)- and direct
internal reforming (DIR)-SOFC. With these options, any CH4 entering the fuel cell will be reformed into H, and
CO in an internal reformer (IIR) or directly at the anode (DIR). For this thesis, the DIR-SOFC is chosen for the
models.

In CT, the mass flow into the anode, and the oxygen flow from the cathode to the anode are calculated using
Equation 4.4 and Equation 4.5 respectively [22]. The mass flow into the anode is calculated using the molar
mass of the anode intake gas (M, ), the total current (1), the Faraday constant (F), the fuel utilization factor (us)
and the molar fractions of Hy, CO and CH, in the anode intake gas. The oxygen flow is calculated using the
molar mass of oxygen (Mo, ), total current and the Faraday constant. In the CT model, the outlet temperature of
the SOFC is an input variable. Using this outlet temperature, the energy balance determines the mass flow of
air into the cathode [22].
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SOFCs have a high operating temperature (600-1000 °C [82]), which means that the incoming air and fuel for
the fuel cell need to be heated to this operating temperature. The heat necessary for this heating can be taken
from the exhaust gasses (AOG and cathode off-gas (COG)) of the fuel cell. In the AOG, some unreacted H; and
CO are still present. To raise the exhaust gas temperature, this AOG can be mixed with COG and combusted in
a combustor. By combusting the AOG, extra heat is generated that can be used to heat the incoming streams.
By heating the incoming streams with HEXs, some pressure loss is introduced. This pressure loss needs to be
compensated by the fuel pump, air blower and exhaust blower. Lastly, the diesel needs to be reformed before it
can enter the fuel cell. This is achieved by feeding the diesel into a gasifier. This gasifier takes fuel and steam as
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input, and reacts them to form H, and CO. This reformed gas can then be fed into the fuel cell. This reforming
reaction is an endothermic reaction, and a heat source is necessary. In the model, this heat is also taken from
the exhaust gas of the fuel cell. To minimize the number of components in the system, each stream only contains
one HEX, with the exception of the water stream going into the fuel reformer. The HEXs heating the water to
steam are split in an economizer (heating the water to the boiling point), an evaporator (evaporating the water
into steam at the same temperature) and a superheater (heating the steam to the reformer inlet temperature).
The exhaust gas is directed through each HEX in such a way that the inlet temperature of the hot fluid is higher
than the outlet temperature of the cold fluid. An overview of the system is shown in Figure 4.6. In this figure, it
may seem that the inlet air of the SOFC is heated by low temperature exhaust gas. The exhaust gas and inlet
air of the SOFC have about the same mass flow, with the exhaust gas being slightly larger. If the inlet air of the
SOFC is heated first, the exhaust gas temperature will be lower than the outlet temperature of the other streams,
and it can no longer heat these streams to the desired temperature. The other streams are small compared
to the exhaust gas stream, which means that the temperature difference between the exhaust blower and inlet
air heater is fairly small. The exhaust gas entering the inlet air heater still has a temperature of around 750 °C,
which is sufficient to heat the inlet air to the SOFC inlet temperature (700 °C).
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Figure 4.6: CT model for the SOFC

For the model to run correctly, some parameters are necessary. First of all, the operating temperature, pressure,
cell voltage and fuel utilization need to be set for the fuel cell. For these parameters, the SolydEra fuel cell
module (FCM) is used. This fuel cell consists of the SolydEra G8 stack with 70 cells [74]. The relation between
output power, stack voltage and stack current for this fuel cell is given in Figure 4.7. This curve is given for a
temperature of 750 °C, which is taken as the fuel cell operating temperature. The operating pressure for these
curves is not provided by SolydEra, and it is assumed that the fuel cell operates at atmospheric pressure. The
cell voltage can be calculated by dividing the stack voltage by the number of cells in the stack. Lastly, the fuel
utilization factor is determined by matching the model efficiency with the reported efficiency by SolydEra [74].



4.1. Diesel 26

@ T=750°C N, =13 NI min™
H, =20 NImin” Air =180 NI min™
90
85 20
80

75
1.0

Power, kW

70

Stack voltage, V

65 05

60

55

-5 0 5 10 15 20 25 30 35
Current, A

Figure 4.7: Relation between power, current and stack voltage for the SolydEra G8 stack [83]

The efficiency reported by SolydEra [74] is for operation on hydrogen or NG. The model is therefore run with
both these fuels to assess the performance. For operation on hydrogen, the fuel reformer is bypassed, and no
steam enters the system. For operation on NG, the fuel reformer is used to convert the NG to a mixture of H,
and CO. For this reformer, a reforming temperature of 600 °C [84] and a steam to fuel (S/F) ratio of 2.3 kg/kg are
used [71]. Lastly, a pressure loss of 0.01 bar is assumed for every HEX. The efficiency of the CT model is plotted
against the reported efficiency by SolydEra in Figure 4.8. In this figure, it can be seen that the CT model gives
results close to the actual performance of this fuel cell for operation on either NG or hydrogen. The CT models
are only run for loads between 75% and 100%. At 75%, the efficiency of the SOFC reaches its maximum value.
Operating the fuel cell at this load may increase the efficiency of the combined cycles. Lowering the load of the
SOFC will reduce its efficiency again, which means that this lower load is not beneficial for the system efficiency
of the combined cycles. Loads lower than 75% are therefore not considered in the validation of this model.
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Figure 4.8: Efficiency of the SOFC model compared to the efficiency curve reported by SolydEra [74]. The continuous line is the reported
efficiency, and the markers are the obtained efficiency from the CT models
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Next, the fuel is changed from NG to diesel. The fuel reformer temperature is set at 600 °C [84], which is the same
as the reforming temperature used for NG. The fuel cell temperature, pressure, cell voltage and fuel utilization
are also kept constant. For this model, the S/F ratio is changed. The S/F ratio is calculated using the minimal
steam to carbon (S/C) ratio needed to avoid coking of the reformer. For steam reforming of diesel, the minimal
S/C ratio is 2 kmol/kmol [85]. In CT, a S/F ratio in kg/kg is needed as input, which means that the S/C ratio needs
to be converted to a S/F ratio. This is achieved by using Equation 4.10, which is derived from Equation 4.6 to
Equation 4.9. Here, the S/F ratio is calculated by multiplying the S/C ratio with the ratio of molar mass between
steam and the fuel (%) and the total kmol carbon per kmol fuel (ncarson, fuer). For diesel (Ci4.sHa6.9), this
results in a S/F ratio of 2.61 kg/kg.

S/C = Zateam (4.6)
Ncarbon
S/F — Msteam (47)
M fuel
Nsteam * Msteam
S/ F = Steam "7 steamn 4.8
/ N fuel * Mfuel ( )
steam * Ms eam
S/F = nn:aTbon JtM (4-9)
Tecarbon, fuel fuel
Me 7
S/F - S/C ‘ k;E(l ln * Ncarbon, fuel (410)

The efficiency of the model is then calculated for the same loads as for the NG and hydrogen models. This
results in the efficiencies as shown in Figure 4.9. Here it can be seen that the efficiency of the fuel cell operating
on diesel slightly decreases compared to running on NG. This can be explained by the different LHV of the
fuels. CT calculates a mass flow into the anode based on the composition of this stream (Equation 4.4). This
composition is a result from the steam reforming reaction and S/F ratio. This in turn determines the mass flow of
fuel into the system. For both NG and diesel, this mass flow is 0.012 kg/s and 0.013 kg/s respectively for a gross
power output of 325 kWe of the SOFC. The mass flow for each fuel is about the same, but the energy content
of the fuel is different. When multiplying these mass flows with the LHV of the respective fuels, an energy flow
into the system is obtained (497.5 kW for NG and 530.8 kW for diesel). For NG less energy input is necessary
for the same power output, resulting in a higher efficiency (n = P,y:/Fin).
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Figure 4.9: Efficiency of the SOFC model running on diesel, compared to running on NG and hydrogen as reported by SolydEra [74]
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In a study by van Veldhuizen et al. [71], operation of an SOFC on both diesel, methane and hydrogen are
compared. In this study, the efficiency of the diesel fuelled SOFC also lies between the methane and hydrogen
fuelled SOFC. Ezgi et al. [7] also model an atmospheric SOFC running on reformed diesel. The authors report a
net efficiency of 55.28%, which is only slightly lower than the maximum net efficiency reached by the CT model
(55.39%). This shows that the model can predict the performance of the SOFC fuelled by diesel correctly.

Lastly, the exhaust temperature of the system is compared to the value reported by SolydEra [74] in Table 4.4.
Here it can be seen that the exhaust temperature for NG lies between the range reported by SolydEra. For
diesel operation, no exhaust temperature is available. The exhaust temperature for diesel operation is higher
than operation on NG. This can be explained in a few ways. First of all, the airflow into the fuel cell is larger for
operation on NG. This is explained by a difference in anode inlet stream composition. The fractions of H,, CO
and CH, are different between NG- and diesel-operation. This difference leads to a different (lower) mass flow
into the anode, which in turn influences the energy balance of the fuel cell. This different energy balance means
that the airflow into the cathode decreases for diesel-operation. Since both the fuel flow into the anode and the
air flow into the cathode are lower for diesel operation, less heat is extracted from the exhaust gas to reach
the intake temperatures. Lastly, the ¢, for the diesel exhaust gas is slightly higher than that of the NG exhaust
gas. The temperature difference in the HEX is calculated using Equation 4.11 [86] by dividing the transferred
heat (@) with the mass flow (i) and the specific heat (c,). For NG, the transferred heat and mass flow are both
about 4% higher. Additionally, the ¢, for the NG exhaust gas is slightly lower compared to diesel exhaust gas. In
the equation, this results in a larger AT for NG, which corresponds to a lower exhaust temperature leaving the
system.

Q=m-c,-AT (4.11)

Table 4.4: Exhaust temperature for the SOFC model operating on NG or diesel

Exhaust temperature  Reference value

Diesel 148.7 °C -
NG 125.5°C 120-140 °C [74]

The parameters used for the different components of the SOFC model are given in Table 4.5 for 100% load. For
each parameter, a reference value in current literature is also provided. For part-load operation, only the cell
voltage is changed (0.85 V for 100% and 0.89 V for 75%). It should be noted that in part load, the performance
of the blowers and pumps also changes. However, no performance data for part-load regarding the blowers and
pumps is available, and the performance of these components is assumed to be constant regardless of part-load
or full-load operation. An overview of all the parameters for the part-load models is given in Appendix D.

Table 4.5: CT parameters for the SOFC model at 100% load

Component Parameter CT Value Reference value Reference
SOFC Fuel utilization factor uf 0.8 - 0.8 - [71]
Cell voltage Vieell 085 V 085 V [74]
Stack temperature Tstack 750 °C 750 °C [74]
Inlet temperature Tin 700 °C Totack — 15 = Tstacr — 40  °C [19, 71]
Outlet temperature Tout 790 °C Totack + 25 = Totaer +40  °C [19, 71]
Anode pressure drop Apan 0.02 bar 0.02 bar [71]
Cathode pressure drop  Ap., 0.02 bar 0.015 bar [71]
Fuel reformer Reformer temperature  Ti.cfor, 600 °C 600 °C [84]
Steam to carbon ratio S/IC 2 kmol/kmol 2 kmol/kmol [85]
Steam to fuel ratio S/F 2.61 kg/kg - - -
Pressure drop Ap 0.01 bar 0.01 bar [71]
Heat exchangers Pressure drop Ap 0.01 bar 0.01 bar [71]
Pumps Isentropic efficiency Nis 0.85 - 0.7-0.85 - [19, 71]
Mechanical efficiency Nm 0.8 - 0.6-09 - [19, 71]
Blowers Isentropic efficiency Nis 0.85 - 0.7-0.85 - [19, 71]

Mechanical efficiency Nm 0.8 - 0.6-09 - [19, 71]
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4.2. Methanol

MeOH has different fuel properties than diesel, and this influences the performance of the different components.
Table 4.6 shows an overview of the different fuel properties between diesel and MeOH. First of all, the LHV of
MeOH is about half of the LHV of diesel, which means that for the same energy input in the system, about twice
as much MeOH is needed in terms of weight. For the heat engines this means that the fuel injection system
needs to be altered to accomodate this increase in fuel flow. Next, the stoichiometric air-to-fuel ratio of MeOH is
significantly lower. This ratio shows how much air is necessary for complete combustion of the fuel, and less air is
necessary to combust 1 kg of MeOH compared to 1 kg of diesel. MeOH also has a lower flame temperature than
diesel. This means that when combusting the fuel at stoichiometric conditions, the temperature after combustion
is lower for MeOH, which in turn lowers the temperature of the exhaust gasses compared to diesel.

Table 4.6: Difference in fuel properties between diesel and MeOH [87]

Property Diesel MeOH
LHV [kJ/kg] 42700 20100
A/Fstoich ['] 14.6 6.5

Flame temperature [°C] 2054 1890

Due to the differences in fuel properties, the performance of the components change in terms of efficiency and
exhaust temperature. For each model, the necessary changes to run on MeOH are discussed in the sections
below.

4.2.1. Internal combustion engine

The conversion of the ICE model to run on MeOH necessitates a few changes. First of all, the fuel type needs
to be changed from diesel to MeOH. For the model, it is assumed that the same amount of energy enters the
system, i.e. the energy input from the fuel is equal for diesel and MeOH. This means that the fuel mass flow
needs to increase for MeOH due to the lower LHV. This increased fuel mass flow, together with a lower A/ Fy;pich,
means that the airflow into the engine also changes when the air-excess ratio is kept the same in the engine.
The turbocharger for the reference ICE is designed for a specific air flow, and if the airflow changes for operation
on MeOH, this requires a different turbocharger for the engine. A different turbocharger may have differences in
mechanical and isentropic efficiency, and this data is unavailable for MeOH engines. Due to a lack of reference
data for MeOH-fuelled turbocharged engines, the mechanical and isentropic effficiencies of the turbocharger are
kept the same as for the diesel-fuelled model. To match the power output of the turbocharger turbine with the
turbocharger compressor, the air excess ratio (\) in the combustor is changed compared to diesel operation.
The difference in ), in addition to a different fuel composition, influences the composition of the exhaust gas,
which has a direct influence on the power produced by the turbocharger turbine. The in-cylinder process is
modeled as a Diesel cycle in CT, which means that the power of the expansion stroke can be calculated using
Equation 4.12. When the power necessary for compression of the air is subtracted, the net power output of the
cycle is obtained. For MeOH operation, the mass flow through the turbine increases slightly, mainly due to an
increase in fuel flow into the engine. Due to a difference in exhaust gas composition and a lower temperature
after combustion (which is a result from the lower flame temperature of MeOH), the AT in this equation changes.
Lastly, ¢, changes due to a difference in exhaust gas composition. These changes lead to an increase in power
output for MeOH operation, which in turn increases the efficiency of the system compared to diesel operation
(as the energy input in the system is kept constant for both fuels). The lower temperature after combustion also
lowers the exhaust gas temperature leaving the system. The engine efficiency and exhaust gas temperature
of the converted model to MeOH operation compared to diesel operation are shown in Figure 4.10. From the
model, an increase in engine efficiency of about 2% and a decrease in exhaust temperature of about 30 °C can
be observed.

Pruy =10+ ¢ - AT 4.12)
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Figure 4.10: Efficiency and exhaust temperature for MeOH operation compared to diesel operation of the ICE model

Currently, MAN and Wartsila both offer MeOH engines for the marine sector [88, 89], but no performance data is
given by either manufacturer in terms of engine efficiency and exhaust temperature. Nordhavn Power Solutions
[90] offer small marine engines (200-400 kW) running on so-called MD97 fuel, which is a mixture of MeOH and
“ignition enhancer”. These engines are based on the Scania marine diesel engines, and a peak efficiency of 45%
is reached at about 80% load. When comparing this value for the MeOH engine [91] to its diesel counterpart
[92], an increase in efficiency is observed (43% for diesel and 45% for MeOH). For these engines however, no
data is available regarding exhaust gas temperatures.

In current literature, various studies are performed on the performance of MeOH engines. Tol [93] experiment-
ally studies the effect of MeOH-diesel blends of 0%, 10% and 20% MeOH in terms of energy, which equals to a
mass percentage of 0%, 18.9% and 34.4% MeOH for the respective fuels, in a MAN 4L20/27 diesel engine. In
his experiments, Tol found that the thermal efficiency of the different fuel blends are within 0.25% of eachother.
Additionally, he measured the exhaust gas temperature of the different fuel blends, and found that the exhaust
temperature decreases for increasing MeOH content. Yusaf et al. [94] study MeOH-diesel fuel blends of up
to 30% MeOH based on volume. In their research, they found that the thermal efficiency of the MeOH-diesel
blends increased compared to operation on pure diesel. Similar to the research by Tol, Yusef et al. found that
the exhaust temperature of the engine decreased when operating on MeOH blends compared to pure diesel
operation. Hassan et al. [95] evaluate the engine performance and exhaust temperature of a four-stroke Cl en-
gine for MeOH-diesel blends up to 21 vol.% MeOH. They find that the thermal efficiency of the engine increased
for MeOH fractions up to 14%, and decreased for the 21% mixture. The exhaust temperature decreased for
increasing MeOH fractions. A recent study by Karvounis et al. [96], investigates two types of MeOH injection in
a Wartsild 9L46C marine diesel engine. The authors find that for direct injection of MeOH, the engine can run
knock-free for a MeOH energy fraction of 95% (or a mass fraction of 97.6%). At this MeOH fraction, they observe
a thermal efficiency increase of the engine of 4.2% compared to operation on diesel, which is attributed to faster
combustion and lower compression work and heat losses when running on high MeOH fractions.

When comparing the results from the CT model with the abovementioned studies, the same trends can be
observed. Most of the abovementioned studies agree that the efficiency of the engine increases for increasing
MeOH fractions. These results are available for MeOH fractions up to 97 mass%. For exhaust temperature, the
studies also agree that for an increase in MeOH fraction, the temperature decreases. However, these studies
only look at a maximum MeOH fraction of 34.4 mass%. When extrapolating to 100% MeOH, it is expected that
the exhaust temperature decreases compared to diesel, but data for high MeOH fractions is still unavailable in
current literature.
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4.2.2. Gas turbine

Similar changes are made to the GT model as to the ICE model. The fuel is changed, fuel mass flow is increased
and ) is increased to match the intake air flow of the diesel model. The result of these changes on thermal
efficiency and exhaust gas temperature are shown in Figure 4.11. Just like the ICE model, the thermal efficiency
of the GT increases, and the exhaust temperature decreases. This effect is also observed in experimental tests
by Siemens [97]. Siemens has experimentally tested the effect of converting the Siemens Energy SGT-A20 gas
turbine from diesel to MeOH. The changes made to the GT by Siemens are limited to the fuel system, and the
the compressor and turbines are kept the same. In their experiments, they found that the thermal efficiency of
the GT increased with about 4%, and the exhaust temperature reduces by about 25 °C. While these numbers
are valid for the SGT-A20 gas turbine, they may not directly apply to the modelled GE LM2500+. However, the
trend of increased efficiency and reduced exhaust temperature can be applied to the modelled gas turbine. In
the case of the CT model, the thermal efficiency increased by about 1.5%, and the exhaust temperature reduces
by about 30 °C, meaning that the model shows the same behaviour as the converted GT by Siemens.
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Figure 4.11: Efficiency and exhaust temperature for MeOH operation compared to diesel operation of the GT model

4.2.3. Solid oxide fuel cell

For the SOFC model, the changes are slightly different. MeOH can be reformed internally in the SOFC, which
eliminates the need for an external reformer [15]. However, to reduce thermal stresses on the SOFC, many
studies still implement an external reformer [71], and an external reformer is also included in the model for this
thesis. All of the MeOH can be reformed into Hy and CO at a temperature of 300 °C. However, at this temperature,
a portion of the H, and CO react to form CH, [81]. To reduce the amount of methanation, the reformer temperature
is kept at 600°C (equal to the diesel operation). For the steam reforming reaction of MeOH, a minimal S/C ratio
of 1.2 is necessary to avoid coking of the reformer [98]. When using Equation 4.10, this results in a S/F ratio of
0.68 kg/kg.

The efficiency of the fuel cell running on MeOH is shown in Figure 4.12. Compared to operation on diesel, the
efficiency of the fuel cell decreases when running on MeOH. This is explained by a large difference in S/F ratio.
For both fuels, the mass flow into the anode is about equal (0.043 kg/s for diesel and 0.044 kg/s for MeOH).
However, the mass flow of fuel changes from 0.012 kg/s for diesel to 0.026 kg/s for MeOH for a gross SOFC
power of 325 kWe. For MeOH, this results in an energy flow into the system of 548.7 kW, which is higher than
the energy flow for diesel (530.8 kW). This higher energy flow into the system results in a lower system efficiency.
In a study by van Veldhuizen et al. [71], operation of an SOFC on both MeOH and diesel is compared. In this
study, the efficiency of the MeOH fuelled SOFC decreases compared to operation on diesel, similar to the results
from the CT models in this thesis.
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Figure 4.12: Efficiency of the SOFC model running on MeOH, compared to running on diesel

The exhaust temperature for MeOH operation increases compared to diesel operation (shown in Table 4.7). This
can mostly be explained by a decrease in steam mass flow for MeOH operation. The lower S/F ratio reduces
the steam flow of the system from 0.031 kg/s for diesel to 0.018 kg/s for MeOH. This lower mass flow of steam
means that less heat is extracted from the exhaust gas in the economizer, evaporator and superheater. In both
systems, the exhaust flow is about equal (1.199 kg/s for diesel and 1.194 kg/s for MeOH), which means that the
temperature difference over these three HEXs is lower for MeOH operation, resulting in a higher exhaust gas
temperature leaving the system.

Table 4.7: Exhaust temperature SOFC model operating on MeOH or diesel

Exhaust temperature

Diesel 148.7 °C
MeOH 202.0°C

4.3. Combined cycle models

Using the models for the standalone ICE, GT and SOFC, the combined cycle models are created. First, the
SOFC and the ICE models are combined into the SOFC-ICE model, and the model is validated with results
from current literature. Next, the SOFC and GT model are combined into the SOFC-GT model, which is again
validated by comparing the results with current literature.

4.3.1. SOFC-ICE

As already mentioned in chapter 3, there are two integration strategies in current literature: coupled and de-
coupled. For this thesis, the decoupled configuration is chosen for the combined cycles. In naval vessels,
redundancy is an important factor in the system design. When using coupled systems, the ICE can no longer
produce power if the SOFC is lost due to damage or flooding. This leaves the vessel vulnerable to enemy ships,
as it can no longer generate power to flee the area. Additionally, the power demand of the reference vessel is
fairly large. This means that for a coupled system, due to a large power share of the SOFC, the power plant would
become very large and would no longer fit in current design of the vessel. The decoupled system improves the
redundancy of the system by allowing for individual operation of the SOFC and ICE, and also allows for power
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splits that could fit on the current design of the reference vessel. However, this does come at the cost of a lower
system efficiency, and therefore higher fuel consumption compared to the coupled system.

To create the CT model for the parallel configuration, the standalone SOFC and ICE models need to be integrated
into a single model. This integration is performed in two steps. First, the SOFC and ICE model are placed in a
single model, without integrating these systems. In this model, both the SOFC and ICE operate independently
from each other, and only share a fuel inlet, air inlet and exhaust gas outlet. This independend operation model
is shown in Figure 4.13. In this figure it can be seen that the intake air and fuel are split into two streams. One
enters the ICE and the other enters the SOFC. The exhaust gasses of both systems are then combined into a
single stream leaving the system. The independent operation model is created to ensure that combining both
standalone models into a single model does not give any strange results. For the verification of this model,
the system efficiency in CT is compared to an expected efficiency resulting from Equation 4.13. This equation
calculates the system efficiency by dividing the total output power with the total energy input of the system. The
total output power is the sum of the ICE power and the SOFC power. The energy input of the system is the sum
of the ICE energy input and the SOFC energy input, which is calculated by dividing the power of the component
with the efficiency of this component.

. Progjer + Psorc Prcg/ar + Psorc (4.13)
comb = = .
EinAICE/GT + Ein.sorc Prcr/er Psorc
’ NICE/GT nNsoFc

The combined efficiency from the CT model, and the expected combined efficiency from Equation 4.13 is given
in Table 4.8. In this table it can be seen that the independent operation model gives the same efficiency as the
expected values, which means that combining the two standalone models into a single model does not give any
unexpected results, and this independent operation model can be used as a starting point to create the combined
cycle model.
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Figure 4.13: Combined model of the ICE and SOFC operating independently
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Table 4.8: Combined efficiency from the CT model and the expected value for independent operation of the ICE and SOFC on diesel fuel

Power split Expected efficiency Combined efficiency

0-100 42.7% 42.7%
25-75 44.5% 44.5%
50-50 46.5% 46.5%
75-25 48.6% 48.6%
100-0 51.0% 51.0%

The second step in creating the SOFC-ICE combined cycle model is integrating the SOFC and ICE from the
independent operation model (Figure 4.13) into a combined cycle. In the chosen configuration (decoupled), the
AOG is mixed with diesel fuel and fed into the ICE. However, the AOG contains water vapour, which acts as a
diluent if this AOG is to be used as fuel in the ICE, meaning that less energy enters the system per kg of AOG.
This water vapour is removed from the AOG by adding a moisture separator. In this moisture separator, the AOG
is cooled with ambient air until the water vapour condenses. The dry AOG is then mixed with the diesel fuel,
before it enters the combustion chamber of the ICE. The COG is used to pre heat the different intake streams of
the SOFC. However, this COG has a lower temperature compared to the exhaust gas used in the independent
operation, as it is no longer combusted with AOG to raise the temperature. In the original routing of the SOFC
exhaust gas, this no leads to crossing temperature profiles in some HEXs. A crossing temperature profile means
that the outlet temperature of the cold fluid is higher than the inlet temperature of the hot fluid. In reality this will
mean that the set outlet temperature of the cold fluid can never be reached, and the routing of the COG needs
to be changed to avoid crossing temperature profiles. For this rerouting, an extra HEX is added to the air intake
stream of the SOFC. This extra HEX results in an additional pressure drop in the inlet stream, which has to be
compensated by the blowers in the system. In this layout, the blowers consume additional power, resulting in a
slightly lower system efficiency compared to the independent operation model. Lastly, a bypass valve is added
into the AOG and COG streams. Using these valves, AOG and COG can be directed towards a combustor, which
allows for independent operation of the SOFC for the silent mode of the reference vessel. The entire combined
cycle system is shown in Figure 4.14.
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Figure 4.14: CT model of the SOFC-ICE combined cycle

To check whether the combined cycle model gives accurate results, the performance is compared to results from
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current literature. In current literature, studies on diesel- and MeOH-fuelled SOFC-ICE with a similar layout to
this thesis are extremely limited. For diesel, Chuahy and Kokjohn [12] model a similar system layout as in this
thesis, with the main difference being the operating pressure of the SOFC. In this thesis, the SOFC is operated at
atmospheric pressure, whereas Chuahy and Kokjohn operate the SOFC at an elevated pressure (>3 bar). Their
optimized system has a power share of the SOFC of 85.3%, and the ICE runs on AOG with an addition of 1.08%
diesel fuel. With this system, they obtain an electrical efficiency of 70.9%. When running the CT model with the
same power split and diesel addition, an electrical efficiency of 61.1% is obtained when both components run
at full load, and an efficiency of 65.3% is obtained when the SOFC runs at its maximum effficiency (75% load).
For both cases the system efficiency is lower compared to the reported efficiency by Chuahy and Kokjohn. This
difference can be explained by the elevated operating pressure of the fuel cell, leading to a higher efficiency of
the SOFC. Increasing the operating pressure of the SOFC improves the efficiency of the fuel cell by increasing
the open-cell voltage and reducing activation overpotential [99]. Chuahy and Kokjohn report an SOFC efficiency
of 64.4%, whereas the fuel cell operates at a maximum efficiency of 55.4% in this thesis.

Li et al. [15] model a SOFC-ICE cycle running on MeOH. In this system, MeOH is fed into the SOFC where it is
internally reformed. The ICE runs entirely on AOG, resulting in a power split of 81.6-18.4 in favour of the SOFC.
With this system, they obtain an efficiency of 56.1%. While the system by Li et al. is almost identical to the
CT model, there is one major difference. Li et al. feed the MeOH directly to the SOFC, whereas the CT model
includes an external reformer. To compare the results of the CT model with the results obtained by Li et al., the
external reformer is bypassed. When bypassing the external reformer, and setting the same power split as Li
et al., the CT model obtains an efficiency of 56.6%. This efficiency is slightly higher than the efficiency reported
by Li et al., which can be explained by a difference in fuel utilization factor. Li et al. use a fuel utilization factor
of 0.75, whereas it is 0.8 in this thesis. A higher fuel utilization factor means that less unreacted fuel leaves the
system, resulting in a higher SOFC efficiency. This higher SOFC efficiency in turn increases the total system
efficiency. Next, the external reformer is again included in the CT model, which results in an efficiency of 59.3%.
With the external reformer, the system efficiency increases. Li et al. also report this behaviour, and attribute this
higher efficiency to a higher partial pressure of H, at the anode, which increases the output voltage of the SOFC,
resulting in a higher system efficiency.

Table 4.9 shows the results from the CT model compared to the current literature. In this table, it can be seen that
the results from the CT model differ slightly from the systems in current literature, and these differences can be
attributed to differences in integration strategies or operating parameters. While the results from the CT model
are not exactly equal to the results in literature, the model still gives results in the same range as the current
literature, and the CT models can be used to compare the different fuels for the SOFC-ICE combined cycles.

Table 4.9: Results of the SOFC-ICE combined cycle model compared to current literature

Fuel Reference System performance Remark
Diesel Chuahy and Kokjohn [12] 70.9% SOFC operates at elevated pressure
This thesis 65.3% SOFC operates at atmospheric pressure
. Internal fuel reforming
0,
Lietal. [19] 56.1% Power split: 81.6-18.4
. . Internal fuel reforming
0,
MeOH This thesis 56.6% Power split: 81.6-18.4
. . External fuel reforming
0,
This thesis 59.3% Power split: 81.6-18.4
4.3.2. SOFC-GT

In current literature, the SOFC-GT combined cycles use the waste heat from the SOFC for heat addition in the
GT. This results in high system efficiencies, but limits the ability to operate the GT without also running the SOFC.
For the naval surface combatant, it is important that both the SOFC and GT are able to operate independently.
At silent operations, only the SOFC is running, which means that the heat integration of the combined cycle
needs to allow the SOFC to operate without the need for waste heat from the GT. In addition, if the SOFC fails to
operate due to damage or flooding, the GT needs to be able to operate independently to still provide the ship with
power. This limits the possibility of fully integrating the SOFC and GT into a single system similar to Figure 2.1.
In this thesis, it is therefore chosen to integrate the GT and SOFC in a similar fashion as the SOFC-ICE system.
Instead of using waste heat from the SOFC for heat addition in the GT, AOG is mixed with additional fuel and
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combusted in the combustion chamber of the GT.

Just like with the SOFC-ICE combined cycle, the first step in creating the SOFC-GT combined cycle is placing
the standalone SOFC and GT model into a single model. The performance of this independent operation model
(Figure 4.15) is checked by comparing it with the expected value for system efficiency from Equation 4.13. This
model is checked for the same power splits as the SOFC-ICE models was checked (i.e. 0-100, 25-75, 50-50, 75-
25 and 100-0). Table 4.10 shows the obtained efficiency from the CT model compared to the expected efficiency
from Equation 4.13. Here it can be seen that the CT model does not produce unexpected results when combining
the two standalone models, and this model can be used to create the combined cycle model.
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Figure 4.15: Cycle-Tempo model for the independent operation model of the SOFC-GT combined cycle

Table 4.10: Combined efficiency from the CT model and the expected value for independent operation of the GT and SOFC on diesel fuel

Power split Expected efficiency Combined efficiency

0-100 37.6% 37.6%
25-75 40.2% 40.0%
50-50 43.3% 43.3%
75-25 46.8% 46.8%
100-0 51.0% 51.0%

When running in combined cycle mode, AOG is directed towards the combustor of the GT, in similar fashion
to the combustion of AOG in the SOFC-ICE system. Now that the AOG is no longer combusted with COG to
provide heat for the SOFC system, GT exhaust gas is used to preheat the airflow into the cathode. Without the
GT exhaust gas, insufficient heat is available from the COG to heat all the streams. Within the system, bypass
valves are implemented to allow the SOFC and GT to be decoupled. These bypass valves are located in the
AOG, COG and GT exhaust streams. This system is shown in Figure 4.16.
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Figure 4.16: Cycle-Tempo model for the SOFC-GT combined cycle

Next, the combined operation is compared to SOFC-GT cycles presentin literature. Unfortunately, the integration
strategy from this thesis has not yet been considered in current literature, making validation of the CT model
difficult; the results from current literature may not directly transfer to the integration strategy of this thesis. Instead
of comparing the results from CT directly to the values presented in current literature, the values from the literature
are used to determine whether the CT results are in the correct order of magnitude. If for example the literature
states a system effficiency of about 60%, and the CT model only gives an efficiency of about 40%, the CT results
cannot be valid. If however the CT model also gives an efficiency close to 60%, the results are valid.

Just like with the SOFC-ICE cycle, SOFC-GT cycles running on diesel are scarce. Liu et al. [100] compare a
pressurized SOFC-GT cycle using different fuels. Among these fuels is n-decene (C1oH22). This fuel contains
85% carbon by weight, which is similar to the diesel used in this thesis. In the system by Liu et al., air is
compressed by a compressor. The compressed air is then pre-heated by the GT exhaust gas before it enters
the fuel cell. AOG and COG are mixed and combusted, after which the exhaust gas is expanded in a turbine.
With a power split of 60-40, the authors report system efficiency between 62-68%, depending on the air-to-fuel
ratio used (A/F = 3.5 results in 63%, and A/F=3.5 results in 68%). Zhao et al. [23] model an atmospheric SOFC-
GT system running on syngas produced from coal. A HEX transfers the heat from the SOFC exhaust gas to the
airflow through the GT. With their system, they report a maximum efficiency of around 57%. While both studies
model a SOFC-GT combined cycle, the integration strategy is different. Liu et al. implement a pressurized SOFC,
which means that the efficiency of the SOFC is higher than an SOFC running at atmospheric pressures. This
results in a higher combined cycle efficiency compared to the atmospheric SOFC-GT cycle. The efficiency of the
system presented by Liu et al. will therefore be higher than the efficiency of the CT model from this thesis. Zhao
et al. present an atmospheric SOFC-GT cycle, which is similar to the CT model. This means that the efficiency
of the CT model should be relatively close to the efficiency of the system by Zhao et al. However, the efficiency
will not be equal due to a different syngas composition. The results for the CT model are deemed valid if the
efficiency is lower than the system by Liu et al., and comparable to the system by Zhao et al.

When running the CT model with a power split of 60-40, which is equal to the power split by Liu et al., a system
efficiency of 61.5% is obtained. This is lower than the efficiency of 63-68% reported by Liu et al. [100], and in
line with the expectations described above. Zhao et al. [23] do not specify at which power split their system runs,
which makes it difficult to determine an appropriate power split to compare the results. In their system, all the
heat into the GT is provided by the SOFC exhaust gas, and no additional fuel is added. When running the CT
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model without adding additonal fuel to the GT, a power split of 83.8-16.2 is obtained. With this power split the
system runs at an efficiency of 60.6%, which is higher than the efficiency reported by Zhao et al. (57%). As it
is unclear whether the system by Zhao et al. runs at a similar power split, these values cannot be compared
directly. However, it can be said that the efficiencies are of an equal magnitude. This shows that the results
produced by the CT model follow the expectations as described earlier, which proves the validity of the results.

Li et al. [15] model a SOFC-GT cycle running on MeOH. In their system, the MeOH is internally reformed in the
SOFC, and AOG is combusted with COG to generate heat for the GT. In the GT, the air from the compressor is
heated by the SOFC exhaust gas with a HEX, and the heated air is expanded in a turbine. This system has a
power split of 86.3-13.7, and an efficiency of 53.0%. In the CT model, the external reformer is bypassed, and the
same power split is set. With this system, the CT model gives an efficiency of 52.0%. Just like the MeOH fuelled
SOFC-ICE cycle, the efficiency is slightly lower than reported by Li et al. Again, this can be attributed to the
lower operating temperature of the SOFC in the CT model. Next, the external reformer is included in the system,
which results in a system efficiency of 55.4%. Compared to internal reforming, the efficiency increases when
an external reformer is included. Li et al. [15] also report this behaviour. They state that the internal reforming
system has an efficiency about 3% lower compared to the external reforming system.

Table 4.11 shows the results from the CT model compared to the current literature. In this table, it can be seen
that the results from the CT model differ slightly from the systems in current literature, and these differences can
be attributed to differences in integration strategies or operating parameters. While the results from the CT model
are not equal to the results in literature, the model still gives results in the same range as the current literature,
and the CT models can be used to compare the different fuels for the SOFC-GT combined cycles.

Table 4.11: Results of the SOFC-GT combined cycle model compared to current literature

Fuel Reference System performance Remark

SOFC operates at elevated pressure
Power split: 60-40

SOFC operates at atmospheric pressure
Diesel Zhao et al. [23] 57% Power split is not given

System runs on syngas produced from coal
SOFC operates at atmospheric pressure

Liu et al. [100] 62-68%

. ) )
This thesis 61.5% Power split: 60-40
i Internal reforming
0,
Hetal ol 53.0% Power split: 86.3-13.7
i i Internal reforming
(o)
MeOR This thesis 52.0% Power split: 86.3-13.7
This thesis 55.4% External reforming

Power split: 86.3-13.7

4.4. Conclusion

In this chapter, the combined cycle models were created in Cycle-Tempo (CT) software. First, standalone models
for the SOFC, ICE and GT were created using reference data for these components. Next, the SOFC, ICE and
GT models were combined into the SOFC-ICE and SOFC-GT combined cycles. These combined cycles were
then validated by comparing the results with combined cycles from current literature. Both the SOFC-ICE and
the SOFC-GT combined cycle models give results in the same range as the combined cycles in current literature.
There are some differences in system efficiency, and these can be explained by a difference in integration strategy
or operational parameters such as temperature and pressure. The created models are used in chapter 5 to
calculate the energy consumption, CO, emissions and exhaust temperature for the different operating modes of
the reference vessel.



System comparison

With the models described in chapter 4, the performance of the different combined cycles is calculated. First, in
section 5.1, a baseline performance is determined using the current installed system of the reference vessel. For
the performance of the combined cycles, different power splits are considered, which are discussed in section 5.2.
Next, the system efficiency, energy consumption, CO, emissions, exhaust temperature, size and weight of the
combined cycles are determined in section 5.3, section 5.4, section 5.5, section 5.6 and section 5.7 respectively.
The best performing system is then chosen in section 5.8. Lastly, section 5.9 gives a short conclusion of this
chapter.

5.1. Current power plant

The current power plant of the reference vessel is used as a baseline to compare the different combined cycles
with. The current system consists of two large diesel ICEs (10 MW each) and four diesel generator sets (0.94
MWe each). The diesel generator sets provide electric power to drive two electric motors. The e-motors and the
diesel engines drive the propeller shafts through a gearbox. A schematic of this system is shown in Figure 5.1.
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Figure 5.1: Schematic layout of the current power plant. The propeller is driven by the diesel engine and electric motor through a gearbox,
and the diesel generators provide the electric power necessary to for the electric motor
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The performance of the current system is determined by using the standalone ICE models developed in chapter 4.
At top speed, the diesel engines run at 100% load. At cruising speed, the diesel engines run at 25% load,
and at silent speed, two of the four diesel generators operate at 75% load, and the other two are switched off.
Using these load conditions, and the power demand for these operating modes, the energy consumption, CO,
emissions and exhaust temperature can be calculated with the ICE model. Additionally, the weight of the system
is available for the reference vessel, and the volume of this system can be determined with the dimensions of the
different components. The results for the current system are shown in Table 5.1, and these values will be used
to determine the relative performance of the combined cycles compared to the current system in section 5.8.

Table 5.1: Energy consumption, exhaust temperature and CO> emission for the current power plant

Energy_ Exhaust @O'g Component Component Fuel weight
consumption  temperature ~emissions . ' ton]  volume [m?] fton]
[kJlyear] [°C] [ton/year] 9
Silent. 4.24*10° 364.8 304.6 - - -
operation
Cruising 8.20*1010 3148 59055 - - -
speed
Top speed 1.34*1011 3680 96316 - - -
Total 2.20*10"! - 158417 199.4 264.3 351.1

5.2. Power split

The power split between the SOFC and heat engine has a significant impact on the performance of the combined
cycles, and different power splits are evaluated in this thesis. The power split is defined as the ratio between
SOFC power and heat engine power based on the total installed power for top speed. A power split of 30-70
means that 30% of the total power required for top speed can be delivered by the SOFC operating at 100% load,
and 70% of the total power is delivered by the heat engine at 100% load.

For silent operations, all of the power needs to be delivered by the SOFC. To maximize system efficiency at
this operating mode, the SOFC needs to be operated at 75% load. When the SOFC at 75% load generates the
necessary power for silent speed (0.8 MWe), it can produce a net power of 1.07 MWe at full load. This power
output corresponds to 4.6% of the total net power needed to reach top speed (23.3 MWe). This means that the
lower boundary for the power split is 4.6-95.4 in favour of the heat engine.

To determine the upper boundary for the power split, the operational profile of the vessel is taken into account. A
large portion of the time (56%), the vessel sails at cruising speed, which means that this operating mode has a
large impact on the annual fuel consumption of the vessel. Additionally, this operating mode is used to determine
the range of the vessel. For these reasons, it is beneficial to maximize the system efficiency at this operating
mode. When the power splitincreases, at a certain point the SOFC becomes large enough to be able to generate
all the necessary power for cruising speed. At this point, the system efficiency becomes equal to the efficiency
of the SOFC, as no additional power needs to be generated by the heat engine. The system efficiency becomes
equal to the efficiency of the SOFC, which is lower than the system efficiency of the combined cycle. Further
increasing the power split is then no longer beneficial for the system efficiency at cruising speed, and these
power splits are no longer considered. At cruising speed, the system needs a power output 5.6 MWe to operate
the vessel. Just like the silent operation, the SOFC needs to generate this power at 75% load to maximize its
efficiency. At full load, this means that the SOFC can generate a net power of 7.47 MWe. This corresponds to
32.1% of the total net power for top speed, resulting in a power split of 32.1-67.9 favouring the heat engine. In
this thesis, the SOFC power share is therefore varied between 4.6%—-30% in 5% intervals. At net power splits
above 4.6-95.4, the SOFC can deliver more power than necessary for silent operation. This means that the
SOFC either run at loads lower than 75%, or some SOFCs need to be turned off. To ensure maximum efficiency
at silent operation, it is chosen to keep running the SOFCs at 75% load, and to turn off any additional SOFCs at
the higher power splits.

At top speed, both the SOFC and heat engine are running at full load, to ensure that the power plant is not
any larger than it needs to be to deliver the required power. At cruising speed, multiple operating loads are
considered. First, the SOFC is operated at its maximum efficiency (75%), and the remaining power is generated
by a heat engine operating at part load. Next, the fuel cell is operated at full load, resulting in a larger power
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share of the SOFC at cruising speed, which may positively influence the system efficiency despite the fuel cell
having a slightly lower efficiency compared to part-load operation.

For the SOFC-ICE system, the total ICE power is generated by two large engines (8—10 MWe each, depending
on the power split). At cruising speed, this means that the ICE is operated at 20-50% load, depending on the
power split and installed engine power. To maximize the system efficiency, an additional cruising engine may be
considered. This cruising engine can then be operated at 80% load, which is where the ICE is most efficient (see
chapter 3). However, this also increases the system size and weight, for which space is limited in naval surface
combatants. In chapter 3 it can be seen that the part-load efficiency of the ICE is slightly lower at 20-50% load
compared to 80% load. However, this difference is fairly small, which means that the system efficiency is not
significantly influenced by operating the ICE at this lower load. To reduce the system size, it is therefore chosen
to operate the large engine at a low load, instead of including an additional smaller engine for cruising speed.

Forthe SOFC-GT systems, the part load operation of the GT is dictated by the available marine GTs in the current
market. Currently, there are two large marine GT manufacturers; General Electric and Rolls-Royce. Both these
manufacturers offer a small GT (around 4.6 MW) and a larger GT (>25 MW). In the power range between 4.6-25
MW, no marine GTs are currently on the market. In the SOFC-GT cycle, this limits the choice of GT to either
one large engine or multiple small engines. The GT has poor part-load performance, which means that multiple
small GTs are preferred with respect to cruising speed. At this operating mode, one small GT can operate at a
relatively high part-load, and the other GTs can be turned off.

Using these system layouts and power splits, the system efficiency, energy consumption, CO, emissions, ex-
haust temperatures and system volume and weight are determined in the sections below.

5.3. System efficiency

The first performance indicator is the system efficiency. Here, the system efficiency is calculated by dividing the
net power output with the energy input of the fuel (see chapter 3). For the different combined cycles, the system
efficiency for silent operation, cruising speed and top speed is discussed below.

5.3.1. SOFC-ICE diesel

The system efficiency for the different operating modes is shown in Figure 5.2. The efficiency at silent operation is
constant regardless of the power split. This is explained by the assumption that at this operating mode, the SOFC
is always operated at 75% load. When the power split increases, any additional SOFCs are turned off, resulting
in a constant system efficiency for all the power splits. At top speed, the system efficiency steadily increases for
increasing power splits. The SOFC has a higher efficiency compared to the ICE. For an increasing power spilit,
the contribution of the SOFC increases, which improves the efficiency of the combined system. Additionally, a
larger flow of AOG is available for combustion in the ICE at increasing power splits. This means that more power
can be extracted from the AOG, and less diesel needs to be directed to the ICE. This in also increases the
system efficiency for larger power splits.

For cruising speed, two operating conditions are evaluated: the SOFC at 75% load or at 100% load. When the
SOFC runs at 75%, the efficiency increases up until a power split of 25-75. This has the same explanation as the
increase in efficiency for top speed. An increase in SOFC power means more power is generated at the higher
efficiency of the SOFC, and more AOG can be combusted in the ICE resulting in less additional diesel usage.
When the power share is increased to 30-70, the system efficiency decreases again. This is because at this
power split, the ICE produces more power than necessary when only combusting AOG. i.e. no additional diesel
is fed into the ICE, and the total power of the system is larger than the power demand at cruising speed. At this
power split, only part of the AOG is combusted in the ICE, and the rest is combusted in the SOFC combustor,
resulting in a heat loss in the exhaust gas.

When the SOFC is operated at 100% load, AOG is combusted up to a power split of 20-80. At 25-75, the SOFC
is large enough to produce all the necessary power for cruising speed. This means that the efficiency at this
powers split is equal to the efficiency of the standalone SOFC. At this power split, the unreacted fuel in the AOG
is lost as waste heat in the exhaust gas. In the 20-80 power split, it is still used to produce additional power in the
ICE, which raises the system efficiency. Lastly, when the power split is further increased to 30-70, the SOFC is
large enough to produce the necessary power at about 80% load. At this load, the SOFC has a higher efficiency
compared to 100% load, which is visible as an increase in system efficiency in Figure 5.2.

Lastly, it can be seen that, for cruising speed, operating the SOFC at 100% is beneficial for power splits up to
20-80. This is because the efficiency of the SOFC is higher than the efficiency of the ICE. When the SOFC is
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operated at 100% load, more power is generated by the fuel cell compared to operation at 75%. This means
that more power is produced at the efficiency level of the SOFC, which increases the total system efficiency.
For power splits larger than 20-80, it is beneficial to operate the SOFC at 75% instead of 100%. At these high
power splits, running the SOFC at lower loads means that the AOG can still be combusted in the ICE without
surpassing the power demand. This increases the system efficiency compared to operating the SOFC at 100%
load, where no AOG is combusted in the ICE.
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Figure 5.2: Net electrical efficiency for the diesel-fuelled SOFC-ICE combined cycle

5.3.2. SOFC-GT diesel

The system efficiency for the different operating modes is shown in Figure 5.3. Again, the system efficiency for
silent operation is constant for each power split, and the system efficiency increases for increasing power splits
at top speed. This has the same explanation as the diesel-fuelled SOFC-ICE combined cycle. At silent speed,
the SOFC always runs at 75% load and the GT is turned off. At top speed, the larger power split means that
more AOG can be combusted in the GT, and less additional diesel is required to achieve the required power
output of the GT.

At cruising speed, operating the SOFC at 100% load is beneficial for the system efficiency up to a power split of
15-85. When the power split is increased further, operating the SOFC at 75% load becomes beneficial. This has
a few reasons. When the SOFC is operated at 100% load, all the AOG is combusted up to a power split of 15-85.
At 20-80, 10% of the AOG is necessary for the heating of the inlet streams of the SOFC. This means that less
AOG is combusted in the GT, and additional fuel is necessary to reach the required power output. Additionally,
the GT runs at 20% load in this power split. The thermal efficiency of the GT at this load is fairly low (about
20%). This low GT efficiency combined with less AOG directed to the GT result in a drop in system efficiency
compared to the 15-85 power split. When the power splitis increased to 25-75, the SOFC becomes large enough
to produce all the necessary power at full load. This means that the GT does not produce additional power from
the AOG, which results in a system efficiency equal to the standalone SOFC. This efficiency is lower than the
combined cycle efficiency at the 20-80 power split. When increasing the power split to 30-70, the SOFC can
produce the necessary power at about 80%, where its efficiency increases compared to full load.

When operating the SOFC at 75% load, the system efficiency is lower than operating at 100% load. This is
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because more power is generated at the lower GT efficiency, which lowers the system efficiency. At the 20-80
power split, the system efficiency is higher compared to operating the fuel cell at full load. This is explained by
the part-load of the GT. For part-load operation of the SOFC, the GT runs at 50% load. Here, the GT efficiency
is significantly higher compared to the GT running at 20% load (about 32% efficiency compared to about 20%
efficiency). Additionally, no AOG is needed for the heating of the SOFC inlet streams for the SOFC running at
75% load. Lastly, the efficiency of the SOFC itself is higher for part-load operation compared to full load. These
three factors result in a higher system efficiency for operating the SOFC at part-load for the power split of 20-80.
The system efficiency reaches a maximum at the 25-75 power split. Here, 28% of the AOG is needed for the
SOFC heat integration, and the rest is combusted in the GT running at 30% load. Further increasing the power
split reduces the system efficiency again. Here, 35% of the AOG is needed for heat integration, and the GT runs
at 10% load, resulting in a very low thermal efficiency of the GT (about 7%). This lower AOG flow to the GT
combined with a lower thermal efficiency of the GT results in a lower system efficiency for the 30-70 powers split
compared to the 25-75 power split.
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Figure 5.3: Net electrical efficiency for the diesel-fuelled SOFC-GT combined cycle

5.3.3. SOFC-ICE MeOH

The system efficiency for the different operating modes is shown in Figure 5.4. Just like the diesel-fuelled SOFC-
ICE, the system efficiency increases at top speed for increasing power splits, and stays constant at silent speed.
Again, this is explained by the SOFC always running on 75% load at silent speed, and an increase in AOG
combustion in the ICE at top speed.

At cruising speed, the same behaviour as the diesel-fuelled SOFC-ICE combined cycle is observed. Operating
the SOFC at 100% load is beneficial for power splits up to 20-80. For larger power splits, the SOFC becomes
large enough to produce all the necessary power for cruising speed at full load, which reduces the system
efficiency. At 30-70, the SOFC can generate all the necessary power at a load of about 80%, where the SOFC
efficiency is higher compared to full load. This in turn increases the system efficiency compared to the 25-75
power split.

When operating the SOFC at 75% load, the system efficiency increases up to a power split of 25-75. At this
power split, all the AOG is combusted in the ICE. When the power split is increased to 30-70, only 36% of the
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AOG is combusted in the ICE. When more AOG is directed to the ICE, the system produces more power than
necessary for cruising speed. This means that part of the unreacted fuel in the AOG is lost as heat in the exhaust
gas, lowering the system efficiency.
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Figure 5.4: Net electrical efficiency for the MeOH-fuelled SOFC-ICE combined cycle

5.3.4. SOFC-GT MeOH

The system efficiency for the different operating modes is shown in Figure 5.5. At silent and top speed the same
behaviour as the diesel-fuelled SOFC-GT is observed. This is again explained by the SOFC operating at 75%
for each power split at silent speed, and the increase in AOG combustion in the GT at top speed.

Just like the ICE combined cycles, similar behaviour for the different fuel is observed for the GT combined cycles.
Up to a power split of 15-85, it is beneficial to operate the SOFC at full load. A higher SOFC load means that
more power is generated at the efficiency level of the SOFC, which is higher than the efficiency of the GT. When
increasing the power split to 20-80, part of the AOG is needed to heat the inlet streams of the AOG. Together
with a low part-load efficiency of the GT, this results in a lower system efficiency compared to operating the
SOFC at 75% load. Then, at 25-75, the SOFC becomes large enough to produce all the necessary power, and
no additional power is generated by the GT. This results in a system efficiency equal to the SOFC efficiency,
which is lower than the combined cycle efficiency.
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Figure 5.5: Net electrical efficiency for the MeOH-fuelled SOFC-GT combined cycle

5.3.5. Comparison

For each operating mode, the system efficiency of the combined cycles is compared to the current system in
Figure 5.6. For cruising speed, only the maximum efficiency is plotted for each power split (i.e. for the diesel-
fuelled SOFC-ICE with a power split of 25-75, only the SOFC operation at 75% is plotted, and the operation at
100% is left out). Figure 5.6a shows the system efficiency at silent operation. Here, it can be seen that the diesel-
fuelled combined cycles show the highest system efficiency. This is to be expected when looking at the efficiency
of the SOFC with the different fuels compared to the efficiency of a diesel-fuelled ICE. The diesel-fuelled SOFC
has the highest efficiency at about 54%, and the diesel-fuelled ICE has the lowest efficiency at about 43%.

At top speed (Figure 5.6¢), it can be seen that the SOFC-ICE combined cycles always perform better than the
current system. The SOFC-GT combined cycles only perform better than the current system for power splits
larger than 20-80. The SOFC-ICE combined cycles outperform the current system due to the combustion of
AOG in the ICE. This reduces the amount of additional fuel needed for a given power output of the ICE, which
increases the system efficiency. Additionally, the SOFC produces power at a higher efficiency than the ICE,
which further increases the system efficiency. For increasing power splits, the effect of these two differences
increases the gap between the current system and the SOFC-ICE combined cycle. The SOFC-GT combined
cycle performs worse than the current system at the lower power splits due to the thermal efficiency of the GT.
The GT has a lower thermal efficiency than the ICE. At the lower power splits, the GT power share is large
enough to lower the system efficiency compared to the current system. Only for power splits higher than 20-
80, the SOFC power share becomes large enough to compensate for the lower GT efficiency, and the system
efficiency becomes larger than the current system.

At cruising speed, all the combined cycle outperform the current system, and the diesel-fuelled SOFC-ICE
reaches the highest system efficiency of about 64% at a power split of 25-75. This is a combination of the
higher efficiency of hte SOFC when running on diesel compared to running on MeOH, and the higher efficiency
of the ICE compared to the GT. These two factors result in the diesel-fuelled SOFC-ICE combined cycle having
the highest system efficiency.
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Figure 5.6: Comparison of net system efficiency for silent operation, cruising speed, top speed of each combined cycle

5.4. Energy consumption

The energy consumption is calculated for each combined cycle as discussed in chapter 3. The CT models are
run at the power splits discussed in the previous section, and a fuel consumption (in kg/s) is obtained for each
power split and operating mode. When comparing the systems based on fuel consumption, the diesel models
will always be better. This is due to the higher energy density of diesel compared to MeOH, which results in a
higher fuel mass flow for MeOH for the same power output. For this reason, the fuel consumption is transformed
into an energy consumption with Equation 5.1. The fuel consumption (in kg/s) is multiplied with the LHV of the
fuel (in kJ/kg) to obtain an energy consumption in kJ/s for each operating mode and power split.

Ein = 77.7quel : LHVfuel (51)

Next, the annual energy consumption for each power split is calculated by multiplying the energy consumption of
an operating mode (resulting from Equation 5.1) with the time spent per year at this operating mode. Equation 5.2
shows this calculation for silent operation, and the annual energy consumption for cruising and top speed are
calculated the same. The time spent at the given operating modes is taken from the simplified operational profile
discussed in chapter 3, and is equal to 2,280,000 s/year for silent operation, 6,060,000 s/year for cruising speed
and 2,460,000 s/year for top speed.

year _
in,silent Ein,silent “Tsilent (52)
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5.4.1. SOFC-ICE diesel

First, the fuel consumption for the diesel-fuelled SOFC-ICE model are determined. The fuel consumption is
determined for silent speed, cruising speed (where the fuel cell operates at 75% load or 100% load) and top
speed. The total net power generated by the CT model is equal to the power demand of the vessel at the different
operating modes. The fuel consumption is then converted to an energy consumption using Equation 5.1, and the
results are shown in Figure 5.7. In this figure, a few things can be seen. First of all, the energy consumption for
silent operation is equal irrespective of the power split. This is because at silent speed, all the power is delivered
by the SOFCs. At all power splits, just enough SOFCs are turned on to produce the necessary power at a load
of 75%. The energy consumption is therefore not dependent on the power split, and is constant in Figure 5.7.

Secondly, the energy consumption steadily decreases at top speed for increasing power splits. This is to be
expected since the efficiency of the SOFC is higher than the efficiency of the ICE. When the power share of the
SOFC is increased, more AOG is combusted in the ICE. This means that less diesel needs to be fed into the
ICE, resulting in a higher system efficiency at higher power splits. This higher efficiency in turn means that less
energy needs to be fed into the system for the same power output, resulting in a lower energy consumption.

Lastly, for cruising speed, an optimum in energy consumption can be observed. The location of this optimum
depends on the operating load of the SOFC. If the SOFC is operated at full load, the fuel cell can produce
all the necessary power for cruising speed at a power split of 25-75. At this power split, only the fuel cell is
operated, which has a lower efficiency compared to the combined cycle operation. This results in the jump in
energy consumption at this power split. If the power split is further increased to 30-70, the SOFC can generate
the required power at a lower load (80% load), which increases the efficiency of the SOFC compared to full load
operation. This is visible in the decrease in energy consumption from 25% to 30%. When operating the SOFC at
75% for every power split, a slightly different behaviour is observed. From 4.6%-25%, the energy consumption
decreases linearly. Up until 25% power share, all the AOG can be combusted in the ICE, and less diesel fuel is
necessary when the power share of the SOFC is increased. However, for power splits higher than 25-75, the ICE
can deliver more power than required when running on pure AOG. At the power share of 30%, only 25% of the
AOG is combusted in the ICE. The rest of the unreacted fuel in the AOG is combusted in the combustor of the
SOFC system, and is therefore lost as heat in the exhaust gasses. As not all the AOG is combusted in the ICE,
the system efficiency decreases, resulting in a higher energy consumption at the 30-70 power split compared to
the 25-75 power split, where all of the AOG is directed to the ICE.
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Figure 5.7: Energy consumption of the SOFC-ICE system running on diesel.
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5.4.2. SOFC-GT diesel

The energy consumption for the SOFC-GT model running on diesel is calculated in the same manner as the
diesel-fuelled SOFC-ICE model. The results for the diesel-fuelled SOFC-GT combined cycle are shown in Fig-
ure 5.8. Just like the diesel-fuelled SOFC-ICE combined cycle, the energy consumption for silent operation is
constant for the diesel-fuelled SOFC-GT combined cycle, and the energy consumption decreases at top speed
for an increase in SOFC power share. Again, this is because at silent speed, the SOFC operates at a constant
load (75%), and additional SOFCs are turned of at the higher power splits. At top speed, the higher SOFC power
shares mean that more AOG can be combusted in the GT and less additional diesel is needed for the required
total power. This increases the system efficiency and decreases the energy consumption at higher power splits.

At cruising speed, two options are evaluated: SOFC at 100% load, and the SOFC at 75% load. For the case
where the SOFC is operated at 75%, the energy consumption shows an optimum at the 25-75 power split. At
25% power share, the heat from COG only is not sufficient to heat the incoming streams of the SOFC. At this
power share, 80% of the AOG is combusted in the GT, and the remaining AOG is combusted in the SOFC
combustor to be used as heat source for the incoming fluid streams. At the SOFC power share of 30%, even
less AOG (70%) is combusted in the GT, and 30% of the AOG is needed as a heat source for the SOFC. This
reduction in AOG being directed to the GT means that more additional diesel fuel is needed to reach the total
power demand, which reduces the system efficiency and increases the energy consumption at cruising speed.

When the SOFC is operated at full load (100%), this problem with heat integration occurs at a lower SOFC power
share. At 15%, all the AOG is still directed to the GT, but at 20% power share, already 12% of the AOG is needed
for the heating of the incoming streams of the SOFC. Lastly, at 25% power share, the SOFC is large enough to
provide all the necessary power for cruising speed when it is operated at full load. The efficiency of the SOFC at
full load is lower than the efficiency of the combined cycle operation, which is visible in the figure as an increase
in energy consumption at 25% power share compared to 20% power share. Then, at 30% SOFC power share,
the energy consumption decreases again. This is explained by the operation of the SOFC. At this power share,
the SOFC is large enough to produce all the necessary power at 80% load, which increases the SOFC efficiency
compared to full load operation.
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Figure 5.8: Energy consumption of the SOFC-GT system running on diesel.



5.4. Emnergy consumption 49

5.4.3. SOFC-ICE MeOH

The energy consumption for the SOFC-ICE model running on MeOH is calculated in the same manner as the
diesel-fuelled SOFC-ICE model. The results for the MeOH-fuelled SOFC-ICE combined cycle are shown in
Figure 5.9. The energy consumption of this system shows the same behaviour as the diesel-fuelled SOFC-ICE
combined cycle. The main difference is visible for the SOFC power share between 4.6%-20%. For the diesel-
fuelled system, running the SOFC at 100% gives an advantage in terms of energy consumption compared to
running the SOFC at 75% load. However, for the MeOH-fuelled system, this is no longer the case. Here, the
energy consumption is about equal regardless of the operating load of the SOFC. This is explained by the
efficiency of the standalone MeOH-fuelled SOFC. The efficiency of the SOFC is 50.6% for 75% load, and 46.5%
at 100% load. These efficiencies are only slightly higher than the ICE efficiency, which means that it does not
really matter which component produces the power. A higher SOFC power at a lower SOFC efficiency (SOFC
at 100% load) does not have a significant influence on the system efficiency compared to a lower SOFC power
at a higher efficiency (SOFC at 75%) as the potential gain is diminished by the ICE. For the diesel-fuelled model,
the SOFC efficiencies lie significantly higher than the ICE efficiencies, resulting in the gain in system efficiency
when running the SOFC at a higher load, and therefore producing more power at a higher efficiency. Just like the
diesel-fuelled system, the SOFC running at 100% load is large enough to produce all the necessary power for
cruising speed for a power share of 25% and 30%, resulting in the jump in energy consumption at these power
shares.
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Figure 5.9: Energy consumption of the SOFC-ICE system running on MeOH.

5.4.4. SOFC-GT MeOH

The energy consumption for the SOFC-GT model running on MeOH is calculated in the same manner as the
diesel-fuelled SOFC-GT model. The results for the MeOH-fuelled SOFC-GT combined cycle are shown in Fig-
ure 5.10. The MeOH-fuelled SOFC-GT combined cycle shows similar behaviour as its diesel-fuelled counterpart.
For low power shares (4.6% and 10%), operating the SOFC at 100% load at cruising speed is beneficial for the
energy consumption. However, starting at a power share of 15%, AOG needs to be used to heat the incoming
streams of the SOFC when running at 100% load. At a power share of 15%, already 40% of the AOG is needed
for heating, and the remaining 60% is combusted in the GT. At 20%, only 45% of the AOG is combusted in the
GT, and at 25% power share all of the AOG is needed for heating.
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When operating the SOFC at 75% load, less AOG is needed for the heating of the incoming streams. At a 15%
power share, 80% of the AOG is combusted in the GT. For 20% power share, this drops to 60%, and it further
drops to 38% and 40% for respective power shares of 25% and 30%. This higher AOG leads to a lower energy
consumption for power shares between 15%-25%. However, at 30% power share, operating the SOFC at full
load is again better. This is explained by the fact that the SOFC can produce all the necessary power for this
power split. This means that the system efficiency is equal to the SOFC efficiency. For the SOFC at 75% load,
a small amount of power is generated by the GT at a very low load (10% load, about 7% efficiency). This lowers
the system efficiency compared to operating the SOFC on its own.
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Figure 5.10: Energy consumption of the SOFC-GT system running on MeOH.

5.4.5. Comparison

To compare the different systems, the total energy consumption of each system is plotted in the same figure
(Figure 5.11). Here, for each power split, the lowest energy consumption is chosen. This means, that in the
case of the SOFC-ICE combined cycle (both diesel- and MeOH-fuelled), the line in Figure 5.11 shows the SOFC
running at 100% load at cruising speed for power shares between 4.6%-20%, and the SOFC running at 75% for
a power share between 25%-30%. For the diesel-fuelled SOFC-GT combined cycle, the SOFC runs at 100% for
power shares between 4.6%-15%, and at 75% load for power shares between 20%-30%. For the MeOH-fuelled
SOFC-GT combined cycle, the SOFC runs at 75% for power shares between 15%-25%, and at 100% for a power
share of 4.6%, 10% and 30%.

When comparing the different combined cycles with each other, it can be seen that the diesel-fuelled SOFC-ICE
combined cycle has the lowest energy consumption for almost every power split. Only at a SOFC power share of
4.6% is the MeOH-fuelled SOFC-ICE combined cycle slightly better. This is because at this power split, most of
the power is generated by the ICE. When the ICE runs on MeOH, it has a higher efficiency compared to running
on diesel, which results in a slightly higher system efficiency for a powers split of 4.6-95.4. However, at higher
power splits, the efficiency of the SOFC becomes more important, and this efficiency is significantly higher when
running on diesel compared to MeOH.

The GT combined cycles start at a higher energy consumption compared to the current system. This is explained
by the low efficiency of GTs compared to the ICEs of the current system. Starting from a SOFC power share of
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about 9%, the SOFC-GT combined cycles become more interesting in terms of energy consumption compared
to the current system. For this power split, the SOFC compensates the lower GT efficiency, resulting in a system
efficiency comparable to the current system. At higher power splits, the SOFC improves the system efficiency
even further, which reduces the energy consumption compared to the current system. When choosing a com-
bined cycle based on energy consumption alone, the diesel-fuelled SOFC-ICE combined cycle with a power
split of 25-75 performs the best out of all the combined cycles for power splits higher than 10-90, and the MeOH
counterpart performs the best at power splits lower than 10-90.
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Figure 5.11: Comparison of the annual energy consumption for the different combined cycles

5.5. COy emissions

The CO, emissions of the different systems are used to give an indication of the GHG emissions. The CT models
assume a full conversion of the fuel into CO, and H,O. The exhaust gas is therefore a mixture of nitrogen (N5),
oxygen (O,), argon (Ar), CO, and H,O, which is a mixture of standard air and the reaction products from oxidizing
the fuel. From the models the exact composition of the exhaust gas is obtained, and the molar fraction for each
component is given. The exhaust gas mass flow is also given by the CT models, and these two results are used
to calculate the CO, emissions of the different systems as discussed in chapter 3.

As the CT model assumes a full conversion of the fuel into CO5 and H,O, this means that the annual CO,
emissions are directly related to the fuel consumption of the system. For cruising speed, the CO, emissions are
only calculated where the energy consumption is lowest. e.g. for the diesel-fuelled SOFC-ICE combined cycle
with a power split of 25-75, operating the SOFC at 100% load has a lower energy consumption than operating
the SOFC at 75% load meaning that the CO, emissions are calculated for the SOFC at 100% load.

The resulting annual CO, emissions are shown in Figure 5.12 for the different combined cycles. These figures
are in principle the same figures as the energy consumption of the different combined cycles. This is to be
expected, since the model fully converts the fuel into CO5 and H5O. A higher fuel consumption will lead to higher
CO; emissions.
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Figure 5.12: CO5 emissions of the different combined cycles

5.5.1. Comparison
When comparing the CO- emissions of the different combined cycles with each other, there are some differences

compared to the energy consumption. As can be seen from Figure 5.13, the CO, emissions of the MeOH-
fuelled combined cycles are significantly lower than their diesel-fuelled counterpart. This can be explained by
the chemical reaction for the conversion of the fuel into CO, and H,O (Equation 5.3 for diesel and Equation 5.4
for MeOH. When fully converting 1 kg of diesel (C14.8H26.9), 0.869 kg of CO, is produced, whereas only 0.375 kg
of CO,, is produced when converting 1 kg of MeOH (CH3OH). To make a fair comparison between the two fuels
regarding the energy consumption, the CO, production in kg/kg fuel is converted to kg/kJ fuel (Equation 5.5). For
1 kJ worth of diesel, 0.0203 grams of CO, is emitted, and for 1 kJ of MeOH 0.0178 grams of CO- is emitted. When
using MeOH as fuel, the CO, emissions drop with 12% for the same energy input. This drop in CO, emissions
is visible when comparing the CO, emissions of the different combined cycles in Figure 5.13. Compared to the
current system, only the diesel-fuelled SOFC-GT combined cycle performs worse at power shares below 10%,
similar to the energy consumption. In this case, the MeOH-fuelled SOFC-GT combined cycle outperforms the
current system despite having a higher energy consumption. This is because the MeOH produces less CO,
compared to the diesel of the current system.

4.89C" 4.5 Hag.0 + 138.1405 — 72.37C 05 + 65.77H>0 (5.3)
31.25C HsOH + 46.8805 — 31.25C 05 + 62.50H>0 (5.4)

CO- [kg/kg fuel]

LHVfuel [kJ/kg] (55)

CO, [kg/kd fuel] =



5.6. Exhaust temperature 593

17000
— Current System = SOFC-ICE MeOH
SOFC-ICE diesel SOFC-GT MeCH
SOFC-GT diesel
15000 -

15000

14000 1

Annual energy consumption [klfyear]

13000 4

12000

5 10 15 20 5 0
SOFC Power Share [%]

Figure 5.13: Comparison of annual the CO2 emissions for the different combined cycles

Looking purely at the CO, emissions of the systems, the MeOH-fuelled SOFC-ICE combined cycle performs the
best, with the minimum emissions occurring at a power split of 25-75. When CO, emissions are considered to be
the most important factor in choosing a combined cycle, the 25-75 power split for the MeOH-fuelled SOFC-ICE
system would be the best choice.

5.6. Exhaust temperature

The exhaust temperature is used to give in indication of the IR-signature of the vessel. The exhaust temperature
is given by the CT models, and is taken for the exhaust flow leaving the system. For every combined cycle,
power split and operating mode the exhaust temperature is obtained from the CT models, and the results are
shown in Figure 5.14. Here, it can be seen that for silent operation the exhaust temperature is constant, and
only depends on the used fuel. For diesel-fuelled systems, the exhaust temperature at silent operation is about
153 °C, whereas this is about 208 °C for MeOH-fuelled systems. This is in line with the exhaust temperature
of the SOFC model, and is to be expected since at silent speed only the SOFC is running and the exhaust
temperature leaving the system should be equal to the exhaust temperature of the SOFC. At top speed, the
exhaust temperature decreases with increasing SOFC power shares. This is because the temperature of the
SOFC exhaust gas is lower than the temperature of the ICE/GT exhaust gas. A higher SOFC power share
means that the exhaust flow of the SOFC increases compared to the exhaust flow of the heat engine, which in
turns lowers the temperature of the exhaust gas leaving the vessel.

More interesting results are obtained for cruising speed. Just like the CO, emissions, the exhaust temperature
is only taken for the SOFC load where the energy consumption is lowest for a given power split. Just like for
top speed, it is expected that the exhaust temperature decreases for increasing power splits. While this is also
what happens at cruising speed, this decrease is not linearly like the top speed. This is explained by the amount
of AOG that is combusted in the heat engine. For low power splits, all the AOG is combusted, and the exhaust
temperature linearly decreases with increasing power splits. At the higher power splits, not all of the AOG can be
combusted in the heat engine. This is because the heat engine running on pure AOG produces more power than
necessary for cruising speed. When this is the case, just enough AOG is directed to the heat engine to produce
the necessary power for cruising speed, and the remaining AOG is combusted in the SOFC burner. This leads
to a higher SOFC exhaust gas temperature, and the overall exhaust gas temperature of the system rises again.

For both SOFC-ICE combined cycles, this occurs at a power split of 25-75. At this power split, only part of the
AOG is used to produce additional power, and the rest produces additional heat, which is lost in the exhaust gas
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temperature leaving the system. For the diesel-fuelled SOFC-GT, the usage of AOG for heating already occurs
at a power split of 20-80. This results in an equal exhaust gas temperature compared to the 15-85 power split
where all of the AOG is combusted in the GT. The exhaust gas temperature then further drops for increasing
power shares as the exhaust flow of the SOFC becomes relatively large compared to the GT exhaust flow. Lastly,
for the MeOH-fuelled SOFC-GT combined cycle, the exhaust temperature of the 15-85 power split does not follow
the expected trend of decreasing exhaust temperature. This is explained by the fact that, at this power split, the
switch is made between 75% and 100% SOFC load. This significantly influences the relative exhaust flows of
the SOFC and GT. At the 15-85 power split, the GT exhaust flow is relatively larger than for the 10-90 power
split. The GT exhaust temperature is higher than the SOFC exhaust temperature, resulting in a higher overall
exhaust temperature for the 15-85 power split.
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Figure 5.14: Exhaust temperatures of the different combined cycles for silent operation, cruising speed and top speed.

5.6.1. Comparison

To determine the best system in terms of exhaust temperature, the combined cycles are plotted against each
other and against the current system in Figure 5.15. Here, it can be seen that at silent operation, the diesel-
fuelled systems have the lowest exhaust temperatures. At this operating mode, only the SOFCs are running,
and the exhaust temperature is equal to the exhaust temperature of the standalone SOFC. For the standalone
SOFC, diesel-operation has a lower exhaust temperature than MeOH-operation, and both SOFCs have a lower
exhaust temperature than a diesel-fuelled ICE (which is the current system). This means that in Figure 5.15, it
is expected that the diesel-fuelled combined cycles have the lowest exhaust temperature.
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At top speed, the exhaust temperature drops with an increase in power split. At higher power splits, the SOFC
produces more exhaust gas at a lower temperature than the heat engine. The exhaust temperature in Figure 5.15
is a mixture of the heat engine and SOFC exhaust gasses. When the contribution of the SOFC to the total exhaust
flow increases, the temperature drops. The SOFC-ICE combined cycles show lower exhaust temperatures than
the SOFC-GT combined cycles. This is explained by the temperature of the exhaust gasses leaving the heat
engine. The GT has higher exhaust temperatures than the ICE. At low power splits, the contribution of the heat
engine is a significant portion of the total exhaust gas temperature. Since the GT has a higher temperature than
the ICE, the combined cycles including the GT also have a higher exhaust temperature than the combined cycles
with an ICE. At higher power splits, the exhaust temperatures of the ICE and GT systems lie closer together.

This is because the contribution of the SOFC increases, for which the temperature is equal for both the ICE and
GT systems.

For cruising speed, something interesting happens. At power splits below 15-85, the SOFC-ICE combined cycles
have a lower exhaust temperature than the SOFC-GT combined cycles. This is in line with the results for top
speed. However, at higher power splits, the SOFC-GT combined cycles show the lowest exhaust temperatures.
This is explained by the integration strategy of the SOFC and GT. In this combined cycle, the GT exhaust gas
is used to preheat the incoming streams of the SOFC. This results in exhaust temperatures lower than the ICE
exhaust gas, which is leaving the system without cooling from the SOFC inlet streams.
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Figure 5.15: Exhaust temperature for silent operation, cruising speed, top speed for each combined cycle
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5.7. Size and weight

To evaluate whether the combined cycles could fit onboard of naval surface combatants, the size and weight of
the systems is estimated. This estimation is based on the volume and weight of the different components (heat
engine, SOFC, e-motor, HEX, gearbox, blowers), as well as the total fuel storage onboard. The sections below
discuss the size and weight of each component individually.

5.7.1. Heat engine

To determine the size and weight of the heat engine, commercially available heat engines are considered. Both
the ICE and GT can be mechanically connected to the propeller, or electrically through a generator and electric
motor.

ICE

For the ICE, marine engines from Wartsila and MAN are considered. From these suppliers, an overview of the
available ICEs is given in Table 5.2. In this table, the power output, size and weight of the ICEs is given. For
the hybrid propulsion plants, the MAN 28/33D STC engine is chosen, and depending on the power share the 16
cylinder (16V) or the 20 cylinder (20V) variant is installed. For the electric propulsion layouts, either the Wartsila
34DF or the Wartsila 32 are chosen depending on the power split.

Table 5.2: Overview of the available marine ICEs and gensets from MAN and Wartsila with a power output larger than 5 MW(e) and a
height less than 4.75 m [101, 102]

Engine type Model Power output Length Width Height  Weight
MAN 12V 28/33D STC 6MW 62m 23m 37m 36.1ton
MAN 16V 28/33D STC 8MW 71m 23m 37m 43.6ton
MAN 20V 28/33D STC MOMW  80m 23m 37m 513ton
Wartsila 10V 31DF 6MW 68m 31m 47m 66.1ton
ICE Wartsila 12V 31DF 72MW  77m 35m 47m 77.8ton
Wartsila 14V 31DF 84MW 83m 35m 4.7m 85.7ton
Wartsila 16V 31DF 96MW 90m 35m 4.7m 93.2ton
Wartsila 12V 34DF 6MW 68m 29m 3.7m 61 ton
Wartsila 16V 34DF 8MW 78m 29m 37m 77 ton
Wartsild 12V 34DF 55MWe 10.1m 31m 44m 96 ton
Genset W?rts?l? 16V 34DF 74MWe 112m 31m 45m 96 ton
Wartsila 12V 32 6.5MWe 10.7m 31m 41m 100 ton
Wartsila 16V 32 86MWe 115m 34m 44m 127 ton

GT

For marine GTs, the supply is very limited. There are two manufacturers producing marine GTs; Rolls-Royce
and General Electric. Both these manufacturers offer a large (>29MW) and a small (4.6MW) GT which can be
used to directly drive a propeller (through a reduction gearbox) or a generator. Table 5.3 shows the size and
weight of these GTs as a standalone engine (both Rolls-Royce and General Electric) or as a generating set (only
General Electric). As already mentioned in section 5.2, the GT used for the combined cycles is the small GT. In
the case of the hybrid propulsion plant, the GE LM500 is chosen due to the availability of size and weight of this
GT. For the electric power plant the GE LM500 genset is chosen.

Table 5.3: Overview of the available marine GTs and gensets [103, 104]

Engine type Model Power output Length [m] Width [m] Height[m] Weight [ton]
Rolls-Royce MT7 (without 4.6 MW 16 0.9 0.9 0.46
marine base and casing)

GT Rolls-Royce MT30 36 MW 8.7 2.7 3.6 30
GE LM500 4.6 MW 3.7 1.7 1.7 2.8
GE LM2500+ 30.2 MW 7.2 2.7 3.1 23
GE LM500 4.2 MWe 7.1 2.4 2.4 27.3

Genset GE LM2500+ 29 MWe 14.4 3.1 4.0 94.56
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5.7.2. SOFC

SOFCs with available dimensions and weights are given in Table 5.4. From these fuel cells, the Bloom Energy
Server is chosen due to its highest nominal power and integrated fuel processing unit and DC-AC inverter. This
SOFC produces 325 kWe of AC power, and consists of six power modules, one fuel processor and an electric
inverter. The power moduls are the fuel cell stacks producing DC power, and this DC power is converted to AC
power by the inverter. The fuel processor removes any impurities from NG, mixes it with steam and directs the
mixture to the fuel cell stacks. [105]

Table 5.4: Overview of available SOFCs

SOFC Nominal power Length [m] Width [m] Height[m] Weight [ton]
Bloom energy server [105] 325 kWe 8.961 1.238 2.494 14.8
Convion C60 [106] 60 kWe 2.78 2.09 2.33 5.9
Elcogen elcoStack® E3000 [107] 3 kWe 0.230 0.190 0.283 0.033
SolydEra G8 stack [83] 1.8 kWe 0.184 0.299 0.250 0.032

In this thesis, the SOFC is operated on either diesel or MeOH. This means that the fuel processor present in the
Bloom Energy Server needs to be switched for a diesel or MeOH reformer. For these reformers, no actual data
was found in terms of size and weight. It is therefore assumed that the size of the diesel or MeOH reformer is
the same as the size of the fuel processor already present in the Bloom Energy Server. Figure 5.16 shows the
layout of the Bloom Energy Server including six power modules (PM), one fuel processor (FP) and one inverter
(AC). These components are placed on a skid containing the piping to connect them with each other.

Figure 5.16: 325 kW Bloom Energy Server [105]

5.7.3. E-motor

The size and weight of the electric motors is based on the necessary power output for the different power splits.
This power output is determined by taking the net electric power output of the system (only the SOFC for hybrid
propulsion, and both SOFC and genset for electric propulsion). This value is then multiplied with an electric
conversion efficiency of 95% and an electric motor efficiency of 95% (Equation 5.6). This results in the output
power requirement for the electric motor as given in Table 5.5.

Pe—motor = I'net,SOFC * Neonversion * Ne—motor (56)
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Table 5.5: Necessary power output (per propeller shaft) for the electric motor for each power split

Propulsion system layout Power split  P._,.0t0r
Electric propulsion All 10.3 MW

4.6-954  0.332 MW
10-90 1.060 MW
15-85 1.790 MW
20-80 1.973 MW
25-75 2.996 MW
30-70 3.642 MW

Hybrid propulsion

For the selection of the e-motors, an online configuration tool by Innomotics [108] is used. This configuration tool
takes a required e-motor power as input and gives various options for e-motors from SIEMENS [109] that can
deliver this power, and the size and weight of these e-motors. Using this configuration tool, e-motors producing
the required power from Table 5.5 are selected, and an overview of these e-motors is given in Table 5.6.

Table 5.6: Overview of the selected e-motors from SIEMENS [109]

Rated . : 3 .

Model power [MW] Length [m] Width [m] Height[m] Volume [m°] Weight [ton]
0.36 1.577 0.770 0.695 0.844 1.08

1.12 1.925 1.385 1.583 4.220 3.55

Siemens HV A compact blus 1.80 2.149 1.496 1.757 5.649 4.70
pactp 2.50 2.294 1.656 1.907 7.244 5.90

3.15 2.294 1.656 1.907 7.244 6.65

4.00 2.555 1.913 2.067 10.103 9.75

Siemens HV-M 10.68 5.580 3.850 3.385 67.181 28.00

5.7.4. Heat exchangers

The size and weight of the different heat exchangers are based on specific power (kW/kg) and power density
(kW/m3) values present in literature. Moon et al. [110] plot the power density and specific power values for
different types of HEXs in a single graph. This graph is shown in Figure 5.17, and the average power density
and specific power are calculated to obtain reference values, which are used to determine the volume and weight
of the HEXs present in the combined cycles. Using the specific power and power density from Figure 5.17, an
average power density of 4634.7 kW/m? and an average specific power of 2.56 kW/kg are obtained. It should be
noted that this average is based on a very large range of power densities (0.01-100 W/cm3) and specific powers
(0.1-100 kW/kg). Additionally, in the average three different types of heat exchangers are included, which may
or may not be suitable for usage in fuel cell combined cycles. It is also unclear for which fluid medium these
values are (liquid-liquid, gas-gas, liquid-gas). The sizing of the HEX is therefore a rough estimate, and will need
to be revisited at a later design iteration of the combined cycles.

A better way of determining the size and weight of the HEX is by calculating the required heat transfer area
using Equation 5.7 [111]. Here, the transferred heat (Q) is divided by the overall heat transfer coefficient (U') and
the logarithmic mean temperature difference (A©,,.q.). This heat transfer area can then be used to select a
suitable HEX matching this area. However, manufacturers typically do not specify the heat transfer area and the
corresponding HEX dimensions publicly. This makes it difficult to obtain representative values for the size and
weight of the HEXs necessary for the fuel cell combined cycles.

AHEX = % (5-7)
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Figure 5.17: Specific power (¢) and power density (q"’’) for different types of HEXs [110]

Using the average power density and specific power, together with the transferred heat for each HEX, the volume
and weight of each HEX is estimated (Equation 5.8 and Equation 5.9). The size and weight of the different HEXs
needed for a single 325 kWe Bloom Energy Server are shown in Table 5.7.

Vuex = quEx - QHEX (5.8)
muex = (oHeEx - QHEX (5.9)

Table 5.7: Size and weight of the different HEXs needed for a single 325 kWe Bloom Energy Server

HEX Q [kW] Volume [m3] Weight [ton]
LT air heater 447 0.096 0.170
HT air heater 379 0.082 0.147
LT fuel heater 9 0.002 0.004
HT fuel heater 11 0.003 0.005
Economizer 12 0.003 0.005
Evaporator 68 0.015 0.027
Superheater 12 0.003 0.005

Besides the HEXs mentioned in Table 5.7, the SOFC-ICE combined cycles also have an additional HEX: the
moisture separator. This HEX cools the AOG until the water in this gas condenses, allowing it to be separated
from the AOG. The size of the moisture separator depends on the power split and transmitted heat, and is also
calculated using the previously calculated average specific power and power density.

5.7.5. Gearbox

For the gearbox, the only identified supplier that states the dimensions and weight of their gearboxes publicly is
Wartsila. Wartsila offers single input/single output (reduction gearbox), double input/single output and custom
gearboxes Warsila [112]. In the case of the electric propulsion layout, the e-motor is connected to the propeller
through a reduction gearbox, and size of this gearbox depends on the transmitted power. For the hybrid solution,
a reduction gearbox is not sufficient. In the case of the SOFC-ICE combined cycles, a propeller is driven by a
single ICE and an e-motor. This means that a double input/single output gearbox is needed for each propeller
shaft. For the SOFC-GT combined cycles, the gearbox becomes more complex. The power output of a single
GT (4.6 MW) is too low too power the propeller in combination with the e-motor. To reach the required propulsion
power for top speed, multiple GTs need to be connected to a single propeller shaft. This calls for a custom
gearbox consisting of three or four inputs (depending on the e-motor size) and a single output for each propeller
shaft. With this many inputs, the gearbox becomes very large and heavy. Another option is to install multiple
double input/single output gearboxes to connect multiple power sources to the propeller. Table 5.8 shows an
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overview of the size and weight of different gearboxes. According to ir. S. Knegt (personal communication), the
triple input/single output gearbox would weigh about 80 tons. Using the same ratio between weight and volume
as the double input/single output gearbox, the volume of this gearbox would then be about 82 m?3.

Table 5.8: Size and weight of the different gearboxes [112, 113]

Gearbox type Model Length [m] Width [m] Height[m] Volume [m3] Weight [ton]
Reduction gearbox SCH105 2.450 2.995 2.429 17.823 30
Double input/single output TCH270 2.440 3.900 3.020 28.738 28
Triple input/single output Estimate - - - 82 80

5.7.6. Blowers

The size of the blowers mainly depends on the volume flow through the blower, as well as the pressure increase
over the blower. Just like the size of the HEXSs, the size of the blower is taken for a single 325 kWe Bloom Energy
Server. For this server, the flow through the blower is about 2900 m?3/hr of air for diesel operation, and about
3900 m?/hr of air for MeOH operation. The power necessary to drive the blowers is about 15 kW for diesel and
about 8 kW for MeOH. The company HRBlowers offers positive displacement air blowers in various sizes, and
the model that matches these volume flows and powers is the HR43 blower. This blower has a volume flow
range between 1199-7530 m3/hr at a power between 3-73 kW [114]. The size and weight of this blower is shown
in Table 5.9.

Table 5.9: Size and weight of the blower needed for a single 325 kWe Bloom Energy Server [114]

Model Length [m] Width [m] Height[m] Volume [m3] Weight [ton]
HR43 1.252 0.510 0.665 0.425 0.68

5.7.7. Fuel storage

Lastly, the weight and volume for fuel storage is determined. For the fuel weight, a vessel range of 5700 NM is
used. For the reference vessel, this range equals a fuel storage weight of 350 tons. For the combined cycles,
the fuel consumption at cruising speed differs from the fuel consumption of the current system. This means that
for an equal range, a different amount of fuel is needed. The fuel storage weight for each combined cycle is
calculated using Equation 5.10. The ship speed for this equation is equal to the cruising speed (18 kts), and
the fuel consumption is taken from the CT models for cruising speed Next, the volume of the fuel storage is
calculated by dividing the fuel weight with the density of the fuel, which is 0.845 ton/m? for diesel and 0.792
ton/m3 for MeOH (Equation 5.11).

et - 3600 - R

et =~ "h’, 000 (5.10)
ship

Viuel = —7;; “‘fll (5.11)

Using these equations, the fuel weight and volume for the diesel-fuelled SOFC-ICE combined cycle is given in
Table 5.10. The fuel storage volume and weight for the other combined cycles are shown in Appendix E.

Table 5.10: Fuel storage volume and weight for the diesel-fuelled SOFC-ICE combined cycle at different power splits

Power split  Volume [m3]  Weight [ton]

4.6-95.4 388.54 328.32
10-90 349.42 295.26
15-85 312.99 264.48
20-80 279.27 235.98
25-75 267.12 225.72
30-70 300.85 254.22
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5.7.8. Total weight and volume

For each combined cycle, the weight and volume of the ICE/GT, genset, SOFC, e-motor, HEXs, gearbox, blowers
and fuel are summed to obtain the total weight and volume of the system. Table 5.11 shows a breakdown of the
weight and volume of each component, as well as the amount of these components installed in the system for
the diesel-fuelled SOFC-ICE combined cycle with a power split of 4.6-95.4. The same table is created for each
power split and combined cycle, and these are shown in Appendix E.

Table 5.11: Weight and volume of the components of the diesel-fuelled SOFC-ICE combined cycle with a power split of 4.6-95.4

Component Variant Length [m] Width [m] Height[m] Volume [m®] Weight [ton] :l‘z‘t:ﬁ:;
ICE (hybrid) MAN 20V 28/33D STC (10 MW) 8.047 2.273 3.982 67.347 51.3 2
Genset (electric)  Wartsila 16V 34DF (7.37 MWe) 11.175 3.060 4.515 154.393 121 3
SOFC Bloom Energy Server (325 kWe) 8.961 1.238 2.494 27.668 14.8 4
E-motor (hybrid)  Siemens HV C (1.17 MW) 2.448 1.030 1.254 3.162 4.7 2
E-motor (electric) Siemens HV-M (11.65 MW) 5.155 3.85 3.385 67.18 28 2
Gearbox Wartsila SCH105 2.450 2.995 2.429 17.823 30 2
Low temperature air heater 1.000 0.596 0.596 0.089 0.16 4
High temperature air heater 1.000 0.552 0.552 0.076 0.138 4
Low temperature fuel heater 0.300 0.165 0.165 0.002 0.004 4
HEX High temperature fuel heater 0.300 0.172 0.172 0.002 0.004 4
Economizer 0.300 0.175 0.175 0.002 0.004 4
Evaporator 0.500 0.324 0.324 0.013 0.024 4
Superheater 0.300 0.174 0.174 0.002 0.004 4
Moisture separator 1.000 0.530 0.530 0.141 126.8 2
Blower HR43 1.252 0.510 0.665 0.425 0.68 4
Fuel Diesel - - - 388.54 328.32 -
Total (hybrid) - - - - 675.78 544.49 -
Total (electric) - - - - 1098.52 870.59 -

Figure 5.18 shows the contribution of each component to the total weight and volume of the system. In these
figures, it can be seen that the main contributor to the weight and volume of the current system is the fuel storage,
followed by the ICEs. For the diesel-fuelled combined cycles, the fuel storage has a relatively smaller impact on
the total weight and volume of the system, and a large portion is dictated by the SOFC (for the GT combined
cycles) and the ICE/GT/Genset (for the ICE combined cycles). For the MeOH-fuelled combined cycles, the fuel
storage is still a significant portion of the total weight and volume of the system (about 60%). In the figures, it
can also be seen that for an increase in SOFC power share, the total weight and volume of the SOFC increases
significantly. Lastly, a stepped decrease is visible for the heat engine for an increase in power split. This is
attributed to the fact that the heat engine is available in fixed power outputs, The step in weight and volume
corresponds to the point where a smaller engine (lower power output) can be installed to reach the required total
power.
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Figure 5.18: Comparison of total weight and volume of the different combined cycles. CS = current system, SIDe = SOFC-ICE diesel
electric, SIDh = SOFC-ICE diesel hybrid, SGDe = SOFC-GT diesel electric, SGDh = SOFC-GT diesel hybrid, SIMe = SOFC-ICE MeOH
electric, SIMh = SOFC-ICE MeOH hybrid, SGMe = SOFC-GT MeOH electric, SGMh = SOFC-GT MeOH hybrid.
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5.8. Best performing system

To see how the different combined cycles perform compared to the reference system, the results for energy
consumption, CO, emissions, exhaust temperature, component weight, fuel weight and total system weight are
normalized with respect to the current system. The current system obtains a baseline score of 100% for each
criterion. The combined cycles score relative to this baseline score; e.g. if a system scores 200% for system
weight, the system is twice as heavy as the current system, and a score of 50% means it is half the weight of
the current system. Table 5.12 shows an overview of the scores for each combined cycle and power split. To
easily see which systems score better than the current system, these scores are marked in green. If a system
scores worse than the current system, it is marked in red. From this table, it can easily be seen that all the
combined cycles (with the exception of the 4.6-95.4 SOFC-GT) outperform the current system in terms of energy
consumption, CO, emissions and exhaust temperature. However, the downside of the combined cycles is the
component weight. Depending on the choice of hybrid or electric propulsion, the weight of the components can
be four times heavier compared to the current system. For the diesel-fuelled systems, this increase in component
weight can partly be countered by a reduction in fuel weight, but overall the systems are still heavier than the
current system (with the exception of the 4.6-95.4 SOFC-ICE combined cycle with hybrid propulsion, which has
a slightly lower total weight than the current system).

Interesting to see is that the score for total CO, emissions of the diesel-fuelled systems is not exactly equal to
the score for energy consumption. In the calculation of the total CO, emissions, full conversion of the fuel to CO,
and H, is assumed. This means that the normalized energy consumption and total CO, emissions should be
equal. The slight difference in normalized scores is attributed to rounding errors in the calculation of the energy
consumption. In CT, the fuel consumption is rounded to three decimals. However, for the total CO, fraction in
CT the fuel consumption is not rounded. This discrepancy leads to the slight difference in normalized scores for
the energy consumption and total CO, emissions visible in Table 5.12.

Generally, when increasing the power split, the energy consumption, CO, emissions and exhaust temperature
decrease. However, this increase in power split also leads to an increase in system weight. The CO, emissions
and energy consumption are directly linked, and an increase in energy consumption leads to an increase in CO,
emissions. The exhaust temperature is an important factor in the IR-signature of the vessel, but there are other
ways of decreasing this temperature.

The energy consumption and system weight and volume are taken as the main selection criteria for the combined
cycles. To determine the best system, the energy consumption and total system weight are plotted against each
other in Figure 5.19a, and the energy consumption and total system volume are plotted against each other in
Figure 5.19b. In these figures, the utopian solution is also plotted. This utopian solution consists of the minimum
energy consumption and minimum system weight present in Table 5.12. Unfortunately, it is impossible to reach
the utopian solution. However, the utopian solution can help in determining the best combined cycle for naval
surface combatants, which is the system that lies closest to the utopian solution. From Figure 5.19a, it can be
seen that the SOFC-ICE combined cycle running on diesel fuel with a hybrid propulsion layout lies closest to the
utopian solution. This system is therefore chosen as the best combined cycle for naval surface combatants.

To determine the optimal power split based on energy consumption and system weight, a region of equal distance
to the utopian solution is plotted in Figure 5.20. Wherever this region intersects with the line for the SOFC-ICE
diesel hybrid, is the optimal power split. In Figure 5.20a it can be seen that this region of equal distance intersects
the line for the combined cycle close to a power split of 10-90. Figure 5.20b shows the same figure but further
zoomed in. The intersection lies between a power split of 4.6-95.4 and 10-90, and the exact power split is
obtained by linearly interpolating these two data points. This results in an optimal power split for the SOFC-ICE
diesel hybrid system of 8.4-91.6.

When the optimal power split is determined based on system volume instead of system weight, a slightly different
solution is found. The diesel-fuelled SOFC-ICE combined cycle with a hybrid power plant is still the best solution,
but this time with a power split of 6.1-93.9. This power split is slightly lower than the optimal power split based
on system weight.



Table 5.12: Performance of the different combined cycles with respect to the current system. The green cells indicate that the system performs better than the current system, and the red cells
indicate that the system performs worse than the current system.

Total energy  Total CO2 Exhaust Exhaust Fuel weight Component Component  Total weight Total weight

System Power split . - temperature temperature weight (electric  weight (hybrid (electric (hybrid

consumption emissions . - (equal range) . ; . .

silent cruising propulsion) propulsion) propulsion)  propulsion)
Current - 100,00%  100,00% 100,00% 100,00% 100,00% 100,00% 100,00% 100,00% 100,00%
30-70 82,73% 82,79% 41,83% 47,47% 71,10% 399,03% 291,09% 190,70% 151,61%
25-75 81,82% 81,85% 41,83% 46,75% 65,91% 361,15% 248,10% 172,43% 131,48%
SOFC-ICE 20-80 84,07% 84,21% 41,83% 45,47% 69,16% 352,29% 223,14% 171,08% 124,30%
diesel 15-85 88,01% 88,02% 41,83% 54,58% 76,62% 312,40% 182,05% 161,60% 114,39%
10-90 92,16% 91,70% 41,83% 66,69% 85,06% 312,06% 148,96% 166,87 % 107,79%
4.6-95.4 96,63% 96,61% 41,83% 85,43% 93,83% 272,16% 106,57% 158,42% 98,45%
30-70 84,88% 84,85% 41,59% 34,20% 70,78% 319,53% 302,24% 161,08% 154,82%
25-75 86,13% 86,23% 41,59% 36,65% 68,83% 301,42% 267,34% 153,28% 140,93%
SOFC-GT 20-80 89,52% 89,57% 41,59% 48,10% 72,08% 261,68% 226,85% 140,54% 127,93%
diesel 15-85 92,73% 92,74% 41,59% 48,26% 75,00% 229,89% 195,25% 131,10% 118,55%
10-90 99,17% 99,40% 41,59% 78,33% 86,36% 198,10% 162,31% 126,83% 113,87%
4.6-95.4 105,45%  105,64% 41,59% 123,94% 97,08% 172,04% 120,09% 124,64% 105,83%
30-70 85,39% 77,62% 57,08% 65,18% 170,78% 408,71% 298,77% 257,58% 217,76%
25-75 83,73% 76,09% 57,08% 64,77% 155,88% 376,79% 263,74% 229,24% 188,29%
SOFC-ICE 20-80 85,97% 78,22% 57,08% 62,47% 164,54% 360,04% 230,89% 227,52% 180,75%
MeOH 15-85 80,12% 81,08% 57,08% 67,43% 177,01% 320,22% 189,86% 219,73% 172,51%
10-90 91,89% 83,59% 57,08% 74,60% 190,87% 319,89% 156,78% 228,51% 169,44%
4.6-95.4 95,65% 87,04% 57,08% 86,22% 203,34% 272,12% 106,54% 219,91% 159,94%
30-70 87,36% 79,16% 56,84% 44,65% 170,08% 335,37% 318,08% 228,73% 222,47%
25-75 85,80% 77,70% 56,84% 38,51% 149,65% 309,69% 275,61% 202,45% 190,11%
SOFC-GT 20-80 90,61% 81,98% 56,84% 56,60% 166,97 % 270,69% 235,86% 193,92% 181,30%
MeOH 15-85 94,15% 85,18% 56,84% 56,55% 176,67% 238,54% 203,89% 188,49% 175,94%
10-90 98,68% 89,31% 56,84% 81,96% 192,60% 198,63% 162,84% 185,22% 172,25%
4.6-95.4 104,82% 94,84% 56,84% 120,91% 216,85% 172,31% 120,35% 191,42% 172,60%
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Figure 5.19: Comparison between energy consumption and system weight (a) and comparison between energy consumption and system
volume (b) of the different combined cycles.
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Figure 5.20: Energy consumption and system weight of the different combined cycles. The black star represents the utopian solution, and
corresponds to the minimum weight and energy consumption possible with these systems. The black circle is a region of equal distance to
the ideal solution, and the intersection with this region represents the best solution.

To determine the performance of the 8.4-91.6 and 6.1-93.9 power splits, all values of Table 5.12 are linearly
interpolated between the 10-90 and 4.6-95.4 power splits. This gives the performance parameters for the optimal
power split as given in Table 5.13. In this table, it can be seen that the optimal power split of 8.4-91.6 has about
7% less energy consumption and CO, emissions, about 58% lower exhaust temperature at silent operation,
about 28% lower exhaust temperature at cruising speed, and needs to carry about 13% less fuel for the same
range compared to the current power plant of the reference vessel. However, this does come at the cost of
about 46% more weight for the necessary components. Most of this extra weight can be countered by the lower
fuel storage weight necessary for the same range as the reference vessel. Overall, the system is still about 5%
heavier compared to the current power plant. This means that for the same range, the draught of the vessel
will increase slightly. Assuming a constant waterplane area, the draught increases with 26 mm. This extra
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draught will lead to a slightly higher ship resistance, and therefore to a slightly higher power demand for the
different operating modes. This will either lead to a slightly higher fuel consumption (which reduces the energy
consumption difference with the current system), or a slightly lower ship speed at the operating modes.

For the 6.1-93.9 power split, the annual energy consumption, CO, emissions and exhaust temperature at cruising
speed are slightly higher compared to the 8.4-91.6 power split. However, the weight of this lower power split is
less, meaning that the draught also increases less compared to the current system. In terms of available space
in the vessel, the power split of 6.1-93.9 is preferred due to its lower volume. However, for reducing energy
consumption, emissions and exhaust temperature, the 8.4-91.6 power split is preferred. However, this system
does have a slightly higher volume, which means that it will be more difficult to retrofit the SIGMA with this system.
In chapter 6 it is checked whether this power split is possible in the current design of the SIGMA.

Table 5.13: Performance of the optimal power split of the diesel fuelled SOFC-ICE combined cycle with respect to the current system. The
green cells indicate that the system performs better than the current system, and the red cells indicate that the system performs worse than
the current system.

Component

Exhaust Exhaust . i Total weight
System Power split Total energy Tot_al 902 temperature temperature Fuel weight welgl_1t (hybrid Vessel
consumption emissions . . (equal range) (hybrid . draught [m]
silent cruising . propulsion)
propulsion)
Current - 100,00% 100,00% 100,00% 100,00% 100,00% 100,00% 100,00% 4.000
10-90
s?j'i::s';fE 8.4-91.6
6.1-93.9
4.6-954

5.9. Conclusion

In this chapter, the results for the different combined cycles are discussed. The annual energy consumption, an-
nual CO, emissions, exhaust temperature, system volume and system weight are determined for each combined
cycle for various power splits. Using the annual energy consumption and total system weight, the best combined
cycle and the optimal power split is determined. The SOFC-ICE combined cycle with a hybrid propulsion layout is
determined to be the best system. The optimal power split for this system is obtained by comparing this system to
the utopian solution, which corresponds to the minimal possible energy consumption and system weight present
for all the combined cycles. When comparing with the utopian solution, a power split of 8.4-91.6 lies closest to
this utopian solution. With this power split, the diesel-fuelled SOFC-ICE combined cycle with a hybrid propulsion
layout outperforms the current power plant of the reference vessel on annual energy consumption, annual CO,
emissions, exhaust temperature at silent operation and exhaust temperature at cruising speed. However, this
does come at the cost of a slightly higher total system weight (components and fuel storage combined). This
slightly higher system weight results in a higher total weight of the vessel, which means that the vessel draught
will increase slightly. This draught increase will result in a slightly higher ship resistance, which results in a higher
power demand for a given ship speed. To reach the desired speed for the different operating modes, this may
indicate that the total power production needs to increase, which has a negative impact on the total weight of
the combined cycle. Instead of increasing the power output of the system, it is possible to remove fuel storage
from the vessel and keep the total weight of the vessel equal. This will result in a slightly lower vessel range, but
this way the reduction in annual energy consumption compared to the current system is not affected by the total
weight of the system. The diesel-fuelled SOFC-ICE combined cycle with a power split of 8.4-91.6 and a hybrid
propulsion layout is used to test whether this system can fit within the reference vessel in chapter 6.



Implementation in the general arrangement

In chapter 5 it is concluded that the SOFC-ICE combined cycle running on diesel is the best solution for a naval
surface combatant. Based on the weight of the system and the total energy consumption, the optimal power
split is 8.4-91.6. In this chapter, this system is fitted into the general arrangement plan of the reference vessel.
The size and weight of the different components is taken equal to the dimensions given in chapter 5, with the
exception of the HEXs, blower and burner. These components have a limited height, and can be stacked for
more efficient usage of the available space. The stacking of the HEXs, blower and burner is addressed in
section 6.1. Next, the system needs water for the steam reforming of the diesel. This water management is
briefly discussed in section 6.2. The placement of the different components is addressed in section 6.3, and fuel
storage is addressed in section 6.4. Lastly, section 6.5 gives a conclusion regarding the implementation of the
combined cycle in the general arrangement of the reference vessel.

6.1. HEX, blower, burner

The Bloom Energy Server has a standard power output of 325 kWe. In order to reach the total SOFC power
needed for the combined cycle, multiple Bloom Energy Servers are installed. The HEXs, blowers and burner
present in the CT model for the combined cycle, are split into smaller components that can provide for a single
Bloom Energy Server. A global bounding box is then determined to fit the HEXs, blowers and burner, and this
bounding box is shown in Figure 6.1.

~

HEX+Blower+
Burner

Figure 6.1: Bounding box to fit the HEX, blower and burner for a single Bloom Energy Server. The cathode blower is shown in grey, the air
heaters in green, the water heaters in blue, the fuel heaters in red and the burner in orange. The bounding box is shown in purple.

When stacking the HEXs, blower and burner in the bounding box, some room is still available for the piping
necessary to connect everything. At this stage in the design, it is still unclear whether this available space is
sufficient. For this reason, the maintenance space is taken larger than necessary for the doors to open. This
way, the purple bounding box can still grow to accommodate all of the piping.
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6.2. Water management

For the steam reforming of the diesel fuel, water needs to be directed to the fuel reformer. To supply the reformer
with enough water, the water from the moisture separator can be used. This moisture separator removes water
from the AOG, and the amount of water that is removed from the AOG is larger than the necessary water for the
steam reforming reaction. This means that when the system is operating, no extra water needs to be fed into
the system to keep the system running. Subsequently, no additional water storage tanks need to be integrated
in the design of the vessel. This also means that the water created by the reverse osmosis (RO) unit is not
necessary for the operation of the fuel cells, and the RO unit can be kept the same as the current one installed
on the vessel.

6.3. System layout

The general arrangement plan of the reference vessel is adapted to fit all the components of the hybrid, diesel-
fuelled SOFC-ICE combined cycle. From the original general arrangement plan, the diesel generator sets and
their exhaust systems and the electric motors are removed. Additionally, holes in the deck above the gensets and
e-motors are closed as they are no longer needed. This opens up room for the SOFCs on the 3-deck. Existing
components in the general arrangement are kept mostly in place, however, some components need to be moved
to allow the SOFC modules to be placed.

First, the new electric motor is placed at the location of the original electric motor. The new e-motor is lower
than the original, so no deck cutout is necessary in the deck above the e-motor. Next, the fuel cell modules are
placed. Two of the gensets of the original system were located on the 4-deck. This deck is only 2 m high, which
means that the SOFCs cannot be placed on the location of the original gensets as the SOFCs have a height of
2.5 m. The SOFCs can thereore only be placed on the 3-deck, which has a height of 2.75 m. The Bloom Energy
Server consists of 6 power modules (PM), one fuel processor (FP) and one electric inverter (AC). When placing
the Bloom Energy Server in the general arrangement plan, it is assumed that the layout of the PMs, AC and
FP can be changed compared to the layout presented by Bloom Energy in [105]. It is also assumed that for a
single server, PMs can be removed without a change in FP and AC size. It is also assumed that the AC and FP
can accomodate a maximum of 6 PMs; e.g. for three Energy Servers with 5 PMs instead of 6, the system still
requires three ACs and FPs.

Relevant sections of the general arrangement plan with the SOFC-ICE combined cycle are shown in Figure 6.2
and Figure 6.3. With this layout, a maximum of 41 PMs are installed on the vessel. Each PM produces one sixth
of the total power of the Bloom Energy Server (1 PM produces 54 kWe). This system produces a maximum of
41 - 54 = 2221kWe of power. This power output is the gross power output of the SOFC. With this gross power
output, a maximum net power split of 7.8-92.2 can be obtained inside the reference vessel. This power split is
slightly lower than the optimal power split determined in chapter 5 (8.4-91.6 power split).

Compared to the original general arrangement plant, the fuel oil service tanks (SB and PS) are 33% smaller. The
size of these tanks are reduced to allow an extra Bloom Energy Server to be installed in the vessel. However,
this does reduced service tank size has an implication on the rules regarding the sizing of these tanks. SOLAS
regulations dictate that the service tanks have a capacity to operate the main machinery and important auxiliary
systems for at least 8 hours [115]. By reducing the size of the service tanks compared to the original size, the
new layout may not comply with this regulation. However, the combined cycle sytem consumes less fuel over
these 8 hours of operating time, so it may be possible that the reduced tank size still complies with this regulation.

To obtain the performance parameters for the 7.8-92.2 power split, the results for the 4.6-95.4 and 10-90 power
split are linearly interpolated. Table 6.1 shows the results for the 7.8-92.2 power split compared to the optimum
power split of 8.4-91.6 and the current system. When comparing the 7.8-92.2 power split with the optimal solution,
it can be seen that the energy consumption, CO, emissions and exhaust temperature at cruising speed are
slightly worse. Also slightly more fuel storage is needed to reach the same range. However, the components for
the 7.8-92.2 power split are lighter, resulting in a lower overall system weight. Compared to the current system,
the 7.8-92.2 power split offers about 6% less energy consumption and CO, emissions, about 58% lower exhaust
temperature at silent operations, about 25% lower exhaust temperature at cruising speed and a reduction of
about 12% in fuel storage weight. This comes at the cost of a 4% increase in total system weight, resulting in a
draught increase of 20 mm.
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Figure 6.2: Section of the general arrangement plan for Deck 3
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Table 6.1: Performance of the maximum power split that still fits in the reference vessel compared to the current system. The green cells
indicate that the system performs better than the current system, and the red cells indicate that the system performs worse than the current

system.
Exhaust Exhaust Component Total weight
.. Total energy Total CO, Fuel weight weight i Vessel
System Power split ; - temperature temperature N (hybrid
consumption emissions R . (equal range) (hybrid R draught [m]
silent cruising . propulsion)
propulsion)
Current - 100,00% 100,00% 100,00% 100,00% 100,00% 100,00% 100,00% 4.000

SOFC-ICE diesel 7.8-92.2

6.4. Fuel tanks

The fuel storage is an important aspect in the layout of the vessel. The optimal power split from chapter 5 (8.4-
91.6) needs about 12% less fuel storage weight compared to the current system. This means that for an equal
range, the size of the current fuel tanks can be reduced, resulting in possible extra space to fit additional fuel cells.
However, in the current design, most of the fuel storage is located in the double bottom of the hull. Reducing
these fuel tanks does not lead to an increase in available space for the placement of fuel cells. Besides the double
bottom, fuel storage is also located on Deck 4 (between frame 96 and 108 in Figure 6.3). As stated earlier in
section 6.3, this deck is too low to for the fuel cells. Just like with the fuel storage in the double bottom, reducing
the size of the fuel storage tanks in Deck 4 does not result in usable space for the placement of additional fuel
cells.

Instead of keeping the range of the vessel equal, it is possible to keep the fuel storage equal without affecting
the possible power split in the vessel. For the maximum fitting power split (7.8-92.2), a fuel storage of 351.1
ton results in a vessel range of 6454 NM (754 NM increase compared to the current system). However, this
results in a higher total system weight, which negatively impacts the total weight of the vessel. This higher total
vessel weight results in an increase in draught and vessel resistance. Extra resistance means that either the
fuel consumption increases for a given ship speed, or the maximum vessel speed decreases for a given power
output. For this reason, it is chosen to keep the range of the vessel equal to the current system. This means that
the fuel storage weight is reduced, which can compensate the increase of component weight for the combined
cycle. Overall, this means that the total weight of the vessel increases less, which is beneficial for the annual
energy consumption and GHG emissions. If the fuel storage in Deck 4 is reduced, this space can be converted
to storage of e.g. provisions or ammunition (if allowed by the rules and regulations).

6.5. Conclusion

In this chapter, the feasibility of the optimal power split determined in chapter 5 is checked by trying to fit this
system in the general arrangement plan of the reference vessel. When removing the generator sets and electric
motor from the current system, enough space is freed up to fit SOFCs with a gross power output of 2.2 MWe.
This corresponds to a net power split for the reference vessel of 7.8-92.2, which is lower than the optimal power
split of 8.4-91.6. Despite the optimal power split not fitting in the reference vessel, the power split that does
fit is fairly close to the optimum power split. This means that the benefits of the optimal power split are still
present in the maximum fitting power split. However, these benefits are slightly less than the optimal power
split. The maximum fit still leads to a reduction in energy consumption, CO, emissions and exhaust temperature
compared to the current system, with a minimal increase in total system weight. The increase in weight will most
likely lead to an increase in power demand for the top speed condition, and whether the combined cycle can
still produce enough power to reach the top speed, needs to be checked by determining the power-speed curve
for the increased vessel draugth. Additionally, the service tank capacity of the vessel is reduced to fit as much
SOFCs as possible in the reference vessel. This reduction in service tank capacity may lead to a violation of the
regulation dictating the capacity of these tanks. This tank capacity needs to be checked against this regulation,
and if necessary the tank needs to be relocated in the vessel to comply with the regulation.

Besides the reduction in service tank capacity, some components already present in the reference vessel are
moved to allow the placement of the SOFCs. When moving these components, the only criteria was that they
stay in the same room. Only the sewage treatment plant and chilled water plant are relocated to a different
room. The implication of this relocation is that piping and wiring needs to be redirected, and whether or not this
is possible is not taken into account. Additonally, the moving of components withing the same room also leads
to changes in piping and wiring. Whether the components can actually be placed in the new locations, needs to
be checked in an additional iteration of the vessel design.



Conclusion

In this thesis, four combinations of fuel, heat engine and SOFC are analyzed, and the relative performance
to the current power generation plant of the SIGMA combatants from Damen Naval is determined. The four
combinations are:

+ Diesel-fuelled SOFC-ICE combined cycle
+ Diesel-fuelled SOFC-GT combined cycle
* MeOH-fuelled SOFC-ICE combined cycle
* MeOH-fuelled SOFC-GT combined cycle

The performance of these combined cycles is assessed based on:

» System efficiency

» Annual energy consumption
* Annual CO, emissions

+ Exhaust temperature

» System weight and volume

The best combined cycle for implementation on the SIGMA depends on the performance parameter. First, in
section 7.1, the best system based on system efficiency and energy consumption is selected. Next, the best sys-
tem is selected based on CO, emissions in section 7.2, based on exhaust temperature in section 7.3 and based
on system weight and volume in section 7.4. The overall best performing system is selected in section 7.5. Sub-
sequently, the overall best system is drawn in the reference vessel, and the conclusions from this implementation
step are stated in section 7.6. Lastly, section 7.7 gives a final conclusion for this thesis.

7.1. System efficiency and energy consumption

Compared to the current power plant of the reference vessel, installing a diesel-fuelled SOFC-ICE combined
cycle with a power split of 35-75 can result in a reduction in annual energy consumption of 19.03%. For the
other combined cycles, this reduction in annual energy consumption is slightly lower: 13.93% for the diesel-
fuelled SOFC-GT (30-70 power split), 14.20% for the MeOH-fuelled SOFC-ICE (25-75 power split) and 11.25%
for the MeOH-fuelled SOFC-GT (30-70 power split). To minimize annual energy consumption of the vessel, the
diesel-fuelled SOFC-ICE combined cycle with a power split of 25-75 should be installed.

Overall, the best performing systems in terms of system efficiency and energy consumption are the SOFC-ICE
combined cycles. From these systems, the diesel-fuelled system performs the best due to a higher electrical
efficiency of the SOFC when running on diesel compared ot running on MeOH. The GT combined cycles perform
worse than the ICE combined cycles due to the thermal efficiency of the GT. At full load, the GT has a slightly
lower thermal efficiency than the ICE (38% compared to 42%). However, at part-load operation, the GT efficiency
drops significantly (from 38% to values as low as 15%), whereas the ICE stays around 40% efficiency at part
load. This results in a lower system efficiency for the GT combined cycles, and increases the annual energy
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consumption of these systems compared to the ICE systems. Similar to the SOFC-ICE combined cycles, the
diesel-fuelled SOFC-GT outperforms its MeOH counterpart due to the higher electrical efficiency of the SOFC.

When operating the diesel-fuelled SOFC-ICE combined cycle at a power split of 25-75, the system runs at an
efficiency of 54.07% at silent speed, 62.40% at cruising speed and 46.78% at top speed. Compared to the current
system of the SIGMA, this is an increase of 10.73 percentage points at silent speed, 20.99 percentage points at
cruising speed and 3.98 percentage points at top speed. This means that with this combined cycle, a significant
improvement in terms of system efficiency and reduction in annual energy consumption can be achieved.

7.2. CO9 emissions

Compared to the current system, the combined cycles can reduce the annual CO, emissions of the vessel with
21.82% when installing a MeOH-fuelled SOFC-ICE combined cycle with a power split of 25-75. This reduction
in annual CO, emissions is lower for the other combined cycles: 18.81% for the diesel-fuelled SOFC-ICE (25-
75 power split), 13.35% for the diesel-fuelled SOFC-GT (30-70 power split) and 18.90% for the MeOH-fuelled
SOFC-GT (30-70 power split). To minimize the annual CO, emissions of the vessel, the MeOH-fuelled SOFC-
ICE combined cycle with a power split of 25-75 would be the best option.

The annual CO, emissions are closely related to the fuel consumption of the combined cycle. In the CT models,
a complete conversion of the fuel into CO, and H; is assumed, meaning that a higher fuel consumption results
in higher CO, emissions. In the previous section, it is concluded that the diesel-fuelled SOFC-ICE has the
lowest annual energy consumption. Despite the direct relation between fuel consumption and CO, emissions,
the diesel-fuelled system does not have the lowest CO, emissions. This is explained by the oxidizing reaction of
the fuel: for 1 kd of diesel 0.0203 gram of CO is produced. For 1 kJ of MeOH this is slightly lower at 0.0178 gram
(a reduction of about 12%). This means that despite having a higher energy consumption, the MeOH-fuelled
SOFC-ICE can still emit less CO, annually. At a power split of 25-75, which is the optimum in terms of energy
consumption and CO, emissions of the SOFC-ICE combined cycles, the diesel-fuelled system consumes about
4% less energy, but emits about 4% more CO, annually than the MeOH-fuelled system.

7.3. Exhaust temperature

The exhaust temperature is used as an indication for the IR-signature of the vessel. For each combined cycle, the
exhaust temperature is determined for all three operating modes. At silent operation, the exhaust temperature
is equal to the exhaust temperature of the SOFC. This temperature only depends on the fuel type fed into the
SOFC, and the diesel-fuelled SOFC has a lower exhaust temperature than the MeOH-fuelled SOFC.

In terms of the best system regarding exhaust temperature, the silent operation is the most important operating
mode. At this operating mode, detection is actively being avoided, and the IR-signature of the vessels is one
of the giveaways of your presence in the area. For this reason, the diesel-fuelled combined cycles are the best
system as they have the lowest exhaust temperature at this operating mode. To differentiate between the ICE
and GT combined cycle, the exhaust temperature at cruising speed is considered. For SOFC power shares
up to about 12%, the SOFC-ICE combined cycle has a lower exhaust temperature. At higher power splits, the
SOFC-GT combined cycle is better. This is because the exhaust gas of the GT is used to preheat the SOFC
inlet streams. At higher power splits, more heat is extracted from the GT exhaust gas resulting in a lower system
exhaust temperature. In the SOFC-ICE combined cycles, the exhaust gas of the ICE leaves the system directly,
which results in a higher exhaust temperature at the higher power splits.

At top speed, the exhaust temperature is mainly determined by the ratio of SOFC exhaust gas and heat engine
exhaust gas. The SOFC exhaust gas has a lower temperature than the heat engine exhaust gas, and a higher
SOFC power share results in a larger contribution of the SOFC exhaust gas to the exhaust temperature leaving
the system. The ICE has a lower exhaust temperature than the GT, which means that for an equal SOFC power
share, the SOFC-ICE combined cycles have a lower exhaust temperature than the GT combined cycles. Addi-
tionally, the MeOH-fuelled heat engines have a lower exhaust temperature than the diesel-fuelled counterparts.
At lower power shares, this results in a lower exhaust temperature for the MeOH-fuelled combined cycles. How-
ever, the SOFC exhaust temperature is higher for the MeOH-fuelled systems. When the power split increases,
the contribution of the SOFC exhaust gas compensates the lower exhaust temperature of the MeOH-fuelled
heat engine, and the temperature of the exhaust gas leaving the system becomes higher for the MeOH-fuelled
systems compared to the diesel-fuelled systems. For the SOFC-ICE, this transition occurs at a power split of
about 18-82. For the SOFC-GT combined cycle the switch between diesel and MeOH being better occurs at
about 28% SOFC power share.
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7.4. System weight and volume

The total weight and volume of the different combined cycles is determined based on the weight and volume of the
necessary components. These components are the ICE, GT, gensets, SOFC, e-motor, gearbox, HEX, blower
and fuel storage. For the sizing, two options for each combined cycle are assessed; fully electric propulsion and
hybrid propulsion. In fully electric propulsion, the ICE or GT are installed as genset, and together with the SOFC
provide electric power for the propulsion. This electric power is delivered to the propeller with an e-motor and a
reduction gearbox. In the hybrid propulsion, the heat engine is coupled to the gearbox with a shaft. This gearbox
also receives power from an e-motor, which is powered by the SOFC. The total weight and volume of the system
depends mostly on the fuel storage, SOFC and heat engine. For increasing power splits, the size and weight of
the heat engine decreases, but the size and weight of the SOFC increases. The fuel storage depends on the
energy consumption of the system, and generally decreases for increasing power splits.

Between the diesel- and MeOH-fuelled systems, the main difference lies in the fuel storage. For diesel, the
energy density of the fuel is about twice the energy density of MeOH. This means that for an equal energy input,
about twice as much MeOH storage weight is necessary. For the diesel-fuelled SOFC-ICE combined cycle with
a hybrid propulsion plant, the fuel storage is 328 ton (60% of total weight) for a power split of 4.6-95.4, and this
decreases to 254 ton (30% of total weight) for a power split of 30-70. For the MeOH-fuelled counterpart, the fuel
storage is 675 ton (74% of total weight) for the 4.6-95.6 power split, and 612 ton (50% of total weight) for the
30-70 power split.

Compared to the current system, only the diesel-fuelled SOFC-ICE combined cycle with a power split of 4.6-95.4
and a hybrid propulsion layout has a slightly lower total weight (-1.78%) and volume (-1.43%). The weight and
volume of this system increases compared to the current system (+6.52% for weight and +6.44% for volume),
but this increase in component weight and volume is negated due to a lower fuel storage weight (-35.71%) and
volume (-35.71%) for an equal range as the current system. At higher power splits, the increase in component
weight and volume can no longer be compensated by the reduction in fuel storage, and the system has a higher
total weight and volume than the current system.

Out of the different combined cycles, the best system in terms of total weight and volume, is the diesel-fuelled
SOFC-ICE combined cycle with a hybrid propulsion layout. Depending on the power split, this system is between
1.78% lighter (4.6-95.4 power split) and 51.46% heavier (30-70 power split) than the current system. If the weight
is the only concern, the 4.6-95.4 power split is the best option. However, at higher power splits, the combined
cycle performs better in terms of energy consumption and CO, emissions. The best system is therefore a trade-
off between system weight and annual energy consumption.

7.5. Overall

Depending on the selection criteria, different combined cycles perform the best. The diesel-fuelled SOFC-ICE
performs best in terms of annual energy consumption, and system weight and volume. The MeOH-fuelled SOFC-
ICE combined cycle performs best in terms of annual CO, emissions, and the diesel-fuelled SOFC-GT combined
cycle performs best in terms of exhaust temperature. CO, emissions are important to reduce the carbon footprint
of the maritime sector. However, for naval vessels, this criterion is the least important. If a choice needs to
be made between emissions and operational performance of the vessel, the choice will always be operational
performance. The exhaust temperature influences the IR-signature of the vessel. Currently, exhaust gasses of
the heat engine are cooled before they leave the ship. If the combined cycles have a lower exhaust temperature
than the current heat engine, less exhaust cooling is required. At silent operation, the exhaust temperature is
especially important. At this operating mode, the vessel is actively trying to stay undetected, and the IR-signature
is one of the ways enemy ships can detect your vessel. For this operating mode, the exhaust temperature only
depends on the fuel type, as only the SOFC is running. Both fuel types offer a significant reduction in exhaust
temperature at silent operation (-212 °C or - 58.4% for diesel and -157 °C or -42.9% for MeOH).

The total weight and volume of the system affect the draught (and therefore total resistance) of the vessel,
as well as whether the system can fit in the vessel. These criteria are therefore important for the operational
performance of the vessel. A high system volume may mean that the ship needs to increase in size. This in turn
increases the total weight of the vessel. A higher vessel weight, as well as a larger vessel, result in a larger ship
resistance. This in turn increases the power demand of the power plant and increases the fuel consumption of the
vessel. For the combined cycles, the annual energy consumption (and therefore fuel consumption) decreases
for an increasing power split. However, this increase in power split also results in an increase in system weight
and volume. The energy consumption and system weight and volume are therefore used to select the best
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system overall. Annual energy consumption and system weight and volume are plotted against each other, and
a utopian solution is determined. This utopian solution consists of the lowest energy consumption (80.97% of
current system), system weight (98.45% of current system) and volume (98.78% of current system). It is not
possible to reach this utopian solution, but the system that comes closest is deemed the best system.

The best system based on system weight and energy consumption is the hybrid diesel-fuelled SOFC-ICE com-
bined cycle with a power split of 8.4-91.6. Compared to the current system, this power split obtains an annual
energy consumption of 93.45%, annual CO, emissions of 93.12%, exhaust temperature of 41.83% and 72.10%
at silent and cruising speed respectively, and a total system weight of 105.39%. Based on system volume and
energy consumption, the hybrid diesel-fuelled SOFC-ICE also lies closest to the utopian solution. However, the
ideal power split is slightly lower at 6.1-93.9. Compared to the current system, this power split obtains an annual
energy consumption of 93.98%, annual CO, emissions of 95.29%, exhaust temperature of 41.83% and 80.37%
at silent and cruising speed respectively, and a total system weight of 100.13%. Both power splits show a de-
crease in annual energy consumption, CO, emissions and exhaust temperature at the cost of a slightly higher
total system weight. The ideal power split based on weight (8.4-91.6) shows a higher reduction in energy con-
sumption, CO, emissions and exhaust temperature, making it the preferred power split for the naval surface
combatant. However, this system has a higher system weight and volume compared to the current system,
which means that it might not fit in the current vessel design. If this is the case, the maximum power split that
still fits in the vessel may be closer to the optimal power split based on volume (6.1-93.9).

7.6. Implementation
The best system overall (hybrid, diesel-fuelled SOFC-ICE) is drawn in the general arrangement plan of the
reference vessel, to check whether the ideal power split based on weight (8.4-91.6) actually fits in the reference
vessel. For this implementation, the currently present diesel generator sets are removed from the engine room
and replaced with SOFCs. Additionally, some components already present in the vessel are relocated to free
space for additional SOFCs.

In the available space in the reference vessel, a maximum net power split of 7.8-92.2 can be placed in the vessel.
This is slightly lower than the optimal power split based on weight (8.4-91.6) and slightly higher than the optimal
power split based on volume (6.1-93.9). Compared to the current system, a power split of 7.8-91.2 results in an
annual energy consumption of 93.98%, annual CO, emissions of 93.70%, exhaust temperature of 41.83% and
74.32% at silent and cruising speed respectively, and a total system weight of 104.23%. With this increase in
weight, the draught of the vessel increases with 20 mm. The maximum power split that still fits in the reference
vessel shows an improvement in terms of annual energy consumption, CO, emissions and exhaust temperature,
at the cost of a slight increase in system weight and vessel draught.

Compared to the maximum possible reduction in energy consumption and CO, emissions (-18.2%), the com-
bined cycle that still fits in the current system does not reach its full potential. However, it is still possible to
reduce the energy consumption and CO, emissions by about 6% compared to the current system, making it a
viable solution for naval surface combatants. The maximum fitting power split also gives a significant reduction
in exhaust gas temperature (-58% at silent speed and -25% at cruising speed) compared to the current system,
which shows the potential for the reduction in IR-signature of the vessel.

7.7. Final conclusion

SOFC combined cycles are an interesting option to reduce the fuel consumption and GHG emissions of the
marine sector. However, implementing these combined cycles alone is not enough to reach the IMO goals of
net-zero emissions in 2050. Additionally, when fitting a combined cycle in the current design of a reference
vessel (in this thesis the SIGMA), the reduction in fuel consumption and CO, emissions is relatively small (only
about 6%). For naval surface combatants, fuel cell combined cycles do not pose a significant improvement in
terms of annual energy consumption and CO, emissions. The main benefit of implementing the combined cycles
in naval surface combatants lies in the reduction of exhaust gas temperature compared to the current system.
With a system that can currently fit in the design of the SIGMA, a significant reduction in exhaust temperature is
possible (58% for silent operation and 25% for cruising speed), reducing the risk of detection during the mission
of the vessel.



Recommendations

In this thesis, the best combined cycle for naval surface combatants is chosen based on annual energy con-
sumption, annual CO, emissions, exhaust gas temperature, system weight and system volume. This thesis
shows that the diesel-fuelled SOFC-ICE combined cycle shows promising results regarding a reduction of an-
nual energy consumption, CO, emissions and exhaust temperature at the cost of an increased system weight
and volume. This thesis also shows that it is possible to fit the diesel-fuelled SOFC-ICE combined cycle in the
general arrangement plan of a naval surface combatant, albeit with a slightly lower SOFC power share than
the optimal solution. In future research, steps need to be taken to give a more realistic result in terms of GHG
emissions, IR-signature, which will contribute to the actual implementation of combined cycles in future vessels.

Dynamic response of the system: In this thesis, the system is operated at steady state. However, on an
actual ship, the system experiences dynamic load changes. These dynamic load changes are a result of
e.g. manoeuvring, acceleration, deceleration, switching equipment on and off, etc. If the combined cycles
are to be implemented in future ships, the dynamic response of the system should be evaluated.

Operational profile: In this thesis, a simplified operational profile with only three ship speeds is considered.
However, the actual vessel operates at a larger range of ship speeds. Each ship speed has its own power
demand and energy consumption contributing to the total annual energy consumption. In future work, a
complete operational profile should be considered to give a more accurate depiction of the annual energy
consumption of the vessel.

Exhaust gas composition: This thesis assumes that the exhaust gas is a mixture of N5, O,, Ar, CO, and
H,O. In reality different components, such as CO, UHC, NO, and SO,, can be present in the exhaust
gas. To determine the GHG emissions of the combined cycles, a more detailed model is needed for the
exhaust gas composition. In future work, the GHG emissions of the combined cycles should be evaluated
based on a detailed model of the exhaust gas including components such as CO, UHC, NO,, and SO, or
by experimentally measuring the emissions. While the GHG emissions are not particularly important for
naval vessels, they are important for commercial shipping. A detailed analysis of the GHG emissions may
therefore contribute to the usage of combined cycles in commercial shipping, and therefore reducing the
harmful emissions of the maritime sector.

Reformer size: In this thesis, the size of the reformer is assumed to be equal to the fuel processing unit
of the Bloom Energy Server. The actual size of the diesel or MeOH reformer depends on, among others,
fuel flow, reaction rate, number of reforming steps, type of catalyst, etc. These parameters may result in a
different size reformer than assumed in this thesis, and future work should focus on the actual design and
sizing of the reformer for combined cycle power plants. The size of the reformer is an important aspect in
the feasibility of onboard fuel reforming for fuel cells. If the reformer needs to be twice the size of the fuel
cell, it may not be feasible to implement a combined cycle with onboard fuel reforming. However, if the
reformer can be smaller than assumed in this thesis, this may result in the ability to place extra fuel cells,
increasing the power split and reducing the annual energy consumption.

HEX sizing: The size of the HEXs are based on average power density (4634.7 kW/m?) and specific power
(2.56 kW/kg). However, these values are based on a large range consisting of different types of HEX. This
average value is used due to a lack of publicly available information regarding the size and weight of HEXs.
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In a future design iteration, the size of the HEXs, as well as the piping and wiring needed to integrate the
HEXs in the combined cycle should be considered in cooperation with HEX manufacturers.

Design iteration: To check whether the placement of the different components in chapter 6 is feasible in
terms of vessel operation, a more detailed design needs to be made. This detailed design should include
the piping and wiring to the different components to ensure that the placement of all of the components
is sensible. Adittionally, the weight distribution along the vessel should be considered in a future design
iteration. This thesis only states the total weight of the system, and the impact on the draught of the vessel.
However, including heavy fuel cells in the design may influence the weight distribution and center of gravity
of the vessel. This may influence the transverse stability and trim angle of the vessel.

SOFC: The implementation of the combined cycles in naval surface combatants is limited by the weight
and volume of the SOFC. In the reference vessel, the volume of the SOFC Ilimits the power split to only
7.8-91.2, where the system only reduces the annual energy consumption with about 6%. This reduction in
energy consumption can reach about 20% if power splits of 25-75 could be placed in the reference vessel.
Future research should focus on reducing the size and weight of SOFCs, to make it possible for a power
split of 25-75 (and an energy reduction of 20%) to be placed onboard of naval surface combatants.

IR-signature: The IR-signature is only based on exhaust temperature in this thesis. However, the IR-
signature consists of other factors as well. Heat from the components is also radiated to the steel hull
surrounding these components. The effect of this heat radiation is neglected in this thesis, and should be
included in future work evaluating the IR-signature of combined cycles.

Acoustic emissions: In this thesis, the acoustic emissions of the combined cycle are not taken into ac-
count. For silent operation, it is assumed that the SOFC produces less acoustic emissions than a con-
ventional heat engine based on the results of Ezgi et al. [7]. However, the acoustic emissions for cruising
speed and top speed are not taken into account in this thesis. In future work, the acoustic emissions for
these operating modes should be considered to determine the acoustic emissions of the combined cycle
with respect to the current power plant.
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Overview of research on combined cycles

In this appendix, an overview of all the identified research regarding SOFC-GT and SOFC-ICE combined cycles
is given. The table below shows the combined cycle, study, used fuel and reported efficiency.

Table A.1: Overview of research on combined cycles

Combined Research Fuel Reported Efficiency
Cycle
SOFC-GT | Harvey and Richter [32] CH, 77.7% (LHV)
Lobachyov and Richter [116] | Coal 62%
Campanari [117] NG 65%
Massardo and Lubelli [11] | CH, 65-70% (atmospheric)
74-76% (pressurized)
Palsson et al. [118] CH, 65%
Costamagna et al. [119] CH, 61.1% (design point)
>50% (off-design)
Kimijima and Kasagi [120] CH,4 60%
Chan et al. [20] NG 86.4% (LHV)
Inui et al. [121] CH, 70.64 (LHV)
Freeh et al. [30] Diesel -
Calise et al. [122] CH, 70%
Park and Kim [21] CH, 66.5% (ambient)
72.5% (pressurized)
Roberts et al. [123] i 66% (variable speed operation)
53% (fixed speed operation)
Stiller [124] Variable 55-62%
Lim et al. [33] LNG -
Tse et al. [9] liquefied petroleum gas (LPG) | 53%
Gandiglio et al. [25] NG 64.6% (atmospheric)
71.9% (pressurized)
Welaya et al. [125] NG 70%
Zabihian and Fung [126] CH, 59-75%
NG 60%

Martinez et al. [127]
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Table A.1: Overview of research on combined cycles

Combined

Research Fuel Reported Efficiency
Cycle
Diesel 52.2%
Saisirirat [128] NG 58%
Campanari et al. [129] NG 78%
Whiston et al. [130] CH, 52.9% (electrical)
80.2% (thermal)
Ahn et al. [131] Ethane 61.34
Al-Hamed and Dincer [132] NH; 58.7%
van Biert et al. [19] CH, 59.2% (ambient)
61.6% (pressurized)
Hou et al. [31] MeOH 66% (electrical)
90% (thermal)
Oryshchyn et al. [133] Syngas 75.6%
Kruize [134] MeOH 81%
Duong et al. [135] NH; 64.49%
Serbin et al. [136] NG 55%
Ryu et al. [35] N 60.96%
Ho 64.46%
Wang et al. [137] LNG -
Seyam et al. [138] Variable 61%
Zeng et al. [139] CH, 59.62 %
Babaji and Turner [14] CH,4 62% (LHV)
Duong et al. [34] LNG 69.32%
SOFC-ICE Park et al. [29] LNG 71.2% (therm.al)
51.7% (electrical)
Kang and Ahn [140] NG -
van Biert et al. [19] CH, 58%
Choi et al. [141] NG 59%
Lee et al. [142] NG 58%
Oh and Song [143] NG 51.9%
Xu et al. [144] Carbon -
Chuahy and Kokjohn [12] Diesel 73.4% (LHV)
Choi et al. [145] NG 59%
Siddiqui and Dincer [146] NH; 59.9%
Wu et al. [147] NG 58.75%
Kim et al. [148] NG 61.6%
Kim et al. [149] NG 55.7%
Sapra et al. [13] LNG 59.08%
Wu et al. [150] Biofuel 68.0%
Zhu et al. [151] NG 59.0%
Al-Hamed and Dincer [152] NG 80.1%
Koo et al. [153] CH4 -
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Table A.1: Overview of research on combined cycles

Combined Research Fuel Reported Efficiency
Cycle

Ouyang et al. [154] CH,4 63.68% (thermal)

Sapra et al. [10] CH, 43.66%

Zhao et al. [155] NG 64.0%

Cho et al. [77] CH, 66.9%

Diskin and Tartakovsky [156] | MeOH 70%

Li et al. [157] CH, 52.29%

Quach et al. [158] NH; 67.50%

Zhao et al. [159] Bio-syngas 59.4%

Du et al. [160] NH3 60.0%

Elkafas et al. [78] CH, 47.3%

Li et al. [161] Variable 55.1-61.6%

Qu et al. [162] MeOH 55.6% (thermal)

Qu et al. [163] NH; 70.53% (serial)

68.40% (parallel)

Qu et al. [164] NG 51.8%

Wu et al. [165] NG 56.1%

Li et al. [15] MeOH 57.08%

Li et al. [166] MeOH 61.86%




Survey Results

A survey was conducted to obtain the weight factor for the multi-criteria analysis of the different fuels. A total of
6 representatives from different departments, shown in Table B.1, were asked to fill out the survey. The author
also filled out the survey to reach a total 7 possible responses. Only one representative did not find the time to
fill in the survey, resulting in a total of 6 responses. While this is a small sample size, it is expected that together
with the opinions of these people, the weight factor can be determined sufficiently for the purpose of this report.

Table B.1: Representatives of each department

Department Representative
Research, Development and Innovation G.J. Meijn
Research, Development and Innovation S. Knegt
Proposals S. Bedert

Naval and Technology P. Maljaars
Engineering J. van der Vorst
Purchasing A. Berghuis

These representatives were asked to rate the different criteria between 1 (low importance) and 5 (high import-
ance) for the selection of an alternative fuel. The different criteria are ranked for two different scenarios: peace-
time and wartime. In Figure B.1, an overview is given on the number of times a weight factor was chosen for the
specific criteria. For operation during wartime (Figure B.1b), the opinions of the respondents regarding the weight
factor are fairly similar. Safety, energy density and availability of the fuel are the most important criteria. This is
followed by storage and handling conditions and TRL. Emissions are the least important criteria for operation
during wartime.

For peacetime operation, the opinions are spread a little further apart. For most criteria, 4 out of 5 weight
factors were chosen at least once. For the remaining criteria 3 out of 5 weight factors were chosen. Toxicity and
availability are stillimportant criteria for the fuel, but flammability, explosive limits and energy density become less
important during peacetime. For peacetime operation, GHG emissions become more important in the selection
of the fuel.

While both peacetime and wartime are interesting for the design of a surface combatant, one respondent pointed
out that, due to the current geopolitical climate, peacetime scenarios are no longer part of the design of upcoming
vessels, and only wartime scenarios are considered. To obtain a peacetime and wartime weight factor for each
criterion, the survey results are averaged, and shown in Table B.2.
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Peacetime

Flammahbility
Toxicity

Explosiveness

Energy Density

Storage and Handling

Criteria

Availability

TRL

co, emissions

Other emissions

Weight factor

(a) Number of times a weight factor was chosen for peacetime

Wartime

Flammability 0

Toxicity

Explosiveness

Energy Density

Storage and Handling

Criteria

Availability

TRL

co, emissions

Other emissions

Weight factor

(b) Number of times a weight factor was chosen for wartime

Figure B.1: Results of the survey. Each column represents a weight factor, and the numbers shown inside the column show the number of
times this weight factor was chosen for a given criterion.



Table B.2: Average weight factors resulting from the conducted survey

Weight factor

Criteria
Peacetime Wartime
Flammability 2.7 4.2
Safety Toxicity 4.0 4.5
Explosiveness 2.8 4.3
Energy Density 3.8 4.6
Storage and Handling 3.7 3.5
Availability 4.3 5.0
TRL 3.0 3.7
! CO2 emissions 2.7 1.3
Environmental
Other emissions 3.8 1.5




SIGMA class surface combatant

The Ship Integrated Geometrical Modularity Approach (SIGMA) is a range of surface combatants developed by
Damen Naval for the export market, ranging from 61 to 125 meters in length. This class of surface combatant is
delivered to foreign navies such as Indonesia, Morocco and Mexico [167].

SIGMA is a systematic design series of surface combatants with standardized configurations and systems. This
vessel design consists of a modular hull sections, and sections can be added or removed based on the clients
needs. The hull is designed based on the layout of these hull sections. First, the necessary modules and systems
are selected. The layout of these modules is then determined, and a suitable hull size is selected. [168]

The SIGMA vessels are all designed with global signatures in mind. Radar signature is reduced by using hull
flare, tumble home and consistent shaping of the superstructure. IR signature is reduced with insulation and
shielding of high temperature parts. Underwater radiated noise is reduced with resiliently mounting and noise
abatement at the source of the noise. Lastly, electromagnetic signature is also considered in the design of the
vessel. [168]

For this thesis the SIGMA 10514 is used (shown in Figure C.1). This is one of the larger vessels in the SIGMA
range, with a length of 105 meters and a beam of 14 meters. The primary functions of this vessel are AAW,
anti-surface warfare (ASuW) or anti-submarine warfare (ASW), but it is also capable of doing maritime security
& safety, disaster relief and humanitarian aid [169]. Specifications of this vessel are given in Table C.1.

Length: 105.11 m
Beam: 1402 m
Draught: 3.7 m
Displacement: 2365 t
Installed power: approx. 20 MW
Top speed: 28 kn
Range (@14 knots): > 5000 NM
Endurance at sea: > 20 days

Table C.1: Specifications of the SIGMA 10514 [169]
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Figure C.1: SIGMA Multi Mission Frigate 10514 [169]



CT model parameters

For all the Cycle-Tempo models that are used in this thesis, the parameters are shown in this appendix. For
the standalone ICE models, the parameters are shown in section D.1. Next, in section D.2 the parameters for
the standalone GT models are shown. Then in section D.3 the parameters for the standalone SOFC model are
given. Lastly, section D.4 and section D.5 show the parameters for the SOFC-ICE and SOFC-GT combined
cycle models respectively.

D.1. ICE models

In this section, the parameters for the different components in the CT models for the ICE are given. First, the
parameters for diesel operation are given. This is followed by the MeOH operation.

D.1.1. Diesel

In the tables below, the parameters for the ICE model running on diesel are shown for 100% load, 91% load,
85% load, 75% load, 50% load and 25% load.

Table D.1: CT parameters for the diesel-fuelled ICE model at 100% load

Component Parameter CT Value Reference value  Reference
Turbocharger Isentropic efficiency compressor Nis,compr 0.79 - 08 - [12]
Pressure ratio compressor Meompr 4752 - 4752 - [72]
Mechanical efficiency compressor 7, compr 0.956 - -
Isentropic efficiency turbine Nis, turb 0.855 - 0.8 - [12]
Pressure ratio turbine | PR 3.468 - 3.468 - [72]
Mechanical efficiency turbine T, b 0.956 - -
Intercooler Pressure drop Apioss 0.049 Dbar 0.049 Dbar [72]
Temperature drop AT 186 °C 186 °C [72]
Cylinder Isentropic efficiency compressor Tis,compr 1 - - -
Pressure ratio compressor eompr 3741 - - -
Mechanical efficiency compressor 7, compr 0.8568 - 0.85-0.9 - [77, 78]
Air excess ratio combustor A 1.95 - 24 - [72]
Isentropic efficiency turbine Tis turb 1 - - -
Pressure ratio turbine 1Lt 4929 - - -
Mechanical efficiency turbine T, b 0.8568 - 0.85-0.9 - [77, 78]
Generator Generator efficiency Ngen 0.97 - 0.95-0.97 - [68]
Pumps Isentropic efficiency Nis 085 - 0.7-0.85 - [19, 71]
Mechanical efficiency Nm 08 - 0.6-0.9 - [19, 71]
Overall Power output P,y 9997.7 kW 9997 kW [72]
Energy consumption E; 8403.8 kJ/kWh 84119 kJ/kWh [72]
Exhaust temperature Teoh 386.79 °C 387 °C [72]
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Table D.2: CT parameters for the diesel-fuelled ICE model at 91% load
Component Parameter CT Value Reference value Reference
Turbocharger Isentropic efficiency compressor Nis,compr 0.8 - 0.8 - [12]
Pressure ratio compressor eompr 4492 - 4492 - [72]
Mechanical efficiency compressor 7., compr 0.9559 - -
Isentropic efficiency turbine Tis turb 0.905 - 0.8 - [12]
Pressure ratio turbine 1Liurs 3.093 - 3.093 - [72]
Mechanical efficiency turbine N, turb 0.9559 - -
Intercooler Pressure drop Apioss 0.0375 Dbar 0.0375 bar [72]
Temperature drop AT 176 °C 176 °C [72]
Cylinder Isentropic efficiency compressor Nis,compr 1 - - -
Pressure ratio compressor Meompr 3741 - - -
Mechanical efficiency compressor 1, compr 0.855 - 0.85-0.9 - [77, 78]
Air excess ratio combustor A 188 - 24 - [72]
Isentropic efficiency turbine Nis,turb 1 - -
Pressure ratio turbine 1 P 52.3 - - -
Mechanical efficiency turbine N, turb 0.855 - 0.85-0.9 - [77, 78]
Generator Generator efficiency Ngen 097 - 0.95-0.97 - [68]
Pumps Isentropic efficiency Nis 0.85 - 0.7-0.85 - [19, 71]
Mechanical efficiency NMm 08 - 0.6-0.9 - [19, 71]
Overall Power output Pout 9112.7 kW 9114 kW [72]
Energy consumption FE; 8314.7 kJ/kWh 8309.4 kJ/kWh [72]
Exhaust temperature Tewh 371.20 °C 371 °C [72]
Table D.3: CT parameters for the diesel-fuelled ICE model at 85% load
Component Parameter CT Value Reference value  Reference
Turbocharger Isentropic efficiency compressor Nis,compr 0.79 - 0.8 - [12]
Pressure ratio compressor eompr 4313 - 4313 - [72]
Mechanical efficiency compressor 7, compr 0.9686 - -
Isentropic efficiency turbine Mis turb 09 - 08 - [12]
Pressure ratio turbine 1Lure 2.999 - 2.999 - [72]
Mechanical efficiency turbine N, turb 0.9686 - -
Intercooler Pressure drop Apioss 0.014 bar 0.014 bar [72]
Temperature drop AT 173 °C 173 °C [72]
Cylinder Isentropic efficiency compressor Nis,compr 1 - - -
Pressure ratio compressor Meompr 3741 - - -
Mechanical efficiency compressor 7, compr 0.856 - 0.85-0.9 - [77, 78]
Air excess ratio combustor A 193 - 265 - [72]
Isentropic efficiency turbine Nis,turb 1 - - -
Pressure ratio turbine 1 P 521 - - -
Mechanical efficiency turbine T, turb 0.856 - 0.85-0.9 - [77, 78]
Generator Generator efficiency Ngen 097 - 0.95-0.97 - [68]
Pumps Isentropic efficiency Nis 0.85 - 0.7-0.85 - [19, 71]
Mechanical efficiency Nm 0.8 - 0.6-09 - [19, 71]
Overall Power output P 8492.0 kW 8490 kW [72]
Energy consumption FEin 8321.3 kJ/kWh 8330.8 kJ/kWh [72]
Exhaust temperature Texh 365.42 °C 366 °C [72]
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Table D.4: CT parameters for the diesel-fuelled ICE model at 75% load
Component Parameter CT Value Reference value Reference
Turbocharger Isentropic efficiency compressor Nis,compr 0.81 - 0.8 - [12]
Pressure ratio compressor eompr 3.869 - 3.869 - [72]
Mechanical efficiency compressor 1., compr 0.958 - -
Isentropic efficiency turbine Nis, turb 0.925 - 0.8 - [12]
Pressure ratio turbine 1Liurs 2.63 - - [72]
Mechanical efficiency turbine N, turb 0.958 - -
Intercooler Pressure drop Apioss 0.013 bar 0.013 bar [72]
Temperature drop AT 154 °C 154 °C [72]
Cylinder Isentropic efficiency compressor Nis,compr 1 - - -
Pressure ratio compressor Meompr 3741 - - -
Mechanical efficiency compressor 7, compr 0.8545 - 0.85-0.9 - [77, 78]
Air excess ratio combustor A 1.94 - 275 - [72]
Isentropic efficiency turbine MNis, turb 1 - - -
Pressure ratio turbine 1 P 534 - - -
Mechanical efficiency turbine N, turb 0.8545 - 0.85-0.9 - [77, 78]
Generator Generator efficiency Ngen 097 - 0.95-0.97 - [68]
Pumps Isentropic efficiency Nis 0.85 - 0.7-0.85 - [19, 71]
Mechanical efficiency NMm 08 - 0.6-0.9 - [19, 71]
Overall Power output Pout 7498.9 kW 7493 kW [72]
Energy consumption FE; 8293.5 kJ/kWh 8313.7 kJ/kWh [72]
Exhaust temperature Tewh 37224 °C 372 °C [72]
Table D.5: CT parameters for the diesel-fuelled ICE model at 50% load
Component Parameter CT Value Reference value  Reference
Turbocharger Isentropic efficiency compressor Nis,compr 0.78 - 08 - [12]
Pressure ratio compressor Meompr 2907 - 2.907 - [72]
Mechanical efficiency compressor 1, compr 0.9446 - -
Isentropic efficiency turbine Nis, turb 0.97 - 0.8 - [12]
Pressure ratio turbine ILiurs 2172 - 2172 - [72]
Mechanical efficiency turbine N, turb 0.9446 - -
Intercooler Pressure drop Apioss 0 bar 0 bar [72]
Temperature drop AT 120 °C 120 °C [72]
Cylinder Isentropic efficiency compressor Nis,compr 1 - - -
Pressure ratio compressor Meompr 3741 - - -
Mechanical efficiency compressor 7., compr 0.851 - 0.85-09 - [77, 78]
Air excess ratio combustor A 2203 - 23 - [72]
Isentropic efficiency turbine Nis,turb 1 - - -
Pressure ratio turbine Iurs 48.66 - - -
Mechanical efficiency turbine N, turb 0.851 - 0.85-09 - [77, 78]
Generator Generator efficiency Ngen 097 - 0.95-0.97 - [68]
Pumps Isentropic efficiency Nis 085 - 0.7-0.85 - [19, 71]
Mechanical efficiency N 08 - 0.6-09 - [19, 71]
Overall Power output Pt 4993.1 kW 5013 kW [72]
Energy consumption E; 8865.31 kJ/kWh 8821.8 kJ/kWh [72]
Exhaust temperature Teah 355.08 °C 355 °C [72]
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Table D.6: CT parameters for the diesel-fuelled ICE model at 25% load
Component Parameter CT Value Reference value  Reference
Turbocharger Isentropic efficiency compressor Nis,compr 0.7 - 0.8 - [12]
Pressure ratio compressor Meompr 2234 - 2.234 - [72]
Mechanical efficiency compressor 1y, compr 0.947 - -
Isentropic efficiency turbine Nis, turd 0.93 - 0.8 - [12]
Pressure ratio turbine | I PR 1.994 - 1.994 - [72]
Mechanical efficiency turbine N, turb 0.947 - -
Intercooler Pressure drop Apioss 0 bar 0 bar [72]
Temperature drop AT 96 °C 96 °C [72]
Cylinder Isentropic efficiency compressor TNis,compr 1 - - -
Pressure ratio compressor Meompr 3741 - - -
Mechanical efficiency compressor  n,, compr 0.879 - 0.85-09 - [77, 78]
Air excess ratio combustor A 265 - 3.7 - [72]
Isentropic efficiency turbine Nis,turb 1 - - -
Pressure ratio turbine s 40.74 - - -
Mechanical efficiency turbine N, turb 0.879 - 0.85-09 - [77, 78]
Generator Generator efficiency Ngen 097 - 0.95-0.97 - [68]
Pumps Isentropic efficiency Nis 085 - 0.7-0.85 - [19, 71]
Mechanical efficiency N 08 - 0.6-09 - [19, 71]
Overall Power output Pout 2519.5 kW 2520 kw [72]
Energy consumption E; 8735.64 kJ/kWh 8719.3 kJ/kWh [72]
Exhaust temperature Texn 33110 °C 331 °C [72]
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D.1.2. Methanol

In the tables below, the parameters for the ICE model running on MeOH are shown for 100% load, 91% load,
85% load, 75% load, 50% load and 25% load. The difference with the diesel models is the air-excess ratio (),
power output, energy consumption and exhaust temperature.

Table D.7: CT parameters for the MeOH-fuelled ICE model at 100% load

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.79
Pressure ratio compressor Meompr 4752 -
Mechanical efficiency compressor 7, compr ~ 0.956 -
Isentropic efficiency turbine Nis,turb 0.855 -
Pressure ratio turbine Iiurs 3.468 -
Mechanical efficiency turbine N, turb 0.956 -
Intercooler Pressure drop Apioss 0.049 bar
Temperature drop AT 186 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor eompr 3741 -
Mechanical efficiency compressor 7, compr 0.8568 -
Air excess ratio combustor A 1.96 -
Isentropic efficiency turbine Nis,turb 1 -
Pressure ratio turbine | § P 49.29 -
Mechanical efficiency turbine N, turb 0.8568 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency NMm 0.8 -
Overall Power output P 9997.7 kW
Energy consumption Ein 8029.1 kJ/kWh

Exhaust temperature Tern 334.30 °C
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Table D.8: CT parameters for the MeOH-fuelled ICE model at 91% load

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.79 -
Pressure ratio compressor eompr 4752 -
Mechanical efficiency compressor 1, compr 0.956 -
Isentropic efficiency turbine Nis,turb 0.855 -
Pressure ratio turbine | P 3.468 -
Mechanical efficiency turbine T, turb 0.956 -
Intercooler Pressure drop Apioss 0.049 bar
Temperature drop AT 186 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor eompr 3741 -
Mechanical efficiency compressor 7, compr  0.8568 -
Air excess ratio combustor A 2.00 -
Isentropic efficiency turbine Nis,turb 1 -
Pressure ratio turbine | I P 49.29 -
Mechanical efficiency turbine T, turb 0.8568 -
Generator Generator efficiency Ngen 097 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Overall Power output Pz 9114.6 kW
Energy consumption E;, 7947.6 kJ/KWh
Exhaust temperature Tewh 321.13 °C

Table D.9: CT parameters for the MeOH-fuelled ICE model at 85% load

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.79 -
Pressure ratio compressor eompr 4752 -
Mechanical efficiency compressor 7, compr 0.956 -
Isentropic efficiency turbine Nis, turb 0.855 -
Pressure ratio turbine 1w 3.468 -
Mechanical efficiency turbine T, turb 0.956 -
Intercooler Pressure drop Apioss 0.049 bar
Temperature drop AT 186 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor eompr 3741 -
Mechanical efficiency compressor 7, compr 0.8568 -
Air excess ratio combustor A 205 -
Isentropic efficiency turbine Mis,turb 1 -
Pressure ratio turbine 1w 49.29 -
Mechanical efficiency turbine T, turb 0.8568 -
Generator Generator efficiency Ngen 097 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
Overall Power output P, 8503.0 kW
Energy consumption E;, 7949.4 kJ/KWh
Exhaust temperature Tewh 316.94 °C
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Table D.10: CT parameters for the MeOH-fuelled ICE model at 75% load

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.79 -
Pressure ratio compressor eompr 4752 -
Mechanical efficiency compressor 1, compr 0.956 -
Isentropic efficiency turbine Nis,turb 0.855 -
Pressure ratio turbine | P 3.468 -
Mechanical efficiency turbine T, turb 0.956 -
Intercooler Pressure drop Apioss 0.049 bar
Temperature drop AT 186 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor eompr 3741 -
Mechanical efficiency compressor 7, compr  0.8568 -
Air excess ratio combustor A 2.06 -
Isentropic efficiency turbine Nis,turb 1 -
Pressure ratio turbine | I P 49.29 -
Mechanical efficiency turbine T, turb 0.8568 -
Generator Generator efficiency Ngen 097 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Overall Power output Pz 7506.4 kW
Energy consumption E;, 7928.9 kJ/kWh
Exhaust temperature Tewh 32415 °C

Table D.11: CT parameters for the MeOH-fuelled ICE model at 50% load

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.79 -
Pressure ratio compressor eompr 4752 -
Mechanical efficiency compressor 7, compr 0.956 -
Isentropic efficiency turbine Nis, turb 0.855 -
Pressure ratio turbine 1w 3.468 -
Mechanical efficiency turbine T, turb 0.956 -
Intercooler Pressure drop Apioss 0.049 bar
Temperature drop AT 186 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor eompr 3741 -
Mechanical efficiency compressor 7, compr 0.8568 -
Air excess ratio combustor A 243 -
Isentropic efficiency turbine Nis,turb 1 -
Pressure ratio turbine 1w 49.29 -
Mechanical efficiency turbine T, turb 0.8568 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
Overall Power output P 4999.6 kW
Energy consumption E;, 8399.9 kJ/kWh
Exhaust temperature Tewh 31546 °C
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Table D.12: CT parameters for the MeOH-fuelled ICE model at 25% load

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.79 -
Pressure ratio compressor eompr 4752 -
Mechanical efficiency compressor 1, compr 0.956 -
Isentropic efficiency turbine Nis,turb 0.855 -
Pressure ratio turbine | P 3.468 -
Mechanical efficiency turbine T, turb 0.956 -
Intercooler Pressure drop Apioss 0.049 bar
Temperature drop AT 186 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor eompr 3741 -
Mechanical efficiency compressor 7, compr  0.8568 -
Air excess ratio combustor A 2.78 -
Isentropic efficiency turbine Nis,turb 1 -
Pressure ratio turbine | I P 49.29 -
Mechanical efficiency turbine T, turb 0.8568 -
Generator Generator efficiency Ngen 097 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Overall Power output P 2521.3 kW
Energy consumption E;, 8295.7 kJ/kWh
Exhaust temperature Tewh 298.21 °C

D.2. GT models

In this section, the parameters for the different components in the CT models for the GT are given. First, the
parameters for diesel operation are given. This is followed by the MeOH operation.

D.2.1. Diesel
In the tables below, the parameters for the GT model running on diesel for loads between 10% and 100% are
given in 10% increments.

Table D.13: CT parameters for the diesel-fuelled GT model at 100% load

Component Parameter CT Value Reference value Reference
Compressor Isentropic efficiency Nis 0.843 - 0.78 - [19]

Pressure ratio II 2354 - 2354 - [73]

Mechanical efficiency n,, 0.997 - 099 - [73]
Turbine Isentropic efficiency Nis 0.865 - 0.82 - [19]

Pressure ratio IT 480 - -

Mechanical efficiency 7, 0.997 - 099 - [73]
Power turbine Isentropic efficiency Nis 0.86 - -

Pressure ratio II 476 - - -

Mechanical efficiency 7, 0.996 - 099 - [73]
Generator Generator efficiency Ngen 0.975 - 0.975 - [73]
Pumps Isentropic efficiency Nis 0.85 - 0.7-0.85 - [19, 71]

Mechanical efficiency 7, 0.8 - 0.6-0.9 - [19, 71]
Overall Power output P, 31.28 MW 31.21 MW [73]

Energy consumption  FE;,, 9530.6 kJ/kWh 9549.1 kJ/kWh [73]
Exhaust temperature T, 533.8 °C 533.8 °C [73]
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Table D.14: CT parameters for the diesel-fuelled GT model at 90% load

Component Parameter CT Value Reference value Reference
Compressor Isentropic efficiency Nis 085 - 0.78 - [19]

Pressure ratio II 2214 - 2214 - [73]

Mechanical efficiency 7, 0.998 - 099 - [73]
Turbine Isentropic efficiency Nis 0.86 - 0.82 - [19]

Pressure ratio IT 481 - -

Mechanical efficiency 7, 0.998 - 0.99 - [73]
Power turbine Isentropic efficiency Nis 0.86 - -

Pressure ratio II 446 - - -

Mechanical efficiency 7, 0.997 - 099 - [73]
Generator Generator efficiency Ngen 0.975 - 0.975 - [73]
Pumps Isentropic efficiency Nis 0.85 - 0.7-0.85 - [19, 71]

Mechanical efficiency 7, 0.8 - 0.6-0.9 - [19, 71]
Overall Power output Pyt 28.0 MW 281 MW [73]

Energy consumption  FE;,, 9682.8 kJ/kWh 9651.5 kJ/kWh [73]

Exhaust temperature  T,,; 515.8 °C 515.2 °C [73]

Table D.15: CT parameters for the diesel-fuelled GT model at 80% load

Component Parameter CT Value Reference value Reference
Compressor Isentropic efficiency Nis 0.857 - 0.78 - [19]

Pressure ratio II 20.69 - 20.69 - [73]

Mechanical efficiency 7, 0.997 - 0.99 - [73]
Turbine Isentropic efficiency Nis 0.86 - 082 - [19]

Pressure ratio II 472 - -

Mechanical efficiency 7, 0.997 - 099 - [73]
Power turbine Isentropic efficiency Nis 0.855 - -

Pressure ratio II 425 - - -

Mechanical efficiency 7, 0.997 - 099 - [73]
Generator Generator efficiency  7gen 0974 - 0974 - [73]
Pumps Isentropic efficiency Nis 085 - 0.7-0.85 - [19, 71]

Mechanical efficiency 7, 0.8 - 0.6-09 - [19, 71]
Overall Power output P, 249 MW 249 MW [73]

Energy consumption  E;,, 9919.1 kJ/kWh 9917.4 kJ/kWh [73]

Exhaust temperature  T..5 504.1 °C 5039 °C [73]
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Table D.16: CT parameters for the diesel-fuelled GT model at 70% load

Component Parameter CT Value Reference value Reference
Compressor Isentropic efficiency Nis 0.861 - 0.78 - [19]

Pressure ratio II 1917 - 19.17 - [73]

Mechanical efficiency ., 0.996 - 099 - [73]
Turbine Isentropic efficiency Nis 0.855 - 0.82 - [19]

Pressure ratio IT 469 - -

Mechanical efficiency 7, 0.996 - 099 - [73]
Power turbine Isentropic efficiency Tis 0.855 - -

Pressure ratio II 3.96 - - -

Mechanical efficiency 1, 0.996 - 099 - [73]
Generator Generator efficiency Ngen 0.973 - 0.975 - [73]
Pumps Isentropic efficiency Tis 0.85 - 0.7-0.85 - [19, 71]

Mechanical efficiency 1, 0.8 - 0.6-0.9 - [19, 71]
Overall Power output P 21.8 MW 21.8 MW [73]

Energy consumption  E; 10227.8 kJ/kWh 10227.3 kJ/kWh [73]

Exhaust temperature  T..; 4925 °C 4926 °C [73]

Table D.17: CT parameters for the diesel-fuelled GT model at 60% load

Component Parameter CT Value Reference value Reference
Compressor Isentropic efficiency Nis 0.862 - 0.78 - [19]

Pressure ratio II 17.72 - 17.72 - [73]

Mechanical efficiency 7., 0.996 - 099 - [73]
Turbine Isentropic efficiency Nis 0.85 - 082 - [19]

Pressure ratio II 4.67 - -

Mechanical efficiency 1, 0.996 - 099 - [73]
Power turbine Isentropic efficiency MNis 0.845 - -

Pressure ratio II 3.68 - - -

Mechanical efficiency 1, 0.996 - 099 - [73]
Generator Generator efficiency — 14en 097 - 097 - [73]
Pumps Isentropic efficiency Tis 0.85 - 0.7-0.85 - [19, 71]

Mechanical efficiency 7., 0.8 - 0.6-09 - [19, 71]
Overall Power output P 18.8 MW 18.6 MW [73]

Energy consumption  E; 10715.2 kJ/kWh 10650.9 kJ/kWh [73]
Exhaust temperature  T..;, 483.1 °C 4839 °C [73]
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Table D.18: CT parameters for the diesel-fuelled GT model at 50% load

Component Parameter CT Value Reference value Reference
Compressor Isentropic efficiency Nis 0.859 - 0.78 - [19]

Pressure ratio II 16.05 - 2354 - [73]

Mechanical efficiency 7, 0.997 - 099 - [73]
Turbine Isentropic efficiency Nis 0.84 - 0.82 - [19]

Pressure ratio IT 470 - -

Mechanical efficiency 7, 0.997 - 099 - [73]
Power turbine Isentropic efficiency Nis 0.84 - -

Pressure ratio II 431 - - -

Mechanical efficiency 7, 0.997 - 099 - [73]
Generator Generator efficiency Ngen 0.966 - 0.966 - [73]
Pumps Isentropic efficiency Nis 0.85 - 0.7-0.85 - [19, 71]

Mechanical efficiency 7, 08 - 0.6-0.9 - [19, 71]
Overall Power output Pt 15.3 MW 15.5 MW [73]

Energy consumption  E;,, 11368.7 kJ/kWh 11250.0 kJ/kWh [73]

Exhaust temperature  T,,; 471.3 °C 4743 °C [73]
Component Parameter CT Value Reference value Reference
Compressor Isentropic efficiency Nis 0.853 - 0.78 - [19]

Pressure ratio II 1446 - 1446 - [73]

Mechanical efficiency 1, 0.998 - 099 - [73]
Turbine Isentropic efficiency Mis 0.829 - 082 - [19]

Pressure ratio II 475 - -

Mechanical efficiency 1, 0.998 - 099 - [73]
Power turbine Isentropic efficiency Nis 0.829 - -

Pressure ratio II 295 - - -

Mechanical efficiency 7., 0.998 - 099 - [73]
Generator Generator efficiency  14en 096 - 0.975 - [73]
Pumps Isentropic efficiency ;4 0.85 - 0.7-0.85 - [19, 71]

Mechanical efficiency 7., 0.8 - 0.6-09 - [19, 71]
Overall Power output Pt 121 MW 121 MW [73]

Energy consumption  E; 12348.0 kJ/kWh 12121.2 kJ/kWh [73]

Exhaust temperature  T..;, 4609 °C 463.9 °C [73]
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Table D.19: CT parameters for the diesel-fuelled GT model at 30% load

Component Parameter CT Value Reference value Reference
Compressor Isentropic efficiency Nis 0.84 - 0.78 - [19]

Pressure ratio II 12.61 - 12.61 - [73]

Mechanical efficiency ., 0.998 - 099 - [73]
Turbine Isentropic efficiency Nis 0.817 - 0.82 - [19]

Pressure ratio IT 494 - -

Mechanical efficiency 7, 0.998 - 099 - [73]
Power turbine Isentropic efficiency Tis 0.817 - -

Pressure ratio II 258 - - -

Mechanical efficiency 1, 0.998 - 099 - [73]
Generator Generator efficiency Ngen 095 - 095 - [73]
Pumps Isentropic efficiency Tis 0.85 - 0.7-0.85 - [19, 71]

Mechanical efficiency 1, 0.8 - 0.6-0.9 - [19, 71]
Overall Power output P 89 MW 9.1 MW [73]

Energy consumption  E; 13933.7 kJ/kWh 13636.4 kJ/kWh [73]

Exhaust temperature  T..; 4539 °C 4579 °C [73]

Table D.20: CT parameters for the diesel-fuelled GT model at 20% load

Component Parameter CT Value Reference value Reference
Compressor Isentropic efficiency Nis 0.82 - 0.78 - [19]

Pressure ratio II 10.62 - 10.62 - [73]

Mechanical efficiency 7., 0.998 - 099 - [73]
Turbine Isentropic efficiency Nis 0.79 - 082 - [19]

Pressure ratio II 5.04 - -

Mechanical efficiency 1, 0.998 - 099 - [73]
Power turbine Isentropic efficiency Nis 0.79 - -

Pressure ratio II 204 - - -

Mechanical efficiency 1, 0.998 - 099 - [73]
Generator Generator efficiency — 14en 093 - 093 - [73]
Pumps Isentropic efficiency Tis 0.85 - 0.7-0.85 - [19, 71]

Mechanical efficiency 7., 0.8 - 0.6-09 - [19, 71]
Overall Power output P 53 MW 6.0 MW [73]

Energy consumption  E; 18150.8 kJ/kWh 16216.2 kJ/kWh [73]

Exhaust temperature  T..;, 4401 °C 446.5 °C [73]
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Table D.21: CT parameters for the diesel-fuelled GT model at 10% load

Component Parameter CT Value Reference value Reference
Compressor Isentropic efficiency Nis 0.79 - 0.78 - [19]

Pressure ratio II 838 - 23.54 - [73]

Mechanical efficiency ., 0.998 - 099 - [73]
Turbine Isentropic efficiency Nis 0.72 - 0.82 - [19]

Pressure ratio II 6.38 - -

Mechanical efficiency 7, 0.998 - 099 - [73]
Power turbine Isentropic efficiency Tis 0.72 - -

Pressure ratio II 1.27 - - -

Mechanical efficiency 1, 0.998 - 099 - [73]
Generator Generator efficiency Ngen 0.874 - 0.874 - [73]
Pumps Isentropic efficiency Tis 0.85 - 0.7-0.85 - [19, 71]

Mechanical efficiency 1, 0.8 - 0.6-0.9 - [19, 71]
Overall Power output P 1.2 MW 28 MW [73]

Energy consumption  E; 54066.6 kJ/kWh 23076.9 kJ/KWh [73]
Exhaust temperature  T..; 420.2 °C 426.4 °C [73]
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D.2.2. Methanol

In the tables below, the parameters for the GT model running on MeOH for loads between 10% and 100% are
given in 10% increments. Compared to the diesel models, the MeOH models differ in power output, energy

consumption and exhaust temperature.

Table D.22: CT parameters for the MeOH-fuelled GT model at 100% load

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.843 -
Pressure ratio II 23.54 -
Mechanical efficiency 7, 0.997 -
Turbine Isentropic efficiency Nis 0.865 -
Pressure ratio II 480 -
Mechanical efficiency 7, 0.997 -
Power turbine Isentropic efficiency Nis 0.86 -
Pressure ratio II 476 -
Mechanical efficiency 17, 0.996 -
Generator Generator efficiency Ngen 0.975 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency 1, 0.8 -
Overall Power output P 31.3 MW
Energy consumption  E;,, 9398.5 kJ/kWh
Exhaust temperature  T..j 5034 °C

Table D.23: CT parameters for the MeOH-fuelled GT model at 90% load

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.85 -
Pressure ratio II 2214 -
Mechanical efficiency 7, 0.998 -
Turbine Isentropic efficiency Nis 0.86 -
Pressure ratio II 481 -
Mechanical efficiency 17, 0.998 -
Power turbine Isentropic efficiency Nis 0.86 -
Pressure ratio II 446 -
Mechanical efficiency 7., 0.997 -
Generator Generator efficiency Ngen 0.975 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency 7, 0.8 -
Overall Power output P 281 MW
Energy consumption  E;, 9547.2 kJ/kWh
Exhaust temperature  T..;, 4876 °C
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Table D.24: CT parameters for the MeOH-fuelled GT model at 80% load

Component Parameter CT Value
Compressor Isentropic efficiency Mis 0.857 -
Pressure ratio II 20.69 -
Mechanical efficiency ., 0.997 -
Turbine Isentropic efficiency Nis 0.86 -
Pressure ratio I 472 -
Mechanical efficiency 7, 0.997 -
Power turbine Isentropic efficiency Nis 0.855 -
Pressure ratio II 425 -
Mechanical efficiency 7, 0.997 -
Generator Generator efficiency Ngen 0.974 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency 1, 0.8 -
Overall Power output P, 249 MW
Energy consumption  E; 9781.0 kJ/kWh
Exhaust temperature  T..;, 477.3 °C

Table D.25: CT parameters for the MeOH-fuelled GT model at 70% load

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.861 -
Pressure ratio II 19.17 -
Mechanical efficiency 7, 0.996 -
Turbine Isentropic efficiency Nis 0.855 -
Pressure ratio 11 469 -
Mechanical efficiency 7, 0.996 -
Power turbine Isentropic efficiency Nis 0.855 -
Pressure ratio 11 3.96 -
Mechanical efficiency 7, 0.996 -
Generator Generator efficiency Ngen 0.973 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency 7, 0.8 -
Overall Power output P, 21.8 MW
Energy consumption  E; 10085.7 kJ/kWh
Exhaust temperature T, 4671 °C
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Table D.26: CT parameters for the MeOH-fuelled GT model at 60% load

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.862 -
Pressure ratio II 17.72 -
Mechanical efficiency 7, 0.996 -
Turbine Isentropic efficiency Nis 0.85 -
Pressure ratio II 4.67 -
Mechanical efficiency 7, 0.996 -
Power turbine Isentropic efficiency Nis 0.845 -
Pressure ratio II 3.68 -
Mechanical efficiency 7, 0.996 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency 7, 0.8 -
Overall Power output P, 18.6 MW
Energy consumption  E; 10568.2 kJ/kWh
Exhaust temperature  T..; 4592 °C

Table D.27: CT parameters for the MeOH-fuelled GT model at 50% load

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.859 -
Pressure ratio II 16.05 -
Mechanical efficiency 7, 0.997 -
Turbine Isentropic efficiency Nis 0.84 -
Pressure ratio II 470 -
Mechanical efficiency 7, 0.997 -
Power turbine Isentropic efficiency Nis 0.84 -
Pressure ratio II 431 -
Mechanical efficiency ., 0.997 -
Generator Generator efficiency Ngen 0.966 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency ., 0.8 -
Overall Power output P 155 MW
Energy consumption  E;,, 11213.5 kJ/kWh
Exhaust temperature  T..j, 449.0 °C
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Table D.28: CT parameters for the MeOH-fuelled GT model at 40% load

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.853 -
Pressure ratio 11 14.46 -
Mechanical efficiency 7, 0.998 -
Turbine Isentropic efficiency Nis 0.829 -
Pressure ratio II 475 -
Mechanical efficiency 7, 0.998 -
Power turbine Isentropic efficiency Nis 0.829 -
Pressure ratio 1I 295 -
Mechanical efficiency 7, 0.998 -
Generator Generator efficiency Ngen 0.96 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency 7, 0.8 -
Overall Power output P, 12.3 MW
Energy consumption  E; 12179.8 kJ/kWh
Exhaust temperature  T..; 440.2 °C

Table D.29: CT parameters for the MeOH-fuelled GT model at 30% load

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.84 -
Pressure ratio II 12.61 -
Mechanical efficiency 7, 0.998 -
Turbine Isentropic efficiency Nis 0.817 -
Pressure ratio 11 494 -
Mechanical efficiency 7, 0.998 -
Power turbine Isentropic efficiency Nis 0.817 -
Pressure ratio 11 258 -
Mechanical efficiency 7, 0.998 -
Generator Generator efficiency Ngen 0.95 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency 7, 0.8 -
Overall Power output P, 9.1 MW
Energy consumption  F; 13746.2 kJ/kWh
Exhaust temperature T, 4346 °C
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Table D.30: CT parameters for the MeOH-fuelled GT model at 20% load

Component Parameter CT Value
Compressor Isentropic efficiency Nis 082 -
Pressure ratio II 10.62 -
Mechanical efficiency 7, 0.998 -
Turbine Isentropic efficiency Nis 0.79 -
Pressure ratio II 504 -
Mechanical efficiency 7, 0.998 -
Power turbine Isentropic efficiency Nis 0.79 -
Pressure ratio 1I 2.04 -
Mechanical efficiency 7, 0.998 -
Generator Generator efficiency Ngen 0.93 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency 7, 0.8 -
Overall Power output P 6.0 MW
Energy consumption  E; 17912.5 kJ/kWh
Exhaust temperature  T..; 423.3 °C

Table D.31: CT parameters for the MeOH-fuelled GT model at 10% load

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.79 -
Pressure ratio II 8.38 -
Mechanical efficiency 7, 0.998 -
Turbine Isentropic efficiency Nis 0.72 -
Pressure ratio 11 6.38 -
Mechanical efficiency 7, 0.998 -
Power turbine Isentropic efficiency Nis 0.72 -
Pressure ratio 1I 1.27 -
Mechanical efficiency 7, 0.998 -
Generator Generator efficiency  7gen 0.874 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency 7, 0.8 -
Overall Power output P, 2.8 MW
Energy consumption  E; 53364.8 kJ/kWh
Exhaust temperature T, 407.0 °C
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D.3. SOFC models

In this section, the parameters for the different components in the CT models for the SOFC are given. First, the
parameters for diesel operation are given. This is followed by the MeOH operation.

D.3.1. Diesel

In the tables below, the parameters for the SOFC model running on diesel for 100% load, 96% load, 80% load

and 75% load.

Table D.32: CT parameters for the diesel-fuelled SOFC model at 100% load

Component Parameter CT Value Reference value Reference
SOFC Fuel utilization factor Uy 0.8 - 0.8 - [71]
Cell voltage Veenl 085 V 085 V [74]
Stack temperature Tstack 750 °C 750 °C [74]
Inlet temperature Tin 700 °C Tstack — 75 = Tstaer —40 °C [19, 71]
Outlet temperature Tout 790 °C Tstack + 25 - Tspaer +40 °C [19, 71]
Anode pressure drop Apan 0.02 bar 0.02 bar [71]
Cathode pressure drop  Ape, 0.02 bar 0.015 bar [71]
Fuel reformer Reformer temperature  T,cfor, 600 °C 600 °C [84]
Steam to carbon ratio S/IC 2 kmol/kmol 2 kmol/kmol [85]
Steam to fuel ratio S/F 2.61 kg/kg - - -
Pressure drop Ap 0.01 bar 0.01 bar [71]
Heat exchangers Pressure drop Ap 0.01 bar 0.01 bar [71]
Pumps Isentropic efficiency Nis 0.85 - 0.7-0.85 - [19, 71]
Mechanical efficiency Nm 08 - 0.6-09 - [19, 71]
Blowers Isentropic efficiency Nis 0.85 - 0.7-0.85 - [19, 71]
Mechanical efficiency M, 08 - 0.6-09 - [19, 71]
Table D.33: CT parameters for the diesel-fuelled SOFC model at 96% load
Component Parameter CT Value Reference value Reference
SOFC Fuel utilization factor Uy 08 - 08 - [71]
Cell voltage Veell 0.86 V 0.86 V [74]
Stack temperature Tstack 750 °C 750 °C [74]
Inlet temperature Tin 700 °C Tatack — 75 - Tstaer — 40 °C [19, 71]
Outlet temperature Tout 790 °C Tstack + 25 - Tsiaer +40  °C [19, 71]
Anode pressure drop Apan 0.02 bar 0.02 bar [71]
Cathode pressure drop  Ape, 0.02 bar 0.015 bar [71]
Fuel reformer Reformer temperature  T,..forn, 600 °C 600 °C [84]
Steam to carbon ratio S/C 2 kmol/kmol 2 kmol/kmol [85]
Steam to fuel ratio S/F 2.61 kg/kg - - -
Pressure drop Ap 0.01 bar 0.01 bar [71]
Heat exchangers Pressure drop Ap 0.01 bar 0.01 bar [71]
Pumps Isentropic efficiency Nis 0.85 - 0.7-0.85 - [19, 71]
Mechanical efficiency Nm 08 - 0.6-09 - [19, 71]
Blowers Isentropic efficiency Nis 0.85 - 0.7-0.85 - [19, 71]
Mechanical efficiency Nm 08 - 0.6-09 - [19, 71]
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Table D.34: CT parameters for the diesel-fuelled SOFC model at 80% load
Component Parameter CT Value Reference value Reference
SOFC Fuel utilization factor uf 0.8 - 0.8 - [71]
Cell voltage Veell 0.89 V 0.89 V [74]
Stack temperature Totack 750 °C 750 °C [74]
Inlet temperature T; 700 °C Tetack — 75 = Tstacr — 40 °C [19, 71]
Outlet temperature Tout 790 °C Totack + 25 = Tstacr +40 °C [19, 71]
Anode pressure drop Apan 0.02 bar 0.02 bar [71]
Cathode pressure drop  Apeq 0.02 bar 0.015 bar [71]
Fuel reformer Reformer temperature  Trctorm, 600 °C 600 °C [84]
Steam to carbon ratio S/IC 2 kmol/kmol 2 kmol/kmol [85]
Steam to fuel ratio SIF 2.61 kg/kg - - -
Pressure drop Ap 0.01 bar 0.01 bar [71]
Heat exchangers Pressure drop Ap 0.01 bar 0.01 bar [71]
Pumps Isentropic efficiency Nis 0.85 - 0.7-0.85 - [19, 71]
Mechanical efficiency Nm 0.8 - 0.6-09 - [19, 71]
Blowers Isentropic efficiency Nis 0.85 - 0.7-0.85 - [19, 71]
Mechanical efficiency Nm 0.8 - 0.6-09 - [19, 71]
Table D.35: CT parameters for the diesel-fuelled SOFC model at 75% load
Component Parameter CT Value Reference value Reference
SOFC Fuel utilization factor uf 08 - 0.8 - [71]
Cell voltage Veell 089 V 089 V [74]
Stack temperature Totack 750 °C 750 °C [74]
Inlet temperature Tin 700 °C Tstack — 75 = Tstacr — 40 °C [19, 71]
Outlet temperature Tout 790 °C Tstack + 25 = Tstaer +40 °C [19, 71]
Anode pressure drop Apan 0.02 bar 0.02 bar [71]
Cathode pressure drop  Ape, 0.02 bar 0.015 bar [71]
Fuel reformer Reformer temperature  Trctorm, 600 °C 600 °C [84]
Steam to carbon ratio S/IC 2 kmol/kmol 2 kmol/kmol [85]
Steam to fuel ratio SIF 2.61 kg/kg - - -
Pressure drop Ap 0.01 bar 0.01 bar [71]
Heat exchangers Pressure drop Ap 0.01 bar 0.01 bar [71]
Pumps Isentropic efficiency Nis 0.85 - 0.7-0.85 - [19, 71]
Mechanical efficiency Nm 08 - 0.6-09 - [19, 71]
Blowers Isentropic efficiency Nis 0.85 - 0.7-0.85 - [19, 71]
Mechanical efficiency Nm 08 - 0.6-09 - [19, 71]
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D.3.2. Methanol
In the tables below, the parameters for the SOFC model running on MeOH for 100% load, 96% load, 80% load

and 75% load.

Table D.36: CT parameters for the MeOH-fuelled SOFC model at 100% load

Component Parameter CT Value Reference value Reference
SOFC Fuel utilization factor uf 0.8 - 0.8 - [71]
Cell voltage Veell 0.85 V 0.85 V [74]
Stack temperature Totack 750 °C 750 °C [74]
Inlet temperature Tin 700 °C Totack — 75 = Tstaer — 40  °C [19, 71]
Outlet temperature Tout 790 °C Tstack + 25 - Tsgack +40  °C [19, 71]
Anode pressure drop Apan 0.02 bar 0.02 bar [71]
Cathode pressure drop  Ape, 0.02 bar 0.015 bar [71]
Fuel reformer Reformer temperature  T,cfor, 600 °C - - -
Steam to carbon ratio S/IC 1.2 kmol/kmol 1.2 kmol/kmol [98]
Steam to fuel ratio S/F 0.68 kg/kg - - -
Pressure drop Ap 0.01 bar 0.01 bar [71]
Heat exchangers Pressure drop Ap 0.01 bar 0.01 bar [71]
Pumps Isentropic efficiency Nis 0.85 - 0.7-0.85 - [19, 71]
Mechanical efficiency Nm 0.8 - 0.6-09 - [19, 71]
Blowers Isentropic efficiency Nis 0.85 - 0.7-0.85 - [19, 71]
Mechanical efficiency Nm 0.8 - 0.6-0.9 - [19, 71]
Table D.37: CT parameters for the MeOH-fuelled SOFC model at 96% load
Component Parameter CT Value Reference value Reference
SOFC Fuel utilization factor uf 0.8 - 0.8 - [71]
Cell voltage Veell 0.86 V 0.86 V [74]
Stack temperature Totack 750 °C 750 °C [74]
Inlet temperature T; 700 °C Totack — 75 = Tstacr —40 °C [19, 71]
Outlet temperature Tout 790 °C Totack +25 = Ttaer +40 °C [19, 71]
Anode pressure drop Apan 0.02 bar 0.02 bar [71]
Cathode pressure drop  Apeq 0.02 bar 0.015 bar [71]
Fuel reformer Reformer temperature  T,.cfor, 600 °C - - -
Steam to carbon ratio S/IC 1.2 kmol/kmol 1.2 kmol/kmol [98]
Steam to fuel ratio S/F 0.68 kg/kg - - -
Pressure drop Ap 0.01 bar 0.01 bar [71]
Heat exchangers Pressure drop Ap 0.01 bar 0.01 bar [71]
Pumps Isentropic efficiency Nis 0.85 - 0.7-0.85 - [19, 71]
Mechanical efficiency Nm 0.8 - 0.6-09 - [19, 71]
Blowers Isentropic efficiency Nis 0.85 - 0.7-0.85 - [19, 71]
Mechanical efficiency Nm 0.8 - 0.6-09 - [19, 71]
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Table D.38: CT parameters for the MeOH-fuelled SOFC model at 80% load
Component Parameter CT Value Reference value Reference
SOFC Fuel utilization factor uf 0.8 - 0.8 - [71]
Cell voltage Veell 0.89 V 0.89 V [74]
Stack temperature Totack 750 °C 750 °C [74]
Inlet temperature T; 700 °C Tetack — 75 = Tstacr — 40 °C [19, 71]
Outlet temperature Tout 790 °C Totack + 25 = Tstacr +40 °C [19, 71]
Anode pressure drop Apan 0.02 bar 0.02 bar [71]
Cathode pressure drop  Apeq 0.02 bar 0.015 bar [71]
Fuel reformer Reformer temperature  Trctorm, 600 °C - - -
Steam to carbon ratio S/IC 1.2 kmol/kmol 1.22  kmol/kmol [98]
Steam to fuel ratio SIF 0.68 kgkg - - -
Pressure drop Ap 0.01 bar 0.01 bar [71]
Heat exchangers Pressure drop Ap 0.01 bar 0.01 bar [71]
Pumps Isentropic efficiency Nis 0.85 - 0.7-0.85 - [19, 71]
Mechanical efficiency Nm 0.8 - 0.6-09 - [19, 71]
Blowers Isentropic efficiency Nis 0.85 - 0.7-0.85 - [19, 71]
Mechanical efficiency Nm 0.8 - 0.6-09 - [19, 71]
Table D.39: CT parameters for the MeOH-fuelled SOFC model at 75% load
Component Parameter CT Value Reference value Reference
SOFC Fuel utilization factor uf 08 - 0.8 - [71]
Cell voltage Veell 089 V 089 V [74]
Stack temperature Totack 750 °C 750 °C [74]
Inlet temperature Tin 700 °C Tstack — 75 = Tstacr — 40 °C [19, 71]
Outlet temperature Tout 790 °C Tstack + 25 = Tstaer +40 °C [19, 71]
Anode pressure drop Apan 0.02 bar 0.02 bar [71]
Cathode pressure drop  Ape, 0.02 bar 0.015 bar [71]
Fuel reformer Reformer temperature  Trctorm, 600 °C - - -
Steam to carbon ratio S/IC 1.2 kmol/kmol 1.2 kmol/kmol [98]
Steam to fuel ratio SIF 0.68 kg/kg - - -
Pressure drop Ap 0.01 bar 0.01 bar [71]
Heat exchangers Pressure drop Ap 0.01 bar 0.01 bar [71]
Pumps Isentropic efficiency Nis 0.85 - 0.7-0.85 - [19, 71]
Mechanical efficiency Nm 08 - 0.6-09 - [19, 71]
Blowers Isentropic efficiency Nis 0.85 - 0.7-0.85 - [19, 71]
Mechanical efficiency Nm 08 - 0.6-09 - [19, 71]

D.4. SOFC-ICE models

In this section, the parameters for the SOFC-ICE models are given. First, the parameters for silent speed,
cruising speed and top speed for the diesel-fuelled models are given. Next, the same parameters are given for
the MeOH-fuelled models.

D.4.1. Diesel

The parameters for silent operation are given in Table D.40. Next, Table D.41 to Table D.52 show the parameters
for cruising speed. Lastly, Table D.53 to Table D.58 show the parameters for top speed.
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Table D.40: CT parameters for the diesel-fuelled SOFC-ICE model at silent speed
Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.79 -

Pressure ratio compressor Heompr 4752 -
Mechanical efficiency compressor 1, compr 0.956 -
Isentropic efficiency turbine Nis,turb 0.855 -
Pressure ratio turbine | I P 3.468 -
Mechanical efficiency turbine Nm turb 0.956 -
Intercooler Pressure drop Apioss 0.049 bar
Temperature drop AT 186 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.8568 -
Air excess ratio combustor A 1.84 -
Isentropic efficiency turbine Nis,turb 1 -
Pressure ratio turbine 1L 49.29 -
Mechanical efficiency turbine T, turb 0.8568 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veelr 0.89 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 08 -
Overall AOG combustion W#C;IGCE 0 -
Gross ICE power Pout,icE 0 MWe
Gross SOFC power Pout,sorc 0.96 MWe
Net system power output P 0.80 MWe
ICE load 0 %
SOFC load 75 %
Net electrical system efficiency Nsys 54.07 %
Exhaust temperature Toxh 152.61 °C
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Table D.41: CT parameters for the diesel-fuelled SOFC-ICE model at cruising speed for a power split of 4.6-95.4 and an SOFC load of 75%

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.78 -
Pressure ratio compressor Heompr 2.907 -
Mechanical efficiency compressor 1, compr 0.9446 -
Isentropic efficiency turbine Nis,turb 0.97 -
Pressure ratio turbine i 2172 -
Mechanical efficiency turbine N, turb 0.9446 -
Intercooler Pressure drop Apioss 0 bar
Temperature drop AT 120 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.851 -
Air excess ratio combustor A 2.203 -
Isentropic efficiency turbine Nis,turb 1 -
Pressure ratio turbine 1L 4929 -
Mechanical efficiency turbine T, turb 0.851 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veelr 0.89 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 08 -
Overall AOG combustion W#C;IGCE 1 -
Gross ICE power Pout,icE 482 MWe
Gross SOFC power Pout,sorc 0.96 MWe
Net system power output P 5.62 MWe
ICE load 50 %
SOFC load 75 %
Net electrical system efficiency Nsys 43.44 %
Exhaust temperature Teah 289.34 °C
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100%
Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.78 -
Pressure ratio compressor eompr 2.907 -
Mechanical efficiency compressor 7, compr 0.9446 -
Isentropic efficiency turbine Nis,turb 0.97 -
Pressure ratio turbine I 2172 -
Mechanical efficiency turbine N turb 0.9446 -
Intercooler Pressure drop Apioss 0 bar
Temperature drop AT 120 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.851 -
Air excess ratio combustor A 219 -
Isentropic efficiency turbine Nis,turb 1 -
Pressure ratio turbine I 49.29 -
Mechanical efficiency turbine N, turb 0.851 -
Generator Generator efficiency Ngen 097 -
Pumps Isentropic efficiency Nis 0.89 -
Mechanical efficiency NMm 0.8 -
SOFC Fuel utilization factor uf 08 -
Cell voltage Veell 0.89 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apeq 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kgl/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Overall AOG combustion % 1 -
Gross ICE power Pyt 1cE 458 MWe
Gross SOFC power Pout.sorc 1.28 MWe
Net system power output P 5.61 MWe
ICE load 50 %
SOFC load 100 %
Net electrical system efficiency Noys 4396 %
Exhaust temperature Texh 268.93 °C

Table D.42: CT parameters for the diesel-fuelled SOFC-ICE model at cruising speed for a power split of 4.6-95.4 and an SOFC load of



D.4. SOFC-ICE models

120

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.78 -
Pressure ratio compressor Heompr 2.907 -
Mechanical efficiency compressor 1, compr 0.9446 -
Isentropic efficiency turbine Nis,turb 0.97 -
Pressure ratio turbine i 2172 -
Mechanical efficiency turbine N turb 0.9446 -
Intercooler Pressure drop Apioss 0 bar
Temperature drop AT 120 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.851 -
Air excess ratio combustor A 2.203 -
Isentropic efficiency turbine Nis,turb 1 -
Pressure ratio turbine 1L 4929 -
Mechanical efficiency turbine T, turb 0.851 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veelr 0.89 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 08 -
Overall AOG combustion W#C;IGCE 1 -
Gross ICE power Pout,icE 3.85 MWe
Gross SOFC power Pout,sorc 2.10 MWe
Net system power output P 5.61 MWe
ICE load 50 %
SOFC load 75 %
Net electrical system efficiency Nsys 4733 %
Exhaust temperature Toxh 24147 °C

Table D.43: CT parameters for the diesel-fuelled SOFC-ICE model at cruising speed for a power split of 10-90 and an SOFC load of 75%
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Table D.44: CT parameters for the diesel-fuelled SOFC-ICE model at cruising speed for a power split of 10-90 and an SOFC load of 100%

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.78 -
Pressure ratio compressor Heompr 2.907 -
Mechanical efficiency compressor 1, compr 0.9446 -
Isentropic efficiency turbine Nis,turb 0.97 -
Pressure ratio turbine i 2172 -
Mechanical efficiency turbine N, turb 0.9446 -
Intercooler Pressure drop Apioss 0 bar
Temperature drop AT 120 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.851 -
Air excess ratio combustor A 2.203 -
Isentropic efficiency turbine Nis,turb 1 -
Pressure ratio turbine 1L 4929 -
Mechanical efficiency turbine T, turb 0.851 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veelr 085 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.89 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 08 -
Overall AOG combustion W#C;IGCE 1 -
Gross ICE power Pout,icE 3.34 MWe
Gross SOFC power Pout,sorc 2.80 MWe
Net system power output P 5.60 MWe
ICE load 50 %
SOFC load 100 %
Net electrical system efficiency Nsys 4840 %
Exhaust temperature Teah 209.94 °C
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Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.7 -
Pressure ratio compressor Heompr 2.234 -
Mechanical efficiency compressor 1, compr 0.947 -
Isentropic efficiency turbine Nis,turb 0.93 -
Pressure ratio turbine | I P 1.994 -
Mechanical efficiency turbine Nm turb 0.947 -
Intercooler Pressure drop Apioss 0 bar
Temperature drop AT 120 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.874 -
Air excess ratio combustor A 270 -
Isentropic efficiency turbine Nis,turb 1 -
Pressure ratio turbine | I 40.74 -
Mechanical efficiency turbine T, turb 0.879 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veelr 0.89 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 08 -
Overall AOG combustion W#C;IGCE 1 -
Gross ICE power Pout,icE 2.96 MWe
Gross SOFC power Pout,sorc 3.15 MWe
Net system power output P 5.60 MWe
ICE load 25 %
SOFC load 75 %
Net electrical system efficiency Nsys 51.83 %
Exhaust temperature Toxh 202.25 °C

Table D.45: CT parameters for the diesel-fuelled SOFC-ICE model at cruising speed for a power split of 15-85 and an SOFC load of 75%



D.4. SOFC-ICE models

123

Table D.46: CT parameters for the diesel-fuelled SOFC-ICE model at cruising speed for a power split of 15-85 and an SOFC load of 100%

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.7 -
Pressure ratio compressor Heompr 2.234 -
Mechanical efficiency compressor 1, compr 0.947 -
Isentropic efficiency turbine Nis,turb 0.93 -
Pressure ratio turbine | I P 1.994 -
Mechanical efficiency turbine Nm., turb 0.947 -
Intercooler Pressure drop Apioss 0 bar
Temperature drop AT 120 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.874 -
Air excess ratio combustor A 2.80 -
Isentropic efficiency turbine Mis,turb 1 -
Pressure ratio turbine | I 40.74 -
Mechanical efficiency turbine T, turb 0.879 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veelr 085 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 08 -
Overall AOG combustion W#C;IGCE 1 -
Gross ICE power Pout,icE 220 MWe
Gross SOFC power Pout,sorc 421 MWe
Net system power output P 5.60 MWe
ICE load 25 %
SOFC load 75 %
Net electrical system efficiency Nsys 53.71 %
Exhaust temperature Toxh 171.81 °C
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Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.7 -
Pressure ratio compressor Heompr 2.234 -
Mechanical efficiency compressor 1, compr 0.947 -
Isentropic efficiency turbine Nis,turb 0.93 -
Pressure ratio turbine | I P 1.994 -
Mechanical efficiency turbine Nm., turb 0.947 -
Intercooler Pressure drop Apioss 0 bar
Temperature drop AT 120 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.874 -
Air excess ratio combustor A 2.80 -
Isentropic efficiency turbine Mis,turb 1 -
Pressure ratio turbine | I 40.74 -
Mechanical efficiency turbine T, turb 0.879 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veelr 0.89 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 08 -
Overall AOG combustion W#C;IGCE 1 -
Gross ICE power Pout,icE 2.08 MWe
Gross SOFC power Pout,sorc 420 MWe
Net system power output P 5.60 MWe
ICE load 25 %
SOFC load 75 %
Net electrical system efficiency Nsys 56.62 %
Exhaust temperature Toxh 173.01 °C

Table D.47: CT parameters for the diesel-fuelled SOFC-ICE model at cruising speed for a power split of 20-80 and an SOFC load of 75%
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Table D.48: CT parameters for the diesel-fuelled SOFC-ICE model at cruising speed for a power split of 20-80 and an SOFC load of 100%

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.7 -
Pressure ratio compressor Heompr 2.234 -
Mechanical efficiency compressor 1, compr 0.947 -
Isentropic efficiency turbine Nis,turb 0.93 -
Pressure ratio turbine | I P 1.994 -
Mechanical efficiency turbine Nm turb 0.947 -
Intercooler Pressure drop Apioss 0 bar
Temperature drop AT 120 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.874 -
Air excess ratio combustor A 270 -
Isentropic efficiency turbine Nis,turb 1 -
Pressure ratio turbine | I 40.74 -
Mechanical efficiency turbine T, turb 0.879 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veelr 085 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 08 -
Overall AOG combustion W#C;IGCE 1 -
Gross ICE power Pout,icE 1.09 MWe
Gross SOFC power Pout,sorc 5.60 MWe
Net system power output P 5.61 MWe
ICE load 25 %
SOFC load 75 %
Net electrical system efficiency Nsys 59.43 %
Exhaust temperature Toxh 143.15 °C
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Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.7 -
Pressure ratio compressor Heompr 2.234 -
Mechanical efficiency compressor 1, compr 0.947 -
Isentropic efficiency turbine Nis,turb 0.93 -
Pressure ratio turbine | I P 1.994 -
Mechanical efficiency turbine Nm., turb 0.947 -
Intercooler Pressure drop Apioss 0 bar
Temperature drop AT 120 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.874 -
Air excess ratio combustor A 3.10 -
Isentropic efficiency turbine Mis,turb 1 -
Pressure ratio turbine | I 40.74 -
Mechanical efficiency turbine T, turb 0.879 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veelr 0.89 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 08 -
Overall AOG combustion W#C;IGCE 1 -
Gross ICE power Pout,icE 1.21 MWe
Gross SOFC power Pout,sorc 525 MWe
Net system power output P 5.60 MWe
ICE load 25 %
SOFC load 75 %
Net electrical system efficiency Nsys 6240 %
Exhaust temperature Toxh 14717 °C

Table D.49: CT parameters for the diesel-fuelled SOFC-ICE model at cruising speed for a power split of 25-75 and an SOFC load of 75%
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Table D.50: CT parameters for the diesel-fuelled SOFC-ICE model at cruising speed for a power split of 25-75 and an SOFC load of 100%

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.7 -
Pressure ratio compressor Heompr 2.234 -
Mechanical efficiency compressor 1, compr 0.947 -
Isentropic efficiency turbine Nis,turb 0.93 -
Pressure ratio turbine | I P 1.994 -
Mechanical efficiency turbine Nm turb 0.947 -
Intercooler Pressure drop Apioss 0 bar
Temperature drop AT 120 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.874 -
Air excess ratio combustor A 270 -
Isentropic efficiency turbine Nis,turb 1 -
Pressure ratio turbine | I 40.74 -
Mechanical efficiency turbine T, turb 0.879 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veelr 085 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 08 -
Overall AOG combustion W#C;IGCE 0 -
Gross ICE power Pout,icE 0 MWe
Gross SOFC power Pout,sorc 6.96 MWe
Net system power output P 5.60 MWe
ICE load 0 %
SOFC load 75 %
Net electrical system efficiency Nsys 50.72 %
Exhaust temperature Teah 153.07 °C
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Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.7 -
Pressure ratio compressor Heompr 2.234 -
Mechanical efficiency compressor 1, compr 0.947 -
Isentropic efficiency turbine Nis,turb 0.93 -
Pressure ratio turbine | I P 1.994 -
Mechanical efficiency turbine Nm turb 0.947 -
Intercooler Pressure drop Apioss 0 bar
Temperature drop AT 120 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.874 -
Air excess ratio combustor A 265 -
Isentropic efficiency turbine Nis,turb 1 -
Pressure ratio turbine | I 40.74 -
Mechanical efficiency turbine T, turb 0.879 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veelr 0.89 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 08 -
Overall AOG combustion W#C;IGCE 0.34 -
Gross ICE power Pout,icE 0.35 MWe
Gross SOFC power Pout,sorc 6.30 MWe
Net system power output P 5.60 MWe
ICE load 25 %
SOFC load 75 %
Net electrical system efficiency Nsys 5796 %
Exhaust temperature Toxh 14944 °C

Table D.51: CT parameters for the diesel-fuelled SOFC-ICE model at cruising speed for a power split of 30-70 and an SOFC load of 75%
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Table D.52: CT parameters for the diesel-fuelled SOFC-ICE model at cruising speed for a power split of 30-70 and an SOFC load of 100%

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.7 -
Pressure ratio compressor Heompr 2.234 -
Mechanical efficiency compressor 1, compr 0.947 -
Isentropic efficiency turbine Nis,turb 0.93 -
Pressure ratio turbine | I P 1.994 -
Mechanical efficiency turbine Nm turb 0.947 -
Intercooler Pressure drop Apioss 0 bar
Temperature drop AT 120 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.874 -
Air excess ratio combustor A 270 -
Isentropic efficiency turbine Nis,turb 1 -
Pressure ratio turbine | I 40.74 -
Mechanical efficiency turbine T, turb 0.879 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veelr 0.89 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 08 -
Overall AOG combustion W#C;IGCE 0 -
Gross ICE power Pout,icE 0 MWe
Gross SOFC power Pout,sorc 6.77 MWe
Net system power output P 5.60 MWe
ICE load 0 %
SOFC load 80 %
Net electrical system efficiency Nsys 54.02 %
Exhaust temperature Teah 153.06 °C
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Table D.53: CT parameters for the diesel-fuelled SOFC-ICE model at top speed for a power split of 4.6-95.4

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.79 -
Pressure ratio compressor Heompr 4752 -
Mechanical efficiency compressor 1, compr 0.956 -
Isentropic efficiency turbine Nis,turb 0.855 -
Pressure ratio turbine | I P 3.468 -
Mechanical efficiency turbine Nm turb 0.956 -
Intercooler Pressure drop Apioss 0.049 bar
Temperature drop AT 186 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.8568 -
Air excess ratio combustor A 1.825 -
Isentropic efficiency turbine Nis,turb 1 -
Pressure ratio turbine 1L 49.29 -
Mechanical efficiency turbine T, turb 0.8568 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veelr 085 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 08 -
Overall AOG combustion W#C;IGCE 1 -
Gross ICE power Pout,icE 22.30 MWe
Gross SOFC power Pout,sorc 1.28 MWe
Net system power output P 23.31 MWe
ICE load 100 %
SOFC load 100 %
Net electrical system efficiency Nsys 4342 %
Exhaust temperature Teah 343.82 °C
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Table D.54: CT parameters for the diesel-fuelled SOFC-ICE model at top speed for a power split of 10-90

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.79 -
Pressure ratio compressor Heompr 4752 -
Mechanical efficiency compressor 1, compr 0.956 -
Isentropic efficiency turbine Nis,turb 0.855 -
Pressure ratio turbine | I P 3.468 -
Mechanical efficiency turbine Nm turb 0.956 -
Intercooler Pressure drop Apioss 0.049 bar
Temperature drop AT 186 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.8568 -
Air excess ratio combustor A 1.83 -
Isentropic efficiency turbine Nis,turb 1 -
Pressure ratio turbine 1L 49.29 -
Mechanical efficiency turbine T, turb 0.8568 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veelr 085 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 08 -
Overall AOG combustion W#C;IGCE 1 -
Gross ICE power Pout,icE 21.05 MWe
Gross SOFC power Pout,sorc 2.80 MWe
Net system power output P 23.30 MWe
ICE load 100 %
SOFC load 100 %
Net electrical system efficiency Nsys 4427 %
Exhaust temperature Teah 314.60 °C
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Table D.55: CT parameters for the diesel-fuelled SOFC-ICE model at top speed for a power split of 15-85

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.79 -
Pressure ratio compressor Heompr 4752 -
Mechanical efficiency compressor 1, compr 0.956 -
Isentropic efficiency turbine Nis,turb 0.855 -
Pressure ratio turbine | I P 3.468 -
Mechanical efficiency turbine Nm turb 0.956 -
Intercooler Pressure drop Apioss 0.049 bar
Temperature drop AT 186 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.8568 -
Air excess ratio combustor A 1.84 -
Isentropic efficiency turbine Nis,turb 1 -
Pressure ratio turbine 1L 49.29 -
Mechanical efficiency turbine T, turb 0.8568 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veelr 085 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 08 -
Overall AOG combustion W#C;IGCE 1 -
Gross ICE power Pout,icE 19.93 MWe
Gross SOFC power Pout,sorc 420 MWe
Net system power output P 23.30 MWe
ICE load 100 %
SOFC load 100 %
Net electrical system efficiency Nsys 4505 %
Exhaust temperature Teah 291.03 °C




D.4. SOFC-ICE models

133

Table D.56: CT parameters for the diesel-fuelled SOFC-ICE model at top speed for a power split of 20-80

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.79 -
Pressure ratio compressor Heompr 4752 -
Mechanical efficiency compressor 1, compr 0.956 -
Isentropic efficiency turbine Nis,turb 0.855 -
Pressure ratio turbine | I P 3.468 -
Mechanical efficiency turbine Nm turb 0.956 -
Intercooler Pressure drop Apioss 0.049 bar
Temperature drop AT 186 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.8568 -
Air excess ratio combustor A 1.84 -
Isentropic efficiency turbine Nis,turb 1 -
Pressure ratio turbine 1L 49.29 -
Mechanical efficiency turbine T, turb 0.8568 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veelr 085 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 08 -
Overall AOG combustion W#C;IGCE 1 -
Gross ICE power Pout,icE 18.79 MWe
Gross SOFC power Pout,sorc 5.60 MWe
Net system power output P 23.31 MWe
ICE load 100 %
SOFC load 100 %
Net electrical system efficiency Nsys 4593 %
Exhaust temperature Toxh 27182 °C
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Table D.57: CT parameters for the diesel-fuelled SOFC-ICE model at top speed for a power split of 25-75

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.79 -
Pressure ratio compressor Heompr 4752 -
Mechanical efficiency compressor 1, compr 0.956 -
Isentropic efficiency turbine Nis,turb 0.855 -
Pressure ratio turbine | I P 3.468 -
Mechanical efficiency turbine Nm turb 0.956 -
Intercooler Pressure drop Apioss 0.049 bar
Temperature drop AT 186 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.8568 -
Air excess ratio combustor A 1.85 -
Isentropic efficiency turbine Mis,turb 1 -
Pressure ratio turbine 1L 49.29 -
Mechanical efficiency turbine T, turb 0.8568 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veelr 085 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 08 -
Overall AOG combustion W#C;IGCE 1 -
Gross ICE power Pout,icE 17.66 MWe
Gross SOFC power Pout,sorc 7.00 MWe
Net system power output P 23.30 MWe
ICE load 100 %
SOFC load 100 %
Net electrical system efficiency Nsys 46.78 %
Exhaust temperature Teah 253.99 °C
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Table D.58: CT parameters for the diesel-fuelled SOFC-ICE model at top speed for a power split of 30-70

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.79 -
Pressure ratio compressor Heompr 4752 -
Mechanical efficiency compressor 1, compr 0.956 -
Isentropic efficiency turbine Nis,turb 0.855 -
Pressure ratio turbine | I P 3.468 -
Mechanical efficiency turbine Nm turb 0.956 -
Intercooler Pressure drop Apioss 0.049 bar
Temperature drop AT 186 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.8568 -
Air excess ratio combustor A 1.86 -
Isentropic efficiency turbine Nis,turb 1 -
Pressure ratio turbine 1L 49.29 -
Mechanical efficiency turbine T, turb 0.8568 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veelr 085 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 08 -
Overall AOG combustion W#C;IGCE 1 -
Gross ICE power Pout,icE 16.53 MWe
Gross SOFC power Pout,sorc 8.40 MWe
Net system power output P 23.30 MWe
ICE load 100 %
SOFC load 100 %
Net electrical system efficiency Nsys 4767 %
Exhaust temperature Teah 238.38 °C
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D.4.2. Methanol
The parameters for silent operation are given in Table D.59. Next, Table D.60 to Table D.71 show the parameters
for cruising speed. Lastly, Table D.72 to Table D.77 show the parameters for top speed.

Table D.59: CT parameters for the MeOH-fuelled SOFC-ICE model at silent speed

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.79 -
Pressure ratio compressor eompr 4752 -
Mechanical efficiency compressor 7, compr 0.956 -
Isentropic efficiency turbine Mis turb 0.855 -
Pressure ratio turbine ILiurs 3.468 -
Mechanical efficiency turbine Min, turb 0.956 -
Intercooler Pressure drop Apioss 0.049 bar
Temperature drop AT 186 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Heompr 3741 -
Mechanical efficiency compressor 1, compr 0.8568 -
Air excess ratio combustor A 1.84 -
Isentropic efficiency turbine Mis turb 1 -
Pressure ratio turbine | I P 4929 -
Mechanical efficiency turbine Nim, turb 0.8568 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
SOFC Fuel utilization factor uy 08 -
Cell voltage Veell 0.89 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apeq 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kg/kg
Pressure drop Ap 0.01  bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Overall AOG combustion ”“ﬂfAiGOIGCE 0 -
Gross ICE power Pout,icE 0 MWe
Gross SOFC power Pout,sorc 0.97 MWe
Net system power output Pt 0.80 MWe
ICE load 0 %
SOFC load 75 %
Net electrical system efficiency Nsys 50.22 %
Exhaust temperature Toxh 208.22 °C
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75%

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.78 -
Pressure ratio compressor eompr 2.907 -
Mechanical efficiency compressor 7, compr 0.9446 -
Isentropic efficiency turbine Nis,turb 0.97 -
Pressure ratio turbine I 2172 -
Mechanical efficiency turbine N turb 0.9446 -
Intercooler Pressure drop Apioss 0 bar
Temperature drop AT 120 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.851 -
Air excess ratio combustor A 233 -
Isentropic efficiency turbine Nis,turb 1 -
Pressure ratio turbine I 49.29 -
Mechanical efficiency turbine N, turb 0.851 -
Generator Generator efficiency Ngen 097 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency NMm 0.8 -
SOFC Fuel utilization factor uf 08 -
Cell voltage Veell 0.89 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apeq 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Overall AOG combustion 7'”‘;;33’6 oB 1 -
Gross ICE power Pyt 1cE 479 MWe
Gross SOFC power Pout.sorc 0.97 MWe
Net system power output P 5.60 MWe
ICE load 50 %
SOFC load 75 %
Net electrical system efficiency Noys 43.83 %
Exhaust temperature Texh 285.63 °C

Table D.60: CT parameters for the MeOH-fuelled SOFC-ICE model at cruising speed for a power split of 4.6-95.4 and an SOFC load of
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100%
Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.78 -
Pressure ratio compressor eompr 2.907 -
Mechanical efficiency compressor 7, compr 0.9446 -
Isentropic efficiency turbine Nis,turb 0.97 -
Pressure ratio turbine I 2172 -
Mechanical efficiency turbine N turb 0.9446 -
Intercooler Pressure drop Apioss 0 bar
Temperature drop AT 120 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.851 -
Air excess ratio combustor A 233 -
Isentropic efficiency turbine Nis,turb 1 -
Pressure ratio turbine I 49.29 -
Mechanical efficiency turbine N, turb 0.851 -
Generator Generator efficiency Ngen 097 -
Pumps Isentropic efficiency Nis 0.89 -
Mechanical efficiency NMm 0.8 -
SOFC Fuel utilization factor uf 08 -
Cell voltage Veell 0.89 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apeq 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Overall AOG combustion % 1 -
Gross ICE power Pyt 1cE 4.57 MWe
Gross SOFC power Pout.sorc 1.29 MWe
Net system power output P 5.60 MWe
ICE load 50 %
SOFC load 100 %
Net electrical system efficiency Noys 4407 %
Exhaust temperature Texh 27142 °C

Table D.61: CT parameters for the MeOH-fuelled SOFC-ICE model at cruising speed for a power split of 4.6-95.4 and an SOFC load of
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Table D.62: CT parameters for the MeOH-fuelled SOFC-ICE model at cruising speed for a power split of 10-90 and an SOFC load of 75%

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.78 -
Pressure ratio compressor Heompr 2.907 -
Mechanical efficiency compressor 1, compr 0.9446 -
Isentropic efficiency turbine Nis,turb 0.97 -
Pressure ratio turbine i 2172 -
Mechanical efficiency turbine N turb 0.9446 -
Intercooler Pressure drop Apioss 0 bar
Temperature drop AT 120 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.851 -
Air excess ratio combustor A 235 -
Isentropic efficiency turbine Nis,turb 1 -
Pressure ratio turbine 1L 4929 -
Mechanical efficiency turbine T, turb 0.851 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veelr 0.89 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 08 -
Overall AOG combustion W#C;IGCE 1 -
Gross ICE power Pout,icE 3.84 MWe
Gross SOFC power Pout,sorc 212 MWe
Net system power output P 5.61 MWe
ICE load 50 %
SOFC load 75 %
Net electrical system efficiency Nsys 46.92 %
Exhaust temperature Teah 257.50 °C
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Table D.63: CT parameters for the MeOH-fuelled SOFC-ICE model at cruising speed for a power split of 10-90 and an SOFC load of 100%

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.78 -
Pressure ratio compressor Heompr 2.907 -
Mechanical efficiency compressor 1, compr 0.9446 -
Isentropic efficiency turbine Nis,turb 0.97 -
Pressure ratio turbine i 2172 -
Mechanical efficiency turbine N, turb 0.9446 -
Intercooler Pressure drop Apioss 0 bar
Temperature drop AT 120 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.851 -
Air excess ratio combustor A 2.203 -
Isentropic efficiency turbine Nis,turb 1 -
Pressure ratio turbine 1L 4929 -
Mechanical efficiency turbine T, turb 0.851 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veelr 085 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.89 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 08 -
Overall AOG combustion W#C;IGCE 1 -
Gross ICE power Pout,icE 3.35 MWe
Gross SOFC power Pout,sorc 2.82 MWe
Net system power output P 5.61 MWe
ICE load 50 %
SOFC load 100 %
Net electrical system efficiency Nsys 4733 %
Exhaust temperature Toxh 234.84 °C
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Table D.64: CT parameters for the MeOH-fuelled SOFC-ICE model at cruising speed for a power split of 15-85 and an SOFC load of 75%

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.7 -
Pressure ratio compressor Heompr 2.234 -
Mechanical efficiency compressor 1, compr 0.947 -
Isentropic efficiency turbine Nis,turb 0.93 -
Pressure ratio turbine | I P 1.994 -
Mechanical efficiency turbine Nm turb 0.947 -
Intercooler Pressure drop Apioss 0 bar
Temperature drop AT 120 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.874 -
Air excess ratio combustor A 285 -
Isentropic efficiency turbine Mis,turb 1 -
Pressure ratio turbine | I 40.74 -
Mechanical efficiency turbine T, turb 0.879 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veelr 0.89 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 08 -
Overall AOG combustion W#C;IGCE 1 -
Gross ICE power Pout,icE 2.95 MWe
Gross SOFC power Pout,sorc 3.17 MWe
Net system power output P 5.60 MWe
ICE load 25 %
SOFC load 75 %
Net electrical system efficiency Nsys 50.61 %
Exhaust temperature Teah 233.89 °C
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Table D.65: CT parameters for the MeOH-fuelled SOFC-ICE model at cruising speed for a power split of 15-85 and an SOFC load of 100%

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.7 -
Pressure ratio compressor Heompr 2.234 -
Mechanical efficiency compressor 1, compr 0.947 -
Isentropic efficiency turbine Nis,turb 0.93 -
Pressure ratio turbine | I P 1.994 -
Mechanical efficiency turbine Nm turb 0.947 -
Intercooler Pressure drop Apioss 0 bar
Temperature drop AT 120 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.874 -
Air excess ratio combustor A 295 -
Isentropic efficiency turbine Nis,turb 1 -
Pressure ratio turbine | I 40.74 -
Mechanical efficiency turbine T, turb 0.879 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veelr 085 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 08 -
Overall AOG combustion W#C;IGCE 1 -
Gross ICE power Pout,icE 221 MWe
Gross SOFC power Pout,sorc 423 MWe
Net system power output P 5.60 MWe
ICE load 25 %
SOFC load 75 %
Net electrical system efficiency Nsys 5140 %
Exhaust temperature Toxh 212.28 °C
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Table D.66: CT parameters for the MeOH-fuelled SOFC-ICE model at cruising speed for a power split of 20-80 and an SOFC load of 75%

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.7 -
Pressure ratio compressor Heompr 2.234 -
Mechanical efficiency compressor 1, compr 0.947 -
Isentropic efficiency turbine Nis,turb 0.93 -
Pressure ratio turbine | I P 1.994 -
Mechanical efficiency turbine Nm turb 0.947 -
Intercooler Pressure drop Apioss 0 bar
Temperature drop AT 120 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.874 -
Air excess ratio combustor A 295 -
Isentropic efficiency turbine Mis,turb 1 -
Pressure ratio turbine | I 40.74 -
Mechanical efficiency turbine T, turb 0.879 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veelr 0.89 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 08 -
Overall AOG combustion W#C;IGCE 1 -
Gross ICE power Pout,icE 2.08 MWe
Gross SOFC power Pout,sorc 423 MWe
Net system power output P 5.60 MWe
ICE load 25 %
SOFC load 75 %
Net electrical system efficiency Nsys 5423 %
Exhaust temperature Toxh 217.60 °C
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Table D.67: CT parameters for the MeOH-fuelled SOFC-ICE model at cruising speed for a power split of 20-80 and an SOFC load of 100%

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.7 -
Pressure ratio compressor Heompr 2.234 -
Mechanical efficiency compressor 1, compr 0.947 -
Isentropic efficiency turbine Nis,turb 0.93 -
Pressure ratio turbine | I P 1.994 -
Mechanical efficiency turbine Nm turb 0.947 -
Intercooler Pressure drop Apioss 0 bar
Temperature drop AT 120 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.874 -
Air excess ratio combustor A 3.20 -
Isentropic efficiency turbine Mis,turb 1 -
Pressure ratio turbine | I 40.74 -
Mechanical efficiency turbine T, turb 0.879 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veelr 085 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 08 -
Overall AOG combustion W#C;IGCE 1 -
Gross ICE power Pout,icE 1.08 MWe
Gross SOFC power Pout,sorc 5.64 MWe
Net system power output P 5.60 MWe
ICE load 25 %
SOFC load 75 %
Net electrical system efficiency Nsys 55.76 %
Exhaust temperature Teah 196.66 °C
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Table D.68: CT parameters for the MeOH-fuelled SOFC-ICE model at cruising speed for a power split of 25-75 and an SOFC load of 75%

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.7 -
Pressure ratio compressor Heompr 2.234 -
Mechanical efficiency compressor 1, compr 0.947 -
Isentropic efficiency turbine Nis,turb 0.93 -
Pressure ratio turbine | I P 1.994 -
Mechanical efficiency turbine Nm turb 0.947 -
Intercooler Pressure drop Apioss 0 bar
Temperature drop AT 120 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.874 -
Air excess ratio combustor A 3.15 -
Isentropic efficiency turbine Nis,turb 1 -
Pressure ratio turbine | I 40.74 -
Mechanical efficiency turbine T, turb 0.879 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veelr 0.89 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 08 -
Overall AOG combustion W#C;IGCE 1 -
Gross ICE power Pout,icE 1.19 MWe
Gross SOFC power Pout,sorc 529 MWe
Net system power output P 5.60 MWe
ICE load 25 %
SOFC load 75 %
Net electrical system efficiency Nsys 58.60 %
Exhaust temperature Teah 203.89 °C
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Table D.69: CT parameters for the MeOH-fuelled SOFC-ICE model at cruising speed for a power split of 25-75 and an SOFC load of 100%

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.7 -
Pressure ratio compressor Heompr 2.234 -
Mechanical efficiency compressor 1, compr 0.947 -
Isentropic efficiency turbine Nis,turb 0.93 -
Pressure ratio turbine | I P 1.994 -
Mechanical efficiency turbine Nm turb 0.947 -
Intercooler Pressure drop Apioss 0 bar
Temperature drop AT 120 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.874 -
Air excess ratio combustor A 265 -
Isentropic efficiency turbine Nis,turb 1 -
Pressure ratio turbine | I 40.74 -
Mechanical efficiency turbine T, turb 0.879 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veelr 085 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 08 -
Overall AOG combustion W#C;IGCE 0 -
Gross ICE power Pout,icE 0 MWe
Gross SOFC power Pout,sorc 7.01 MWe
Net system power output P 5.60 MWe
ICE load 0 %
SOFC load 75 %
Net electrical system efficiency Nsys 47.09 %
Exhaust temperature Teah 203.43 °C
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Table D.70: CT parameters for the MeOH-fuelled SOFC-ICE model at cruising speed for a power split of 30-70 and an SOFC load of 75%

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.7 -
Pressure ratio compressor Heompr 2.234 -
Mechanical efficiency compressor 1, compr 0.947 -
Isentropic efficiency turbine Nis,turb 0.93 -
Pressure ratio turbine | I P 1.994 -
Mechanical efficiency turbine Nm turb 0.947 -
Intercooler Pressure drop Apioss 0 bar
Temperature drop AT 120 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.874 -
Air excess ratio combustor A 3.20 -
Isentropic efficiency turbine Nis,turb 1 -
Pressure ratio turbine | I 40.74 -
Mechanical efficiency turbine T, turb 0.879 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veelr 0.89 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 08 -
Overall AOG combustion W#C;IGCE 0.36 -
Gross ICE power Pout,icE 0.36 MWe
Gross SOFC power Pout,sorc 6.35 MWe
Net system power output P 5.61 MWe
ICE load 25 %
SOFC load 75 %
Net electrical system efficiency Nsys 53.86 %
Exhaust temperature Teah 205.20 °C
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Table D.71: CT parameters for the MeOH-fuelled SOFC-ICE model at cruising speed for a power split of 30-70 and an SOFC load of 100%

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.7 -
Pressure ratio compressor Heompr 2.234 -
Mechanical efficiency compressor 1, compr 0.947 -
Isentropic efficiency turbine Nis,turb 0.93 -
Pressure ratio turbine | I P 1.994 -
Mechanical efficiency turbine Nm., turb 0.947 -
Intercooler Pressure drop Apioss 0 bar
Temperature drop AT 120 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.874 -
Air excess ratio combustor A 270 -
Isentropic efficiency turbine Mis,turb 1 -
Pressure ratio turbine | I 40.74 -
Mechanical efficiency turbine T, turb 0.879 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veelr 0.89 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 08 -
Overall AOG combustion W#C;IGCE 0 -
Gross ICE power Pout,icE 0 MWe
Gross SOFC power Pout,sorc 6.81 MWe
Net system power output P 5.60 MWe
ICE load 0 %
SOFC load 80 %
Net electrical system efficiency Nsys 50.16 %
Exhaust temperature Toxh 20792 °C
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Table D.72: CT parameters for the MeOH-fuelled SOFC-ICE model at top speed for a power split of 4.6-95.4

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.79 -
Pressure ratio compressor Heompr 4752 -
Mechanical efficiency compressor 1, compr 0.956 -
Isentropic efficiency turbine Nis,turb 0.855 -
Pressure ratio turbine | I P 3.468 -
Mechanical efficiency turbine Nm turb 0.956 -
Intercooler Pressure drop Apioss 0.049 bar
Temperature drop AT 186 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.8568 -
Air excess ratio combustor A 1.96 -
Isentropic efficiency turbine Nis,turb 1 -
Pressure ratio turbine 1L 49.29 -
Mechanical efficiency turbine T, turb 0.8568 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veelr 085 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 08 -
Overall AOG combustion W#C;IGCE 1 -
Gross ICE power Pout,icE 22.28 MWe
Gross SOFC power Pout,sorc 1.29 MWe
Net system power output P 23.30 MWe
ICE load 100 %
SOFC load 100 %
Net electrical system efficiency Nsys 4395 %
Exhaust temperature Teah 317.33 °C
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Table D.73: CT parameters for the MeOH-fuelled SOFC-ICE model at top speed for a power split of 10-90

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.79 -
Pressure ratio compressor Heompr 4752 -
Mechanical efficiency compressor 1, compr 0.956 -
Isentropic efficiency turbine Nis,turb 0.855 -
Pressure ratio turbine | I P 3.468 -
Mechanical efficiency turbine Nm turb 0.956 -
Intercooler Pressure drop Apioss 0.049 bar
Temperature drop AT 186 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.8568 -
Air excess ratio combustor A 1.97 -
Isentropic efficiency turbine Nis,turb 1 -
Pressure ratio turbine 1L 49.29 -
Mechanical efficiency turbine T, turb 0.8568 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veelr 085 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 08 -
Overall AOG combustion W#C;IGCE 1 -
Gross ICE power Pout,icE 20.79 MWe
Gross SOFC power Pout,sorc 2.82 MWe
Net system power output P 23.30 MWe
ICE load 100 %
SOFC load 100 %
Net electrical system efficiency Nsys 4512 %
Exhaust temperature Toxh 29414 °C
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Table D.74: CT parameters for the MeOH-fuelled SOFC-ICE model at top speed for a power split of 15-85

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.79 -
Pressure ratio compressor Heompr 4752 -
Mechanical efficiency compressor 1, compr 0.956 -
Isentropic efficiency turbine Nis,turb 0.855 -
Pressure ratio turbine | I P 3.468 -
Mechanical efficiency turbine Nm turb 0.956 -
Intercooler Pressure drop Apioss 0.049 bar
Temperature drop AT 186 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.8568 -
Air excess ratio combustor A 1.97 -
Isentropic efficiency turbine Nis,turb 1 -
Pressure ratio turbine 1L 49.29 -
Mechanical efficiency turbine T, turb 0.8568 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veelr 085 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 08 -
Overall AOG combustion W#C;IGCE 1 -
Gross ICE power Pout,icE 19.92 MWe
Gross SOFC power Pout,sorc 423 MWe
Net system power output P 23.30 MWe
ICE load 100 %
SOFC load 100 %
Net electrical system efficiency Nsys 4523 %
Exhaust temperature Teah 286.19 °C
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Table D.75: CT parameters for the MeOH-fuelled SOFC-ICE model at top speed for a power split of 20-80

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.79 -
Pressure ratio compressor Heompr 4752 -
Mechanical efficiency compressor 1, compr 0.956 -
Isentropic efficiency turbine Nis,turb 0.855 -
Pressure ratio turbine | I P 3.468 -
Mechanical efficiency turbine Nm turb 0.956 -
Intercooler Pressure drop Apioss 0.049 bar
Temperature drop AT 186 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.8568 -
Air excess ratio combustor A 1.98 -
Isentropic efficiency turbine Nis,turb 1 -
Pressure ratio turbine 1L 49.29 -
Mechanical efficiency turbine T, turb 0.8568 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veelr 085 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 08 -
Overall AOG combustion W#C;IGCE 1 -
Gross ICE power Pout,icE 18.80 MWe
Gross SOFC power Pout,sorc 5.64 MWe
Net system power output P 23.30 MWe
ICE load 100 %
SOFC load 100 %
Net electrical system efficiency Nsys 4585 %
Exhaust temperature Teah 273.83 °C
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Table D.76: CT parameters for the MeOH-fuelled SOFC-ICE model at top speed for a power split of 25-75

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.79 -
Pressure ratio compressor Heompr 4752 -
Mechanical efficiency compressor 1, compr 0.956 -
Isentropic efficiency turbine Nis,turb 0.855 -
Pressure ratio turbine | I P 3.468 -
Mechanical efficiency turbine Nm turb 0.956 -
Intercooler Pressure drop Apioss 0.049 bar
Temperature drop AT 186 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.8568 -
Air excess ratio combustor A 1.99 -
Isentropic efficiency turbine Mis,turb 1 -
Pressure ratio turbine 1L 49.29 -
Mechanical efficiency turbine T, turb 0.8568 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veelr 085 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 08 -
Overall AOG combustion W#C;IGCE 1 -
Gross ICE power Pout,icE 17.67 MWe
Gross SOFC power Pout,sorc 7.05 MWe
Net system power output P 23.30 MWe
ICE load 100 %
SOFC load 100 %
Net electrical system efficiency Nsys 46.49 %
Exhaust temperature Teah 263.08 °C
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Table D.77: CT parameters for the MeOH-fuelled SOFC-ICE model at top speed for a power split of 30-70

Component Parameter CT Value
Turbocharger Isentropic efficiency compressor Nis,compr 0.79 -
Pressure ratio compressor Heompr 4752 -
Mechanical efficiency compressor 1, compr 0.956 -
Isentropic efficiency turbine Nis,turb 0.855 -
Pressure ratio turbine | I P 3.468 -
Mechanical efficiency turbine Nm turb 0.956 -
Intercooler Pressure drop Apioss 0.049 bar
Temperature drop AT 186 °C
Cylinder Isentropic efficiency compressor Nis,compr 1 -
Pressure ratio compressor Meompr 3741 -
Mechanical efficiency compressor 7, compr 0.8568 -
Air excess ratio combustor A 1.99 -
Isentropic efficiency turbine Nis,turb 1 -
Pressure ratio turbine 1L 49.29 -
Mechanical efficiency turbine T, turb 0.8568 -
Generator Generator efficiency Ngen 0.97 -
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veelr 085 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kg/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 08 -
Overall AOG combustion W#C;IGCE 1 -
Gross ICE power Pout,icE 16.53 MWe
Gross SOFC power Pout,sorc 8.46 MWe
Net system power output P 23.30 MWe
ICE load 100 %
SOFC load 100 %
Net electrical system efficiency Nsys 4722 %
Exhaust temperature Teah 25438 °C
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D.5. SOFC-GT models

In this section, the parameters for the SOFC-GT models are given. First, the parameters for silent speed, cruising
speed and top speed for the diesel-fuelled models are given. Next, the same parameters are given for the MeOH-
fuelled models.

D.5.1. Diesel
The parameters for silent operation are given in Table D.97. Next, Table D.98 to Table D.109 show the parameters
for cruising speed. Lastly, Table D.110 to Table D.115 show the parameters for top speed.

Table D.78: CT parameters for the diesel-fuelled SOFC-GT model at silent speed

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.843 -
Pressure ratio 11 23.54 -
Mechanical efficiency Nm 0.997 -
Turbine Isentropic efficiency MNis 0.865 -
Pressure ratio I 480 -
Mechanical efficiency Nm 0.997 -
Power turbine Isentropic efficiency Nis 0.86 -
Pressure ratio 11 476 -
Mechanical efficiency Mm 0.996 -
Generator Generator efficiency Ngen 0.975
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency T 0.8 -
SOFC Fuel utilization factor ug 0.8 -
Cell voltage Veell 0.89 V
Stack temperature Tetack 750 °C
Inlet temperature T; 700 °C
QOutlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kgkg
Pressure drop Ap 0.01  bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 0.8 -
Blowers Isentropic efficiency MNis 0.85 -
Mechanical efficiency Nm 08 -
Overall AOG combustion %C;GGT 0 -
Gross GT power Pout,ar 0 MWe
Gross SOFC power Pout,sorc 0.96 MWe
Net system power output Pt 0.80 MWe
GT load 0 %
SOFC load 75 %
Net electrical system efficiency 7.y, 5431 %

Exhaust temperature Texn 151.72 °C
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Table D.79: CT parameters for the diesel-fuelled SOFC-GT model at cruising speed for a power split of 4.6-95.4 and an SOFC load of 75%

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.843 -
Pressure ratio 11 23.54 -
Mechanical efficiency Nm 0.997 -
Turbine Isentropic efficiency Nis 0.865 -
Pressure ratio I 480 -
Mechanical efficiency Nm 0.997 -
Power turbine Isentropic efficiency Nis 0.86 -
Pressure ratio 11 476 -
Mechanical efficiency Mm 0.996 -
Generator Generator efficiency Ngen 0.975
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency N 0.8 -
SOFC Fuel utilization factor ug 0.8 -
Cell voltage Veell 0.89 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kagkg
Pressure drop Ap 0.01  bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency M 0.8 -
Blowers Isentropic efficiency MNis 0.85 -
Mechanical efficiency Nm 08 -
Overall AOG combustion %‘;GGT 1 -
Gross GT power Pout,ar 477 MWe
Gross SOFC power P,ui,s0FC 0.96 MWe
Net system power output P 560 MWe
GT load 100 %
SOFC load 75 %
Net electrical system efficiency 7.y, 4135 %
Exhaust temperature Tewn 43420 °C
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Table D.80: CT parameters for the diesel-fuelled SOFC-GT model at cruising speed for a power split of 4.6-95.4 and an SOFC load of

100%

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.843 -
Pressure ratio I 2354 -
Mechanical efficiency Nm 0.997 -
Turbine Isentropic efficiency Nis 0.865 -
Pressure ratio 11 480 -
Mechanical efficiency Nm 0.997 -
Power turbine Isentropic efficiency Nis 0.86 -
Pressure ratio 11 476 -
Mechanical efficiency Nm 0.996 -
Generator Generator efficiency Ngen 0.975
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
SOFC Fuel utilization factor uy 08 -
Cell voltage Veell 0.85 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apeq 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kaglkg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01  bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency M 0.8 -
Overall AOG combustion % 1 -
Gross GT power Pout.cr 454 MWe
Gross SOFC power Pout,sorc 1.28 MWe
Net system power output P 5.61 MWe
GT load 100 %
SOFC load 100 %
Net electrical system efficiency 7,y 4236 %
Exhaust temperature Tezh 390.19 °C
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Table D.81: CT parameters for the diesel-fuelled SOFC-GT model at cruising speed for a power split of 10-90 and an SOFC load of 75%

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.857 -
Pressure ratio 11 20.69 -
Mechanical efficiency Nm 0.997 -
Turbine Isentropic efficiency Nis 0.86 -
Pressure ratio I 472 -
Mechanical efficiency Nm 0.997 -
Power turbine Isentropic efficiency Nis 0.855 -
Pressure ratio 11 425 -
Mechanical efficiency Nm 0.997 -
Generator Generator efficiency Ngen 0.974
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency N 0.8 -
SOFC Fuel utilization factor ug 0.8 -
Cell voltage Veell 0.89 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kagkg
Pressure drop Ap 0.01  bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency M 0.8 -
Blowers Isentropic efficiency MNis 0.85 -
Mechanical efficiency Nm 08 -
Overall AOG combustion %‘;GGT 1 -
Gross GT power Pout,ar 3.80 MWe
Gross SOFC power P,ui,s0FC 2.09 MWe
Net system power output P 561 MWe
GT load 80 %
SOFC load 75 %
Net electrical system efficiency 7.y, 4550 %
Exhaust temperature Texn 319.30 °C
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Table D.82: CT parameters for the diesel-fuelled SOFC-GT model at cruising speed for a power split of 10-90 and an SOFC load of 100%

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.861 -
Pressure ratio 11 1917 -
Mechanical efficiency Nm 0.996 -
Turbine Isentropic efficiency Nis 0.855 -
Pressure ratio I 469 -
Mechanical efficiency Nm 0.996 -
Power turbine Isentropic efficiency Nis 0.855 -
Pressure ratio 11 3.96 -
Mechanical efficiency Mm 0.996 -
Generator Generator efficiency Ngen 0.973
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency N 0.8 -
SOFC Fuel utilization factor ug 0.8 -
Cell voltage Veell 0.85 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kagkg
Pressure drop Ap 0.01  bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency M 0.8 -
Blowers Isentropic efficiency MNis 0.85 -
Mechanical efficiency Nm 08 -
Overall AOG combustion %‘;GGT 1 -
Gross GT power Pout,ar 3.28 MWe
Gross SOFC power P,ui,s0FC 2.79 MWe
Net system power output P 560 MWe
GT load 70 %
SOFC load 100 %
Net electrical system efficiency 7.y, 4758 %
Exhaust temperature Texn 246.60 °C
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Table D.83: CT parameters for the diesel-fuelled SOFC-GT model at cruising speed for a power split of 15-85 and an SOFC load of 75%

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.862 -
Pressure ratio 11 17.72 -
Mechanical efficiency Nm 0.996 -
Turbine Isentropic efficiency Nis 0.85 -
Pressure ratio I 4.67 -
Mechanical efficiency Nm 0.996 -
Power turbine Isentropic efficiency Nis 0.845 -
Pressure ratio 11 3.68 -
Mechanical efficiency Mm 0.996 -
Generator Generator efficiency Ngen 0.97
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency N 0.8 -
SOFC Fuel utilization factor ug 0.8 -
Cell voltage Veell 0.89 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kagkg
Pressure drop Ap 0.01  bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency M 0.8 -
Blowers Isentropic efficiency MNis 0.85 -
Mechanical efficiency Nm 08 -
Overall AOG combustion %‘;GGT 1 -
Gross GT power Pout,ar 418 MWe
Gross SOFC power P,ui,s0FC 212 MWe
Net system power output P 560 MWe
GT load 60 %
SOFC load 75 %
Net electrical system efficiency 7.y, 4971 %
Exhaust temperature Tewn 23229 °C
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Table D.84: CT parameters for the diesel-fuelled SOFC-GT model at cruising speed for a power split of 15-85 and an SOFC load of 100%

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.859 -
Pressure ratio 11 16.05 -
Mechanical efficiency Nm 0.997 -
Turbine Isentropic efficiency Nis 0.84 -
Pressure ratio 1I 470 -
Mechanical efficiency Nm 0.997 -
Power turbine Isentropic efficiency Nis 0.84 -
Pressure ratio 11 431 -
Mechanical efficiency Mm 0.997 -
Generator Generator efficiency Ngen 0.966
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency N 0.8 -
SOFC Fuel utilization factor ug 0.8 -
Cell voltage Veell 0.85 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kagkg
Pressure drop Ap 0.01  bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency M 0.8 -
Blowers Isentropic efficiency MNis 0.85 -
Mechanical efficiency Nm 08 -
Overall AOG combustion %‘;GGT 1 -
Gross GT power Pout,ar 3.14 MWe
Gross SOFC power P,ui,s0FC 2.89 MWe
Net system power output P 560 MWe
GT load 5 %
SOFC load 100 %
Net electrical system efficiency 7.y, 5481 %
Exhaust temperature Tewn 15193 °C
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Table D.85: CT parameters for the diesel-fuelled SOFC-GT model at cruising speed for a power split of 20-80 and an SOFC load of 75%

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.859 -
Pressure ratio 11 16.05 -
Mechanical efficiency Nm 0.997 -
Turbine Isentropic efficiency Nis 0.84 -
Pressure ratio 1I 470 -
Mechanical efficiency Nm 0.997 -
Power turbine Isentropic efficiency Nis 0.84 -
Pressure ratio 11 431 -
Mechanical efficiency Mm 0.997 -
Generator Generator efficiency Ngen 0.966
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency N 0.8 -
SOFC Fuel utilization factor ug 0.8 -
Cell voltage Veell 0.89 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kagkg
Pressure drop Ap 0.01  bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency M 0.8 -
Blowers Isentropic efficiency MNis 0.85 -
Mechanical efficiency Nm 08 -
Overall AOG combustion %‘;GGT 1 -
Gross GT power Pout,ar 2.01 MWe
Gross SOFC power P,ui,s0FC 418 MWe
Net system power output P 561 MWe
GT load 5 %
SOFC load 75 %
Net electrical system efficiency 7.y, 57.07 %
Exhaust temperature Tewn 15143 °C
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Table D.86: CT parameters for the diesel-fuelled SOFC-GT model at cruising speed for a power split of 20-80 and an SOFC load of 100%

Component Parameter CT Value
Compressor Isentropic efficiency Nis 082 -
Pressure ratio II 10.62 -
Mechanical efficiency Mm 0.998 -
Turbine Isentropic efficiency Nis 0.79 -
Pressure ratio II 504 -
Mechanical efficiency Mm 0.998 -
Power turbine Isentropic efficiency Nis 0.79 -
Pressure ratio II 204 -
Mechanical efficiency Nm 0.998 -
Generator Generator efficiency Ngen 0.93
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
SOFC Fuel utilization factor ug 08 -
Cell voltage Veell 085 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan, 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kgkg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency NMm 08 -
Overall AOG combustion mf#ié” 09 -
Gross GT power Pout,cT 1.01 MWe
Gross SOFC power Pout,.sorc 558 MWe
Net system power output Pz 0.80 MWe
GT load 20 %
SOFC load 100 %
Net electrical system efficiency 7,y 54.27 %
Exhaust temperature Tewh 117.16 °C
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Table D.87: CT parameters for the diesel-fuelled SOFC-GT model at cruising speed for a power split of 25-75 and an SOFC load of 75%

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.84 -
Pressure ratio II 12.61 -
Mechanical efficiency Mm 0.998 -
Turbine Isentropic efficiency Nis 0.817 -
Pressure ratio II 494 -
Mechanical efficiency Mm 0.998 -
Power turbine Isentropic efficiency Nis 0.817 -
Pressure ratio II 2.58 -
Mechanical efficiency Nm 0.998 -
Generator Generator efficiency Ngen 0.95
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
SOFC Fuel utilization factor ug 08 -
Cell voltage Veell 089 V
Stack temperature Tstack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan, 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kgkg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 08 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency NMm 08 -
Overall AOG combustion mf#ié” 0.82 -
Gross GT power Pout,cT 1.13 MWe
Gross SOFC power Pout,.sorc 523 MWe
Net system power output Pz 561 MWe
GT load 30 %
SOFC load 75 %
Net electrical system efficiency 7,y 59.70 %
Exhaust temperature Tewh 115.37 °C
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Table D.88: CT parameters for the diesel-fuelled SOFC-GT model at cruising speed for a power split of 25-75 and an SOFC load of 100%

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.843 -
Pressure ratio 11 23.54 -
Mechanical efficiency Nm 0.997 -
Turbine Isentropic efficiency Nis 0.865 -
Pressure ratio I 480 -
Mechanical efficiency Nm 0.997 -
Power turbine Isentropic efficiency Nis 0.86 -
Pressure ratio 11 476 -
Mechanical efficiency Mm 0.996 -
Generator Generator efficiency Ngen 0.975
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency N 0.8 -
SOFC Fuel utilization factor ug 0.8 -
Cell voltage Veell 0.85 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kagkg
Pressure drop Ap 0.01  bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency M 0.8 -
Blowers Isentropic efficiency MNis 0.86 -
Mechanical efficiency Nm 08 -
Overall AOG combustion %‘;GGT 0 -
Gross GT power Pout,ar 0 MWe
Gross SOFC power P,ui,s0FC 6.93 MWe
Net system power output P 561 MWe
GT load 0 %
SOFC load 9% %
Net electrical system efficiency 7.y, 50.99 %
Exhaust temperature Tewn 152.71 °C
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Table D.89: CT parameters for the diesel-fuelled SOFC-GT model at cruising speed for a power split of 30-70 and an SOFC load of 75%

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.79 -
Pressure ratio 11 8.38 -
Mechanical efficiency Nm 0.998 -
Turbine Isentropic efficiency Nis 0.72 -
Pressure ratio I 6.38 -
Mechanical efficiency Nm 0.998 -
Power turbine Isentropic efficiency Nis 0.72 -
Pressure ratio II 1.27 -
Mechanical efficiency Mm 0.998 -
Generator Generator efficiency Ngen 0.874
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency N 0.8 -
SOFC Fuel utilization factor ug 0.8 -
Cell voltage Veell 0.89 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kagkg
Pressure drop Ap 0.01  bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency M 0.8 -
Blowers Isentropic efficiency MNis 0.85 -
Mechanical efficiency Nm 08 -
Overall AOG combustion %‘;GGT 0.65 -
Gross GT power Pout,ar 0.17 MWe
Gross SOFC power P,ui,s0FC 6.28 MWe
Net system power output P 560 MWe
GT load 10 %
SOFC load 75 %
Net electrical system efficiency 7.y, 58.20 %
Exhaust temperature Tewn 107.66 °C
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Table D.90: CT parameters for the diesel-fuelled SOFC-GT model at cruising speed for a power split of 30-70 and an SOFC load of 100%

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.843 -
Pressure ratio 11 23.54 -
Mechanical efficiency Nm 0.997 -
Turbine Isentropic efficiency Nis 0.865 -
Pressure ratio I 480 -
Mechanical efficiency Nm 0.997 -
Power turbine Isentropic efficiency Nis 0.86 -
Pressure ratio 11 476 -
Mechanical efficiency Mm 0.996 -
Generator Generator efficiency Ngen 0.975
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency N 0.8 -
SOFC Fuel utilization factor ug 0.8 -
Cell voltage Veell 0.89 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kagkg
Pressure drop Ap 0.01  bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency M 0.8 -
Blowers Isentropic efficiency MNis 0.85 -
Mechanical efficiency Nm 08 -
Overall AOG combustion %‘;GGT 0 -
Gross GT power Pout,ar 0 MWe
Gross SOFC power P,ui,s0FC 6.73 MWe
Net system power output P 560 MWe
GT load 0 %
SOFC load 80 %
Net electrical system efficiency 7.y, 5424 %
Exhaust temperature Tewn 151.75 °C
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Table D.91: CT parameters for the diesel-fuelled SOFC-GT model at top speed for a power split of 4.6-95.4

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.843 -
Pressure ratio 11 23.54 -
Mechanical efficiency Nm 0.997 -
Turbine Isentropic efficiency Nis 0.865 -
Pressure ratio I 480 -
Mechanical efficiency Nm 0.997 -
Power turbine Isentropic efficiency Nis 0.86 -
Pressure ratio 11 476 -
Mechanical efficiency Mm 0.996 -
Generator Generator efficiency Ngen 0.975
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency N 0.8 -
SOFC Fuel utilization factor ug 0.8 -
Cell voltage Veell 0.89 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kagkg
Pressure drop Ap 0.01  bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency M 0.8 -
Blowers Isentropic efficiency MNis 0.85 -
Mechanical efficiency Nm 08 -
Overall AOG combustion %‘;GGT 1 -
Gross GT power Pout,ar 22.22 MWe
Gross SOFC power P,ui,s0FC 1.28 MWe
Net system power output Pt 23.31 MWe
GT load 100 %
SOFC load 100 %
Net electrical system efficiency 7.y, 3852 %
Exhaust temperature Tewn 498.72 °C
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Table D.92: CT parameters for the diesel-fuelled SOFC-GT model at top speed for a power split of 10-90

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.843 -
Pressure ratio 11 23.54 -
Mechanical efficiency Nm 0.997 -
Turbine Isentropic efficiency Nis 0.865 -
Pressure ratio I 480 -
Mechanical efficiency Nm 0.997 -
Power turbine Isentropic efficiency Nis 0.86 -
Pressure ratio 11 476 -
Mechanical efficiency Mm 0.996 -
Generator Generator efficiency Ngen 0.975
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency N 0.8 -
SOFC Fuel utilization factor ug 0.8 -
Cell voltage Veell 0.89 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kagkg
Pressure drop Ap 0.01  bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency M 0.8 -
Blowers Isentropic efficiency MNis 0.85 -
Mechanical efficiency Nm 08 -
Overall AOG combustion %‘;GGT 1 -
Gross GT power Pout,ar 20.98 MWe
Gross SOFC power P,ui,s0FC 2.79 MWe
Net system power output Pt 23.31 MWe
GT load 100 %
SOFC load 100 %
Net electrical system efficiency 7.y, 39.86 %
Exhaust temperature Tewn 456.12 °C
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Table D.93: CT parameters for the diesel-fuelled SOFC-GT model at top speed for a power split of 15-85

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.843 -
Pressure ratio 11 23.54 -
Mechanical efficiency Nm 0.997 -
Turbine Isentropic efficiency Nis 0.865 -
Pressure ratio I 480 -
Mechanical efficiency Nm 0.997 -
Power turbine Isentropic efficiency Nis 0.86 -
Pressure ratio 11 476 -
Mechanical efficiency Mm 0.996 -
Generator Generator efficiency Ngen 0.975
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency N 0.8 -
SOFC Fuel utilization factor ug 0.8 -
Cell voltage Veell 0.89 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kagkg
Pressure drop Ap 0.01  bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency M 0.8 -
Blowers Isentropic efficiency MNis 0.85 -
Mechanical efficiency Nm 08 -
Overall AOG combustion %‘;GGT 1 -
Gross GT power Pout,ar 19.75 MWe
Gross SOFC power P,ui,s0FC 418 MWe
Net system power output Pt 23.31 MWe
GT load 100 %
SOFC load 100 %
Net electrical system efficiency 7.y, 4124 %
Exhaust temperature Tewn 419.79 °C
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Table D.94: CT parameters for the diesel-fuelled SOFC-GT model at top speed for a power split of 20-80

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.843 -
Pressure ratio 11 23.54 -
Mechanical efficiency Nm 0.997 -
Turbine Isentropic efficiency Nis 0.865 -
Pressure ratio I 480 -
Mechanical efficiency Nm 0.997 -
Power turbine Isentropic efficiency Nis 0.86 -
Pressure ratio 11 476 -
Mechanical efficiency Mm 0.996 -
Generator Generator efficiency Ngen 0.975
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency N 0.8 -
SOFC Fuel utilization factor ug 0.8 -
Cell voltage Veell 0.89 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kagkg
Pressure drop Ap 0.01  bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency M 0.8 -
Blowers Isentropic efficiency MNis 0.85 -
Mechanical efficiency Nm 08 -
Overall AOG combustion %‘;GGT 1 -
Gross GT power Pout,ar 18.55 MWe
Gross SOFC power P,ui,s0FC 558 MWe
Net system power output Pt 23.31 MWe
GT load 100 %
SOFC load 100 %
Net electrical system efficiency 7.y, 4269 %
Exhaust temperature Tewn 384.14 °C
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Table D.95: CT parameters for the diesel-fuelled SOFC-GT model at top speed for a power split of 25-75

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.843 -
Pressure ratio 11 23.54 -
Mechanical efficiency Nm 0.997 -
Turbine Isentropic efficiency Nis 0.865 -
Pressure ratio I 480 -
Mechanical efficiency Nm 0.997 -
Power turbine Isentropic efficiency Nis 0.86 -
Pressure ratio 11 476 -
Mechanical efficiency Mm 0.996 -
Generator Generator efficiency Ngen 0.975
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency N 0.8 -
SOFC Fuel utilization factor ug 0.8 -
Cell voltage Veell 0.89 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kagkg
Pressure drop Ap 0.01  bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency M 0.8 -
Blowers Isentropic efficiency MNis 0.85 -
Mechanical efficiency Nm 08 -
Overall AOG combustion %‘;GGT 1 -
Gross GT power Pout,ar 17.37 MWe
Gross SOFC power P,ui,s0FC 6.97 MWe
Net system power output Pt 23.31 MWe
GT load 100 %
SOFC load 100 %
Net electrical system efficiency 7.y, 4424 %
Exhaust temperature Texn 34952 °C
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Table D.96: CT parameters for the diesel-fuelled SOFC-GT model at top speed for a power split of 30-70

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.843 -
Pressure ratio 11 23.54 -
Mechanical efficiency Nm 0.997 -
Turbine Isentropic efficiency Nis 0.865 -
Pressure ratio I 480 -
Mechanical efficiency Nm 0.997 -
Power turbine Isentropic efficiency Nis 0.86 -
Pressure ratio 11 476 -
Mechanical efficiency Mm 0.996 -
Generator Generator efficiency Ngen 0.975
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency N 0.8 -
SOFC Fuel utilization factor ug 0.8 -
Cell voltage Veell 0.89 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 2.61 kagkg
Pressure drop Ap 0.01  bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency M 0.8 -
Blowers Isentropic efficiency MNis 0.85 -
Mechanical efficiency Nm 08 -
Overall AOG combustion %‘;GGT 1 -
Gross GT power Pout,ar 16.35 MWe
Gross SOFC power P,ui,s0FC 8.37 MWe
Net system power output Pt 23.31 MWe
GT load 100 %
SOFC load 100 %
Net electrical system efficiency 7.y, 4580 %
Exhaust temperature Tewn 314.48 °C
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D.5.2. Methanol
The parameters for silent operation are given in Table D.97. Next, Table D.98 to Table D.109 show the parameters
for cruising speed. Lastly, Table D.110 to Table D.115 show the parameters for top speed.

Table D.97: CT parameters for the MeOH-fuelled SOFC-GT model at silent speed

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.843 -
Pressure ratio 11 23.54 -
Mechanical efficiency T 0.997 -
Turbine Isentropic efficiency MNis 0.865 -
Pressure ratio 1I 480 -
Mechanical efficiency Nm 0.997 -
Power turbine Isentropic efficiency Nis 0.86 -
Pressure ratio I 476 -
Mechanical efficiency Nm 0.996 -
Generator Generator efficiency Ngen 0.975
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 0.8 -
SOFC Fuel utilization factor Uy 08 -
Cell voltage Veell 0.89 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kag’kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Mm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nim 0.8 -
Overall AOG combustion '“#C;GGT 0 -
Gross GT power Pout,aT 0 MWe
Gross SOFC power Pout,so0FC 0.97 MWe
Net system power output Pt 0.80 MWe
GT load 0 %
SOFC load 75 %
Net electrical system efficiency 7,y 5044 %
Exhaust temperature Tozh 207.34 °C
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Table D.98: CT parameters for the MeOH-fuelled SOFC-GT model at cruising speed for a power split of 4.6-95.4 and an SOFC load of 75%

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.843 -
Pressure ratio 11 23.54 -
Mechanical efficiency Nm 0.997 -
Turbine Isentropic efficiency Nis 0.865 -
Pressure ratio I 480 -
Mechanical efficiency Nm 0.997 -
Power turbine Isentropic efficiency Nis 0.86 -
Pressure ratio 11 476 -
Mechanical efficiency Mm 0.996 -
Generator Generator efficiency Ngen 0.975
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency N 0.8 -
SOFC Fuel utilization factor ug 0.8 -
Cell voltage Veell 0.89 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kaglkg
Pressure drop Ap 0.01  bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency M 0.8 -
Blowers Isentropic efficiency MNis 0.85 -
Mechanical efficiency Nm 08 -
Overall AOG combustion %‘;GGT 1 -
Gross GT power Pout,ar 478 MWe
Gross SOFC power P,ui,s0FC 0.96 MWe
Net system power output P 560 MWe
GT load 100 %
SOFC load 75 %
Net electrical system efficiency 7.y, 4155 %
Exhaust temperature Tewn 418.75 °C
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Table D.99: CT parameters for the MeOH-fuelled SOFC-GT model at cruising speed for a power split of 4.6-95.4 and an SOFC load of

100%

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.843 -
Pressure ratio I 2354 -
Mechanical efficiency Nm 0.997 -
Turbine Isentropic efficiency Nis 0.865 -
Pressure ratio 11 480 -
Mechanical efficiency Nm 0.997 -
Power turbine Isentropic efficiency Nis 0.86 -
Pressure ratio 11 476 -
Mechanical efficiency Nm 0.996 -
Generator Generator efficiency Ngen 0.975
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
SOFC Fuel utilization factor uy 08 -
Cell voltage Veell 0.85 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apeq 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kag/kg
Pressure drop Ap 0.01 bar
Heat exchangers Pressure drop Ap 0.01  bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency Nm 0.8 -
Blowers Isentropic efficiency Nis 0.85 -
Mechanical efficiency M 0.8 -
Overall AOG combustion % 1 -
Gross GT power Pout.cr 454 MWe
Gross SOFC power Pout,sorc 1.29 MWe
Net system power output P, 5.60 MWe
GT load 100 %
SOFC load 100 %
Net electrical system efficiency 7,y 4242 %
Exhaust temperature Tezh 380.64 °C
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Table D.100: CT parameters for the MeOH-fuelled SOFC-GT model at cruising speed for a power split of 10-90 and an SOFC load of 75%

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.857 -
Pressure ratio 11 20.69 -
Mechanical efficiency Nm 0.997 -
Turbine Isentropic efficiency Nis 0.86 -
Pressure ratio I 472 -
Mechanical efficiency Nm 0.997 -
Power turbine Isentropic efficiency Nis 0.855 -
Pressure ratio 11 425 -
Mechanical efficiency Nm 0.997 -
Generator Generator efficiency Ngen 0.974
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency N 0.8 -
SOFC Fuel utilization factor ug 0.8 -
Cell voltage Veell 0.89 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kaglkg
Pressure drop Ap 0.01  bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency M 0.8 -
Blowers Isentropic efficiency MNis 0.85 -
Mechanical efficiency Nm 08 -
Overall AOG combustion %‘;GGT 1 -
Gross GT power Pout,ar 3.81 MWe
Gross SOFC power P,ui,s0FC 211 MWe
Net system power output Pt 560 MWe
GT load 80 %
SOFC load 75 %
Net electrical system efficiency 7.y, 4519 %
Exhaust temperature Tewn 32113 °C
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Table D.101: CT parameters for the MeOH-fuelled SOFC-GT model at cruising speed for a power split of 10-90 and an SOFC load of 100%

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.861 -
Pressure ratio 11 1917 -
Mechanical efficiency Nm 0.996 -
Turbine Isentropic efficiency Nis 0.855 -
Pressure ratio I 469 -
Mechanical efficiency Nm 0.996 -
Power turbine Isentropic efficiency Nis 0.855 -
Pressure ratio 11 3.96 -
Mechanical efficiency Mm 0.996 -
Generator Generator efficiency Ngen 0.973
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency N 0.8 -
SOFC Fuel utilization factor ug 0.8 -
Cell voltage Veell 0.85 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kaglkg
Pressure drop Ap 0.01  bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency M 0.8 -
Blowers Isentropic efficiency MNis 0.85 -
Mechanical efficiency Nm 08 -
Overall AOG combustion %‘;GGT 1 -
Gross GT power Pout,ar 3.16 MWe
Gross SOFC power P,ui,s0FC 2.92 MWe
Net system power output P 560 MWe
GT load 70 %
SOFC load 100 %
Net electrical system efficiency 7.y, 48.68 %
Exhaust temperature Tewn 246.87 °C
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Table D.102: CT parameters for the MeOH-fuelled SOFC-GT model at cruising speed for a power split of 15-85 and an SOFC load of 75%

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.862 -
Pressure ratio 11 17.72 -
Mechanical efficiency Nm 0.996 -
Turbine Isentropic efficiency Nis 0.85 -
Pressure ratio I 467 -
Mechanical efficiency Nm 0.996 -
Power turbine Isentropic efficiency Nis 0.845 -
Pressure ratio 11 3.68 -
Mechanical efficiency Mm 0.996 -
Generator Generator efficiency Ngen 0.97
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency N 0.8 -
SOFC Fuel utilization factor ug 0.8 -
Cell voltage Veell 0.89 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kaglkg
Pressure drop Ap 0.01  bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency M 0.8 -
Blowers Isentropic efficiency MNis 0.85 -
Mechanical efficiency Nm 08 -
Overall AOG combustion %‘;GGT 1 -
Gross GT power Pout,ar 421 MWe
Gross SOFC power P,ui,s0FC 2.15 MWe
Net system power output P 560 MWe
GT load 60 %
SOFC load 75 %
Net electrical system efficiency 7.y, 52.06 %
Exhaust temperature Tewn 246.87 °C
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Table D.103: CT parameters for the MeOH-fuelled SOFC-GT model at cruising speed for a power split of 15-85 and an SOFC load of 100%

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.859 -
Pressure ratio 11 16.05 -
Mechanical efficiency Nm 0.997 -
Turbine Isentropic efficiency Nis 0.84 -
Pressure ratio I 470 -
Mechanical efficiency Nm 0.997 -
Power turbine Isentropic efficiency Nis 0.84 -
Pressure ratio 11 431 -
Mechanical efficiency Nm 0.997 -
Generator Generator efficiency Ngen 0.966
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency N 0.8 -
SOFC Fuel utilization factor ug 0.8 -
Cell voltage Veell 0.85 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kaglkg
Pressure drop Ap 0.01  bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency M 0.8 -
Blowers Isentropic efficiency MNis 0.85 -
Mechanical efficiency Nm 08 -
Overall AOG combustion %‘;GGT 1 -
Gross GT power Pout,ar 421 MWe
Gross SOFC power P,ui,s0FC 2.15 MWe
Net system power output P 560 MWe
GT load 5 %
SOFC load 100 %
Net electrical system efficiency 7.y, 52.06 %
Exhaust temperature Tewn 178.03 °C
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Table D.104: CT parameters for the MeOH-fuelled SOFC-GT model at cruising speed for a power split of 20-80 and an SOFC load of 75%

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.859 -
Pressure ratio 11 16.05 -
Mechanical efficiency Nm 0.997 -
Turbine Isentropic efficiency Nis 0.84 -
Pressure ratio I 470 -
Mechanical efficiency Nm 0.997 -
Power turbine Isentropic efficiency Nis 0.84 -
Pressure ratio 11 431 -
Mechanical efficiency Mm 0.997 -
Generator Generator efficiency Ngen 0.966
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency N 0.8 -
SOFC Fuel utilization factor ug 0.8 -
Cell voltage Veell 0.89 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kaglkg
Pressure drop Ap 0.01  bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency M 0.8 -
Blowers Isentropic efficiency MNis 0.85 -
Mechanical efficiency Nm 08 -
Overall AOG combustion %‘;GGT 1 -
Gross GT power Pout,ar 2.02 MWe
Gross SOFC power P,ui,s0FC 421 MWe
Net system power output P 561 MWe
GT load 5 %
SOFC load 75 %
Net electrical system efficiency 7.y, 55.03 %
Exhaust temperature Tewn 178.19 °C
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Table D.105: CT parameters for the MeOH-fuelled SOFC-GT model at cruising speed for a power split of 20-80 and an SOFC load of 100%

Component Parameter CT Value
Compressor Isentropic efficiency Nis 082 -
Pressure ratio 11 10.62 -
Mechanical efficiency Nm 0.998 -
Turbine Isentropic efficiency Nis 0.79 -
Pressure ratio I 504 -
Mechanical efficiency Nm 0.998 -
Power turbine Isentropic efficiency Nis 0.79 -
Pressure ratio 11 2.04 -
Mechanical efficiency Mm 0.998 -
Generator Generator efficiency Ngen 0.93
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency N 0.8 -
SOFC Fuel utilization factor ug 0.8 -
Cell voltage Veell 0.85 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kaglkg
Pressure drop Ap 0.01  bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency M 0.8 -
Blowers Isentropic efficiency MNis 0.85 -
Mechanical efficiency Nm 08 -
Overall AOG combustion %‘;GGT 1 -
Gross GT power Pout,ar 0.99 MWe
Gross SOFC power P,ui,s0FC 562 MWe
Net system power output P 560 MWe
GT load 20 %
SOFC load 100 %
Net electrical system efficiency 7.y, 54.08 %
Exhaust temperature Texn 133,50 °C
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Table D.106: CT parameters for the MeOH-fuelled SOFC-GT model at cruising speed for a power split of 25-75 and an SOFC load of 75%

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.84 -
Pressure ratio 11 12.61 -
Mechanical efficiency Nm 0.998 -
Turbine Isentropic efficiency Nis 0.817 -
Pressure ratio I 494 -
Mechanical efficiency Nm 0.998 -
Power turbine Isentropic efficiency Nis 0.817 -
Pressure ratio 11 2.58 -
Mechanical efficiency Mm 0.998 -
Generator Generator efficiency Ngen 0.95
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency N 0.8 -
SOFC Fuel utilization factor ug 0.8 -
Cell voltage Veell 0.89 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kaglkg
Pressure drop Ap 0.01  bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency M 0.8 -
Blowers Isentropic efficiency MNis 0.85 -
Mechanical efficiency Nm 08 -
Overall AOG combustion %‘;GGT 1 -
Gross GT power Pout,ar 1.12 MWe
Gross SOFC power P,ui,s0FC 526 MWe
Net system power output P 561 MWe
GT load 30 %
SOFC load 75 %
Net electrical system efficiency 7.y, 61.38 %
Exhaust temperature Tewn 121.24 °C
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Table D.107: CT parameters for the MeOH-fuelled SOFC-GT model at cruising speed for a power split of 25-75 and an SOFC load of 100%

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.843 -
Pressure ratio 11 23.54 -
Mechanical efficiency Nm 0.997 -
Turbine Isentropic efficiency Nis 0.865 -
Pressure ratio I 480 -
Mechanical efficiency Nm 0.997 -
Power turbine Isentropic efficiency Nis 0.86 -
Pressure ratio 11 476 -
Mechanical efficiency Mm 0.996 -
Generator Generator efficiency Ngen 0.975
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency N 0.8 -
SOFC Fuel utilization factor ug 0.8 -
Cell voltage Veell 0.85 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kaglkg
Pressure drop Ap 0.01  bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency M 0.8 -
Blowers Isentropic efficiency MNis 0.86 -
Mechanical efficiency Nm 08 -
Overall AOG combustion %‘;GGT 0 -
Gross GT power Pout,ar 0 MWe
Gross SOFC power P,ui,s0FC 6.97 MWe
Net system power output P 560 MWe
GT load 0 %
SOFC load 9% %
Net electrical system efficiency 7.y, 4734 %
Exhaust temperature Tewn 202.54 °C
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Table D.108: CT parameters for the MeOH-fuelled SOFC-GT model at cruising speed for a power split of 30-70 and an SOFC load of 75%

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.79 -
Pressure ratio 11 8.38 -
Mechanical efficiency Nm 0.998 -
Turbine Isentropic efficiency Nis 0.72 -
Pressure ratio I 6.38 -
Mechanical efficiency Nm 0.998 -
Power turbine Isentropic efficiency Nis 0.72 -
Pressure ratio 11 1.27 -
Mechanical efficiency Mm 0.998 -
Generator Generator efficiency Ngen 0.874
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency N 0.8 -
SOFC Fuel utilization factor ug 0.8 -
Cell voltage Veell 0.89 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kaglkg
Pressure drop Ap 0.01  bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency M 0.8 -
Blowers Isentropic efficiency MNis 0.85 -
Mechanical efficiency Nm 08 -
Overall AOG combustion %‘;GGT 0.82 -
Gross GT power Pout,ar 0.24 MWe
Gross SOFC power P,ui,s0FC 6.32 MWe
Net system power output P 560 MWe
GT load 10 %
SOFC load 75 %
Net electrical system efficiency 7.y, 54.03 %
Exhaust temperature Texn 140.56 °C
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Table D.109: CT parameters for the MeOH-fuelled SOFC-GT model at cruising speed for a power split of 30-70 and an SOFC load of 100%

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.843 -
Pressure ratio 11 23.54 -
Mechanical efficiency Nm 0.997 -
Turbine Isentropic efficiency Nis 0.865 -
Pressure ratio I 480 -
Mechanical efficiency Nm 0.997 -
Power turbine Isentropic efficiency Nis 0.86 -
Pressure ratio 11 476 -
Mechanical efficiency Mm 0.996 -
Generator Generator efficiency Ngen 0.975
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency N 0.8 -
SOFC Fuel utilization factor ug 0.8 -
Cell voltage Veell 0.89 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kaglkg
Pressure drop Ap 0.01  bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency M 0.8 -
Blowers Isentropic efficiency MNis 0.85 -
Mechanical efficiency Nm 08 -
Overall AOG combustion %‘;GGT 0 -
Gross GT power Pout,ar 0 MWe
Gross SOFC power P,ui,s0FC 6.78 MWe
Net system power output P 560 MWe
GT load 0 %
SOFC load 80 %
Net electrical system efficiency 7.y, 50.39 %
Exhaust temperature Tewn 207.05 °C
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Table D.110: CT parameters for the MeOH-fuelled SOFC-GT model at top speed for a power split of 4.6-95.4

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.843 -
Pressure ratio 11 23.54 -
Mechanical efficiency Nm 0.997 -
Turbine Isentropic efficiency Nis 0.865 -
Pressure ratio I 480 -
Mechanical efficiency Nm 0.997 -
Power turbine Isentropic efficiency Nis 0.86 -
Pressure ratio 11 476 -
Mechanical efficiency Mm 0.996 -
Generator Generator efficiency Ngen 0.975
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency N 0.8 -
SOFC Fuel utilization factor ug 0.8 -
Cell voltage Veell 0.89 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kaglkg
Pressure drop Ap 0.01  bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency M 0.8 -
Blowers Isentropic efficiency MNis 0.85 -
Mechanical efficiency Nm 08 -
Overall AOG combustion %‘;GGT 1 -
Gross GT power Pout,ar 22.24 MWe
Gross SOFC power P,ui,s0FC 1.29 MWe
Net system power output Pt 23.31 MWe
GT load 100 %
SOFC load 100 %
Net electrical system efficiency 7.y, 3894 %
Exhaust temperature Tewn 473.37 °C
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Table D.111: CT parameters for the MeOH-fuelled SOFC-GT model at top speed for a power split of 10-90

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.843 -
Pressure ratio 11 23.54 -
Mechanical efficiency Nm 0.997 -
Turbine Isentropic efficiency Nis 0.865 -
Pressure ratio I 480 -
Mechanical efficiency Nm 0.997 -
Power turbine Isentropic efficiency Nis 0.86 -
Pressure ratio 11 476 -
Mechanical efficiency Mm 0.996 -
Generator Generator efficiency Ngen 0.975
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency N 0.8 -
SOFC Fuel utilization factor ug 0.8 -
Cell voltage Veell 0.89 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kaglkg
Pressure drop Ap 0.01  bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency M 0.8 -
Blowers Isentropic efficiency MNis 0.85 -
Mechanical efficiency Nm 08 -
Overall AOG combustion %‘;GGT 1 -
Gross GT power Pout,ar 20.97 MWe
Gross SOFC power P,ui,s0FC 2.81 MWe
Net system power output Pt 23.31 MWe
GT load 100 %
SOFC load 100 %
Net electrical system efficiency 7.y, 4018 %
Exhaust temperature Tewn 43747 °C
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Table D.112: CT parameters for the MeOH-fuelled SOFC-GT model at top speed for a power split of 15-85

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.843 -
Pressure ratio 11 23.54 -
Mechanical efficiency Nm 0.997 -
Turbine Isentropic efficiency Nis 0.865 -
Pressure ratio I 480 -
Mechanical efficiency Nm 0.997 -
Power turbine Isentropic efficiency Nis 0.86 -
Pressure ratio 11 476 -
Mechanical efficiency Mm 0.996 -
Generator Generator efficiency Ngen 0.975
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency N 0.8 -
SOFC Fuel utilization factor ug 0.8 -
Cell voltage Veell 0.89 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kaglkg
Pressure drop Ap 0.01  bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency M 0.8 -
Blowers Isentropic efficiency MNis 0.85 -
Mechanical efficiency Nm 08 -
Overall AOG combustion %‘;GGT 1 -
Gross GT power Pout,ar 19.84 MWe
Gross SOFC power P,ui,s0FC 421 MWe
Net system power output Pt 23.31 MWe
GT load 100 %
SOFC load 100 %
Net electrical system efficiency 7.y, 4137 %
Exhaust temperature Texn 405.28 °C
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Table D.113: CT parameters for the MeOH-fuelled SOFC-GT model at top speed for a power split of 20-80

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.843 -
Pressure ratio 11 23.54 -
Mechanical efficiency Nm 0.997 -
Turbine Isentropic efficiency Nis 0.865 -
Pressure ratio I 480 -
Mechanical efficiency Nm 0.997 -
Power turbine Isentropic efficiency Nis 0.86 -
Pressure ratio 11 476 -
Mechanical efficiency Mm 0.996 -
Generator Generator efficiency Ngen 0.975
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency N 0.8 -
SOFC Fuel utilization factor ug 0.8 -
Cell voltage Veell 0.89 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kaglkg
Pressure drop Ap 0.01  bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency M 0.8 -
Blowers Isentropic efficiency MNis 0.85 -
Mechanical efficiency Nm 08 -
Overall AOG combustion %‘;GGT 1 -
Gross GT power Pout,ar 18.68 MWe
Gross SOFC power P,ui,s0FC 562 MWe
Net system power output Pt 23.31 MWe
GT load 100 %
SOFC load 100 %
Net electrical system efficiency 7.y, 4266 %
Exhaust temperature Tewn 37472 °C
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Table D.114: CT parameters for the MeOH-fuelled SOFC-GT model at top speed for a power split of 25-75

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.843 -
Pressure ratio 11 23.54 -
Mechanical efficiency Nm 0.997 -
Turbine Isentropic efficiency Nis 0.865 -
Pressure ratio I 480 -
Mechanical efficiency Nm 0.997 -
Power turbine Isentropic efficiency Nis 0.86 -
Pressure ratio 11 476 -
Mechanical efficiency Mm 0.996 -
Generator Generator efficiency Ngen 0.975
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency N 0.8 -
SOFC Fuel utilization factor ug 0.8 -
Cell voltage Veell 0.89 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kaglkg
Pressure drop Ap 0.01  bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency M 0.8 -
Blowers Isentropic efficiency MNis 0.85 -
Mechanical efficiency Nm 08 -
Overall AOG combustion %‘;GGT 1 -
Gross GT power Pout,ar 17.52 MWe
Gross SOFC power P,ui,s0FC 7.02 MWe
Net system power output Pt 23.31 MWe
GT load 100 %
SOFC load 100 %
Net electrical system efficiency 7.y, 4403 %
Exhaust temperature Tewn 34521 °C
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Table D.115: CT parameters for the MeOH-fuelled SOFC-GT model at top speed for a power split of 30-70

Component Parameter CT Value
Compressor Isentropic efficiency Nis 0.843 -
Pressure ratio 11 23.54 -
Mechanical efficiency Nm 0.997 -
Turbine Isentropic efficiency Nis 0.865 -
Pressure ratio I 480 -
Mechanical efficiency Nm 0.997 -
Power turbine Isentropic efficiency Nis 0.86 -
Pressure ratio 11 476 -
Mechanical efficiency Mm 0.996 -
Generator Generator efficiency Ngen 0.975
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency N 0.8 -
SOFC Fuel utilization factor ug 0.8 -
Cell voltage Veell 0.89 V
Stack temperature Totack 750 °C
Inlet temperature T; 700 °C
Outlet temperature Tout 790 °C
Anode pressure drop Apan 0.02 bar
Cathode pressure drop Apea 0.02 bar
Fuel reformer Reformer temperature Treform 600 °C
Steam to fuel ratio S/F 0.68 kaglkg
Pressure drop Ap 0.01  bar
Heat exchangers Pressure drop Ap 0.01 bar
Pumps Isentropic efficiency Nis 0.85 -
Mechanical efficiency M 0.8 -
Blowers Isentropic efficiency MNis 0.85 -
Mechanical efficiency Nm 08 -
Overall AOG combustion %‘;GGT 1 -
Gross GT power Pout,ar 16.39 MWe
Gross SOFC power P,ut,sorc 8.42 MWe
Net system power output Pt 23.31 MWe
GT load 100 %
SOFC load 100 %
Net electrical system efficiency 7.y, 4547 %
Exhaust temperature Tewn 316.52 °C




Weight and volume breakdown

This appendix gives a breakdown of the total weight and volume of the current power plant and the different
combined cycles. The current system is given in section E.1, and the diesel-fuelled systems are given in sec-
tion E.2 (SOFC-ICE) and section E.3 (SOFC-GT). Lastly, the MeOH-fuelled systems are given in section E.4
(SOFC-ICE) and section E.5 (SOFC-GT).

E.1. Current system

The weight and volume of the current system is shown in the table below. The current system consists of a
mixture of ICEs and gensets producing the total power demand of the vessel. Additionally, the system consists
of e-motors, gearboxes and fuel storage.

Table E.1: Weight and volume of the components of the current power plant of the reference vessel

Component Variant Length [m] Width [m] Height[m] Volume [m°] Weight [ton] :1‘:1::::;
ICE - - - - 67.347 51.3 2
Genset - - - - 21.435 10.15 4
E-motor - - - - 4.091 5.02 2
Gearbox - - - - 17.33 22.05 2
Fuel Diesel ; ; - 415.53 351.12

Total ; ; - - 679.79 550.50
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E.2. SOFC-ICE diesel

This section shows the weight and volume of each component in the diesel-fuelled SOFC-ICE combined cycle.
For hybrid and electric propulsion the differences lie in the ICE/genset, e-motor and gearbox. The total weight
and volume for each power split is also given in the tables.

Table E.2: Weight and volume of the components of the diesel-fuelled SOFC-ICE combined cycle with a power split of 4.6-95.4

Component Variant Length [m] Width [m] Height[m] Volume [m?] Weight [ton] :\‘:’tg;::;
ICE (hybrid) MAN 20V 28/33D STC (10 MW) 8.047 2.273 3.982 67.347 51.3 2
Genset (electric)  Wartsila 16V 34DF (7.37 MWe) 11.175 3.060 4.515 154.393 121 3
SOFC Bloom Energy Server (325 kWe) 8.961 1.238 2.494 27.668 14.8 4
E-motor (hybrid) Siemens HV A compact plus (0.355 MW) 1.577 0.770 0.695 0.844 1.08 2
E-motor (electric)  Siemens HV-M (10.68 MW) 5.580 3.85 3.385 67.18 28 2
Gearbox (hybrid) ~ Wartsila TCH270 2.440 3.900 3.020 28.738 28 2
Gearbox (electric) Wartsila SCH105 2.450 2.995 2.429 17.823 30 2
Low temperature air heater 1.000 0.621 0.621 0.096 0.174 4
High temperature air heater 1.000 0.572 0.572 0.082 0.147 4
Low temperature fuel heater 0.300 0.165 0.165 0.002 0.004 4
HEX High temperature fuel heater 0.300 0.179 0.179 0.002 0.004 4
Economizer 0.300 0.186 0.186 0.003 0.005 4
Evaporator 0.500 0.345 0.345 0.015 0.027 4
Superheater 0.300 0.185 0.185 0.003 0.005 4
Moisture separator 1.000 0.530 0.530 0.070 0.127 2
Blower HR43 1.252 0.510 0.665 0.425 0.68 4
Fuel Diesel - - - 388.54 328.32 -
Total (hybrid) - - - - 673.14 540.70 -
Total (electric) - - - - 1098.66 870.84 -

Table E.3: Weight and volume of the components of the diesel-fuelled SOFC-ICE combined cycle with a power split of 10-90

Component Variant Length [m] Width [m] Height[m] Volume [m®] Weight [ton] :::;:;’;:;
ICE (hybrid) MAN 20V 28/33D STC (10 MW) 8.047 2.273 3.982 67.347 51.3 2
Genset (electric) ~ Wartsila 16V 34DF (7.37 MWe) 11.175 3.060 4.515 154.393 121 3
SOFC Bloom Energy Server (325 kWe) 8.961 1.238 2.494 27.668 14.8 9
E-motor (hybrid) Siemens HV A compact plus (1.12 MW) 1.925 1.385 1.583 4.22 3.55 2
E-motor (electric)  Siemens HV-M (10.68 MW) 5.580 3.85 3.385 67.18 28 2
Gearbox (hybrid) ~ Wartsila TCH270 2.440 3.900 3.020 28.738 28 2
Gearbox (electric) Wartsila SCH105 2.450 2.995 2.429 17.823 30 2
Low temperature air heater 1.000 0.621 0.621 0.096 0.174 9
High temperature air heater 1.000 0.572 0.572 0.082 0.147 9
Low temperature fuel heater 0.300 0.165 0.165 0.002 0.004 9
HEX High temperature fuel heater 0.300 0.179 0.179 0.002 0.004 9
Economizer 0.300 0.186 0.186 0.003 0.005 9
Evaporator 0.500 0.345 0.345 0.015 0.027 9
Superheater 0.300 0.185 0.185 0.003 0.005 9
Moisture separator 1.25 0.720 0.720 0.162 0.293 2
Blower HR43 1.252 0.510 0.665 0.425 0.68 9
Fuel Diesel - - - 349.42 295.26 -
Total (hybrid) - - - - 781.49 592.00 -

Total (electric) - - - - 1200.25 917.20
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Table E.4: Weight and volume of the components of the diesel-fuelled SOFC-ICE combined cycle with a power split of 15-85
. - . 3 . Amount
Component Variant Length [m] Width [m] Height[m] Volume [m®] Weight [ton] installed
ICE (hybrid) MAN 20V 28/33D STC (10 MW) 8.047 2.273 3.982 67.347 51.3 2
Genset (electric) ~ Wartsila 12V 32 (6.5 MWe) 10.7 3.06 4.13 135.224 100 3
SOFC Bloom Energy Server (325 kWe) 8.961 1.238 2.494 27.668 14.8 13
E-motor (hybrid) Siemens HV A compact plus (1.80 MW) 2.149 1.496 1.757 5.649 4.70 2
E-motor (electric) ~ Siemens HV-M (10.68 MW) 5.580 3.85 3.385 67.18 28 2
Gearbox (hybrid) ~ Wartsila TCH270 2.440 3.900 3.020 28.738 28 2
Gearbox (electric) Wartsila SCH105 2.450 2.995 2.429 17.823 30 2
Low temperature air heater 1.000 0.621 0.621 0.096 0.174 13
High temperature air heater 1.000 0.572 0.572 0.082 0.147 13
Low temperature fuel heater 0.300 0.165 0.165 0.002 0.004 13
HEX High temperature fuel heater 0.300 0.179 0.179 0.002 0.004 13
Economizer 0.300 0.186 0.186 0.003 0.005 13
Evaporator 0.500 0.345 0.345 0.015 0.027 13
Superheater 0.300 0.185 0.185 0.003 0.005 13
Moisture separator 1.50 0.805 0.805 0.244 0.439 2
Blower HR43 1.252 0.510 0.665 0.425 0.68 13
Fuel Diesel - - - 313.00 264.48 -
Total (hybrid) - - - - 860.52 627.08 -
Total (electric) - - - - 1218.92 886.98 -
Table E.5: Weight and volume of the components of the diesel-fuelled SOFC-ICE combined cycle with a power split of 20-80
. - . 3 . Amount
Component Variant Length [m] Width [m] Height[m] Volume [m’] Weight [ton] installed
ICE (hybrid) MAN 20V 28/33D STC (10 MW) 8.047 2.273 3.982 67.347 51.3 2
Genset (electric) ~ Wartsila 12V 32 (6.5 MWe) 10.7 3.06 4.13 135.224 100 3
SOFC Bloom Energy Server (325 kWe) 8.961 1.238 2.494 27.668 14.8 18
E-motor (hybrid) Siemens HV A compact plus (2.50 MW) 2.294 1.656 1.907 7.244 5.90 2
E-motor (electric) ~ Siemens HV-M (10.68 MW) 5.580 3.85 3.385 67.18 28 2
Gearbox (hybrid) ~ Wartsila TCH270 2.440 3.900 3.020 28.738 28 2
Gearbox (electric) Wartsila SCH105 2.450 2.995 2.429 17.823 30 2
Low temperature air heater 1.000 0.621 0.621 0.096 0.174 18
High temperature air heater 1.000 0.572 0.572 0.082 0.147 18
Low temperature fuel heater 0.300 0.165 0.165 0.002 0.004 18
HEX High temperature fuel heater 0.300 0.179 0.179 0.002 0.004 18
Economizer 0.300 0.186 0.186 0.003 0.005 18
Evaporator 0.500 0.345 0.345 0.015 0.027 18
Superheater 0.300 0.185 0.185 0.003 0.005 18
Moisture separator 1.500 0.931 0.931 0.325 0.586 2
Blower HR43 1.252 0.510 0.665 0.425 0.68 18
Fuel Diesel - - - 279.27 235.98 -
Total (hybrid) - - - - 970.68 680.36 -
Total (electric) - - - - 1325.89 937.86 -
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Table E.6: Weight and volume of the components of the diesel-fuelled SOFC-ICE combined cycle with a power split of 25-75

. - . 3 . Amount

Component Variant Length [m] Width [m] Height [m] Volume [m®] Weight [ton] installed
ICE (hybrid) MAN 16V 28/33D STC (8 MW) 7.127 2.273 3.982 59.647 43.6 2
Genset (electric)  Wartsila 16V 32 (8.6 MWe) 11.465 3.36 4.445 171.232 127 2
SOFC Bloom Energy Server (325 kWe) 8.961 1.238 2.494 27.668 14.8 22
E-motor (hybrid) Siemens HV A compact plus (3.15 MW) 2.294 1.656 1.907 7.244 6.65 2
E-motor (electric) ~ Siemens HV-M (10.68 MW) 5.580 3.85 3.385 67.18 28 2
Gearbox (hybrid) ~ Wartsila TCH270 2.440 3.900 3.020 28.738 28 2
Gearbox (electric) Wartsila SCH105 2.450 2.995 2.429 17.823 30 2
Low temperature air heater 1.000 0.621 0.621 0.096 0.174 22
High temperature air heater 1.000 0.572 0.572 0.082 0.147 22
Low temperature fuel heater 0.300 0.165 0.165 0.002 0.004 22
HEX High temperature fuel heater 0.300 0.179 0.179 0.002 0.004 22
Economizer 0.300 0.186 0.186 0.003 0.005 22
Evaporator 0.500 0.345 0.345 0.015 0.027 22
Superheater 0.300 0.185 0.185 0.003 0.005 22
Moisture separator 1.500 1.040 1.040 0.406 0.733 2
Blower HR43 1.252 0.510 0.665 0.425 0.68 22
Fuel Diesel - - - 267.12 225.72 -
Total (hybrid) - - - - 1054.92 718.29 -
Total (electric) - - - - 1363.13 945.16 -

Table E.7: Weight and volume of the components of the diesel-fuelled SOFC-ICE combined cycle with a power split of 30-70

. - . 3 . Amount

Component Variant Length [m] Width [m] Height[m] Volume [m’] Weight [ton] installed
ICE (hybrid) MAN 16V 28/33D STC (8 MW) 7.127 2.273 3.982 59.647 43.6 2
Genset (electric)  Wartsila 16V 32 (8.6 MWe) 11.465 3.36 4.445 171.232 127 2
SOFC Bloom Energy Server (325 kWe) 8.961 1.238 2.494 27.668 14.8 27
E-motor (hybrid) Siemens HV A compact plus (4.00 MW) 2.555 1.913 2.067 10.103 9.75 2
E-motor (electric) ~ Siemens HV-M (10.68 MW) 5.580 3.85 3.385 67.18 28 2
Gearbox (hybrid) ~ Wartsila TCH270 2.440 3.900 3.020 28.738 28 2
Gearbox (electric) Wartsila SCH105 2.450 2.995 2.429 17.823 30 2
Low temperature air heater 1.000 0.621 0.621 0.096 0.174 27
High temperature air heater 1.000 0.572 0.572 0.082 0.147 27
Low temperature fuel heater 0.300 0.165 0.165 0.002 0.004 27
HEX High temperature fuel heater 0.300 0.179 0.179 0.002 0.004 27
Economizer 0.300 0.186 0.186 0.003 0.005 27
Evaporator 0.500 0.345 0.345 0.015 0.027 27
Superheater 0.300 0.185 0.185 0.003 0.005 27
Moisture separator 1.750 1.050 1.050 0.488 0.880 2
Blower HR43 1.252 0.510 0.665 0.425 0.68 27
Fuel Diesel - - - 300.85 254.22 -
Total (hybrid) - - - - 1235.88 833.84 -
Total (electric) - - - - 1537.56 1049.04 -
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E.3. SOFC-GT diesel

This section shows the weight and volume of each component in the diesel-fuelled SOFC-GT combined cycle.
For hybrid and electric propulsion the differences lie in the GT/genset, e-motor and gearbox. The total weight
and volume for each power split is also given in the tables.

Table E.8: Weight and volume of the components of the diesel-fuelled SOFC-GT combined cycle with a power split of 4.6-95.4

Component Variant Length [m] Width [m] Height[m] Volume [m?] Weight [ton] I’:“’s“tgl‘::;
GT (hybrid) GE LM500 (4.6 MW) 3.660 1.650 1.650 9.964 2.779 5
Genset (electricy  GE LM500 (4.2 MWe) 7.140 2.390 2.390 40.784 27.273 6
SOFC Bloom Energy Server (325 kWe) 8.961 1.238 2.494 27.668 14.8 4
E-motor (hybrid) Siemens HV A (0.355 MW) 1.577 0.770 0.695 0.844 1.43 2
E-motor (electric)  Siemens HV-M (10.68 MW) 5.580 3.85 3.385 67.18 28 2
Gearbox (hybrid)  Triple input/single output - - - 82 80 2
Gearbox (electric) Wartsila SCH105 2.450 2.995 2.429 17.823 30 2
Low + intermediate temperature air heater 1.000 0.621 0.621 0.097 0.174 4
High temperature air heater 1.000 0.572 0.572 0.082 0.147 4
Low temperature fuel heater 0.300 0.165 0.165 0.002 0.004 4
HEX High temperature fuel heater 0.300 0.179 0.179 0.002 0.004 4
Economizer 0.300 0.186 0.186 0.003 0.005 4
Evaporator 0.500 0.345 0.345 0.015 0.027 4
Superheater 0.300 0.185 0.185 0.003 0.005 4
Blower HR43 1.252 0.510 0.665 0.425 0.68 4
Fuel Diesel - - - 407.43 344.28 -
Total (hybrid) - - - - 700.72 583.64 -
Total (electric) - - - - 898.95 687.23 -

Table E.9: Weight and volume of the components of the diesel-fuelled SOFC-GT combined cycle with a power split of 10-90

Component Variant Length [m] Width [m] Height[m] Volume [m3] Weight [ton] QQZILII:;
GT (hybrid) GE LM500 (4.6 MW) 3.660 1.650 1.650 9.964 2,779 5
Genset (electric)  GE LM500 (4.2 MWe) 7.140 2.390 2.390 40.784 27.273 5
SOFC Bloom Energy Server (325 kWe) 8.961 1.238 2.494 27.668 14.8 9
E-motor (hybrid) Siemens HV A compact plus (1.12 MW) 1.925 1.385 1.583 4.22 3.55 2
E-motor (electric)  Siemens HV-M (10.68 MW) 5.580 3.85 3.385 67.18 28 2
Gearbox (hybrid)  Triple input/single output - - - 82 80 2
Gearbox (electric) Wartsila SCH105 2.450 2.995 2.429 17.823 30 2
Low + intermediate temperature air heater 1.000 0.621 0.621 0.097 0.174 9
High temperature air heater 1.000 0.572 0.572 0.082 0.147 9
Low temperature fuel heater 0.300 0.165 0.165 0.002 0.004 9
HEX High temperature fuel heater 0.300 0.179 0.179 0.002 0.004 9
Economizer 0.300 0.186 0.186 0.003 0.005 9
Evaporator 0.500 0.345 0.345 0.015 0.027 9
Superheater 0.300 0.185 0.185 0.003 0.005 9
Blower HR43 1.252 0.510 0.665 0.425 0.68 9
Fuel Diesel - - - 358.86 303.24 -
Total (hybrid) - - - - 799.48 626.68 -

Total (electric) - - - - 950.17 698.05
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Table E.10: Weight and volume of the components of the diesel-fuelled SOFC-GT combined cycle with a power split of 15-85

. . . 3 . Amount

Component Variant Length [m] Width [m] Height [m] Volume [m’] Weight [ton] installed
GT (hybrid) GE LM500 (4.6 MW) 3.660 1.650 1.650 9.964 2.779 5
Genset (electric)  GE LM500 (4.2 MWe) 7.140 2.390 2.390 40.784 27.273 5
SOFC Bloom Energy Server (325 kWe) 8.961 1.238 2.494 27.668 14.8 13
E-motor (hybrid) Siemens HV A compact plus (1.80 MW) 2.149 1.496 1.757 5.649 4.70 2
E-motor (electric)  Siemens HV-M (10.68 MW) 5.580 3.85 3.385 67.18 28 2
Gearbox (hybrid)  Triple input/single output - - - 82 80 2
Gearbox (electric) Wartsila SCH105 2.450 2.995 2.429 17.823 30 2
Low + intermediate temperature air heater 1.000 0.621 0.621 0.097 0.174 13
High temperature air heater 1.000 0.572 0.572 0.082 0.147 13
Low temperature fuel heater 0.300 0.165 0.165 0.002 0.004 13
HEX High temperature fuel heater 0.300 0.179 0.179 0.002 0.004 13
Economizer 0.300 0.186 0.186 0.003 0.005 13
Evaporator 0.500 0.345 0.345 0.015 0.027 13
Superheater 0.300 0.185 0.185 0.003 0.005 13
Blower HR43 1.252 0.510 0.665 0.425 0.68 13
Fuel Diesel - - - 358.86 303.24 -
Total (hybrid) - - - - 867.57 652.39 -
Total (electric) - - - - 1015.40 721.46 -

Table E.11: Weight and volume of the components of the diesel-fuelled SOFC-GT combined cycle with a power split of 20-80

. . . 3 . Amount

Component Variant Length [m] Width [m] Height [m] Volume [m’] Weight [ton] installed
GT (hybrid) GE LM500 (4.6 MW) 3.660 1.650 1.650 9.964 2.779 5
Genset (electric)  GE LM500 (4.2 MWe) 7.140 2.390 2.390 40.784 27.273 4
SOFC Bloom Energy Server (325 kWe) 8.961 1.238 2.494 27.668 14.8 17
E-motor (hybrid) Siemens HV A compact plus (2.50 MW) 2.294 1.656 1.907 7.244 5.90 2
E-motor (electric)  Siemens HV-M (10.68 MW) 5.580 3.85 3.385 67.18 28 2
Gearbox (hybrid)  Triple input/single output - - - 82 80 2
Gearbox (electric) Wartsila SCH105 2.450 2.995 2.429 17.823 30 2
Low + intermediate temperature air heater 1.000 0.621 0.621 0.097 0.174 17
High temperature air heater 1.000 0.572 0.572 0.082 0.147 17
Low temperature fuel heater 0.300 0.165 0.165 0.002 0.004 17
HEX High temperature fuel heater 0.300 0.179 0.179 0.002 0.004 17
Economizer 0.300 0.186 0.186 0.003 0.005 17
Evaporator 0.500 0.345 0.345 0.015 0.027 17
Superheater 0.300 0.185 0.185 0.003 0.005 17
Blower HR43 1.252 0.510 0.665 0.425 0.68 17
Fuel Diesel - - - 298.15 251.94 -
Total (hybrid) - - - - 959.75 703.92 -
Total (electric) - - - - 1114.36 773.37 -
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Table E.12: Weight and volume of the components of the diesel-fuelled SOFC-GT combined cycle with a power split of 25-75

. . . 3 . Amount

Component Variant Length [m] Width [m] Height [m] Volume [m’] Weight [ton] installed
GT (hybrid) GE LM500 (4.6 MW) 3.660 1.650 1.650 9.964 2.779 5
Genset (electric)  GE LM500 (4.2 MWe) 7.140 2.390 2.390 40.784 27.273 4
SOFC Bloom Energy Server (325 kWe) 8.961 1.238 2.494 27.668 14.8 22
E-motor (hybrid) Siemens HV A compact plus (3.15 MW) 2.294 1.656 1.907 7.244 6.65 2
E-motor (electric)  Siemens HV-M (10.68 MW) 5.580 3.85 3.385 67.18 28 2
Gearbox (hybrid)  Triple input/single output - - - 82 80 2
Gearbox (electric) Wartsila SCH105 2.450 2.995 2.429 17.823 30 2
Low + intermediate temperature air heater 1.000 0.621 0.621 0.097 0.174 22
High temperature air heater 1.000 0.572 0.572 0.082 0.147 22
Low temperature fuel heater 0.300 0.165 0.165 0.002 0.004 22
HEX High temperature fuel heater 0.300 0.179 0.179 0.002 0.004 22
Economizer 0.300 0.186 0.186 0.003 0.005 22
Evaporator 0.500 0.345 0.345 0.015 0.027 22
Superheater 0.300 0.185 0.185 0.003 0.005 22
Blower HR43 1.252 0.510 0.665 0.425 0.68 22
Fuel Diesel - - - 286.01 241.68 -
Total (hybrid) - - - - 1088.18 774.29 -
Total (electric) - - - - 1242.79 842.24 -

Table E.13: Weight and volume of the components of the diesel-fuelled SOFC-GT combined cycle with a power split of 30-70

. . . 3 . Amount

Component Variant Length [m] Width [m] Height [m] Volume [m’] Weight [ton] installed
GT (hybrid) GE LM500 (4.6 MW) 3.660 1.650 1.650 9.964 2.779 4
Genset (electric)  GE LM500 (4.2 MWe) 7.140 2.390 2.390 40.784 27.273 4
SOFC Bloom Energy Server (325 kWe) 8.961 1.238 2.494 27.668 14.8 26
E-motor (hybrid) Siemens HV A compact plus (4.00 MW) 2.555 1.913 2.067 10.103 9.75 2
E-motor (electric)  Siemens HV-M (10.68 MW) 5.580 3.85 3.385 67.18 28 2
Gearbox (hybrid)  Triple input/single output - - - 82 80 2
Gearbox (electric) Wartsila SCH105 2.450 2.995 2.429 17.823 30 2
Low + intermediate temperature air heater 1.000 0.621 0.621 0.097 0.174 26
High temperature air heater 1.000 0.572 0.572 0.082 0.147 26
Low temperature fuel heater 0.300 0.165 0.165 0.002 0.004 26
HEX High temperature fuel heater 0.300 0.179 0.179 0.002 0.004 26
Economizer 0.300 0.186 0.186 0.003 0.005 26
Evaporator 0.500 0.345 0.345 0.015 0.027 26
Superheater 0.300 0.185 0.185 0.003 0.005 26
Blower HR43 1.252 0.510 0.665 0.425 0.68 26
Fuel Diesel - - - 306.25 258.78 -
Total (hybrid) - - - - 1226.58 860.90 -
Total (electric) - - - - 1334.69 895.38 -
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E.4. SOFC-ICE MeOH

This section shows the weight and volume of each component in the MeOH-fuelled SOFC-ICE combined cycle.
For hybrid and electric propulsion the differences lie in the ICE/genset, e-motor and gearbox. The total weight
and volume for each power split is also given in the tables.

Table E.14: Weight and volume of the components of the MeOH-fuelled SOFC-ICE combined cycle with a power split of 4.6-95.4

Component Variant Length [m] Width [m] Height[m] Volume [m?] Weight [ton] :\‘:’tg;::;
ICE (hybrid) MAN 20V 28/33D STC (10 MW) 8.047 2.273 3.982 67.347 51.3 2
Genset (electric)  Wartsila 16V 34DF (7.37 MWe) 11.175 3.060 4.515 154.393 121 3
SOFC Bloom Energy Server (325 kWe) 8.961 1.238 2.494 27.668 14.8 4
E-motor (hybrid) Siemens HV A compact plus (0.355 MW) 1.577 0.770 0.695 0.844 1.08 2
E-motor (electric)  Siemens HV-M (10.68 MW) 5.580 3.85 3.385 67.18 28 2
Gearbox (hybrid) ~ Wartsila TCH270 2.440 3.900 3.020 28.738 28 2
Gearbox (electric) Wartsila SCH105 2.450 2.995 2.429 17.823 30 2
Low temperature air heater 1.250 0.560 0.560 0.116 0.209 4
High temperature air heater 1.250 0.560 0.560 0.098 0177 4
Low temperature fuel heater 0.300 0.191 0.191 0.003 0.005 4
HEX High temperature fuel heater 0.500 0.194 0.194 0.005 0.008 4
Economizer 0.500 0.203 0.203 0.005 0.009 4
Evaporator 0.750 0.395 0.395 0.029 0.053 4
Superheater 0.500 0.201 0.201 0.005 0.009 4
Moisture separator 1.250 0.719 0.719 0.162 0.292 2
Blower HR43 1.252 0.510 0.665 0.425 0.68 4
Fuel Methanol - - - 852.12 674.88 -
Total (hybrid) - - - - 1143.95 888.12 -
Total (electric) - - - - 1562.71 1218.26 -

Table E.15: Weight and volume of the components of the MeOH-fuelled SOFC-ICE combined cycle with a power split of 10-90

Component Variant Length [m] Width [m] Height[m] Volume [m®] Weight [ton] :::;:;’;:;
ICE (hybrid) MAN 20V 28/33D STC (10 MW) 8.047 2.273 3.982 67.347 51.3 2
Genset (electric) ~ Wartsila 16V 34DF (7.37 MWe) 11.175 3.060 4.515 154.393 121 3
SOFC Bloom Energy Server (325 kWe) 8.961 1.238 2.494 27.668 14.8 10
E-motor (hybrid) Siemens HV A compact plus (1.12 MW) 1.925 1.385 1.583 4.22 3.55 2
E-motor (electric)  Siemens HV-M (10.68 MW) 5.580 3.85 3.385 67.18 28 2
Gearbox (hybrid) ~ Wartsila TCH270 2.440 3.900 3.020 28.738 28 2
Gearbox (electric) Wartsila SCH105 2.450 2.995 2.429 17.823 30 2
Low temperature air heater 1.250 0.560 0.560 0.116 0.209 10
High temperature air heater 1.250 0.560 0.560 0.098 0.177 10
Low temperature fuel heater 0.300 0.191 0.191 0.003 0.005 10
HEX High temperature fuel heater 0.500 0.194 0.194 0.005 0.008 10
Economizer 0.500 0.203 0.203 0.005 0.009 10
Evaporator 0.750 0.395 0.395 0.029 0.053 10
Superheater 0.500 0.201 0.201 0.005 0.009 10
Moisture separator 1.500 0.997 0.997 0.373 0.673 2
Blower HR43 1.252 0.510 0.665 0.425 0.68 10
Fuel Methanol - - - 800.30 633.84 -
Total (hybrid) - - - - 1261.64 948.49 -

Total (electric) - - - - 1680.40 1273.69 -




E.4. SOFC-ICE MeOH 201
Table E.16: Weight and volume of the components of the MeOIH-fuelled SOFC-ICE combined cycle with a power split of 15-85

c . - . 3 . Amount

omponent Variant Length [m] Width [m] Height[m] Volume [m®] Weight [ton] installed
ICE (hybrid) MAN 20V 28/33D STC (10 MW) 8.047 2.273 3.982 67.347 51.3 2
Genset (electric) ~ Wartsila 12V 32 (6.5 MWe) 10.7 3.06 4.13 135.224 100 3
SOFC Bloom Energy Server (325 kWe) 8.961 1.238 2.494 27.668 14.8 14
E-motor (hybrid) Siemens HV A compact plus (1.80 MW) 2.149 1.496 1.757 5.649 4.70 2
E-motor (electric) ~ Siemens HV-M (10.68 MW) 5.580 3.85 3.385 67.18 28 2
Gearbox (hybrid) ~ Wartsila TCH270 2.440 3.900 3.020 28.738 28 2
Gearbox (electric) Wartsila SCH105 2.450 2.995 2.429 17.823 30 2
Low temperature air heater 1.250 0.560 0.560 0.116 0.209 14
High temperature air heater 1.250 0.560 0.560 0.098 0.177 14
Low temperature fuel heater 0.300 0.191 0.191 0.003 0.005 14
HEX High temperature fuel heater 0.500 0.194 0.194 0.005 0.008 14
Economizer 0.500 0.203 0.203 0.005 0.009 14
Evaporator 0.750 0.395 0.395 0.029 0.053 14
Superheater 0.500 0.201 0.201 0.005 0.009 14
Moisture separator 1.750 1.132 1.132 0.560 1.010 2
Blower HR43 1.252 0.510 0.665 0.425 0.68 14
Fuel Methanol - - - 749.92 593.94 -
Total (hybrid) - - - - 1327.22 975.36 -
Total (electric) - - - - 1685.62 1235.26 -

Table E.17: Weight and volume of the components of the MeOH-fuelled SOFC-ICE combined cycle with a power split of 20-80

. - . 3 . Amount

Component Variant Length [m] Width [m] Height[m] Volume [m’] Weight [ton] installed
ICE (hybrid) MAN 20V 28/33D STC (10 MW) 8.047 2.273 3.982 67.347 51.3 2
Genset (electric) ~ Wartsila 12V 32 (6.5 MWe) 10.7 3.06 4.13 135.224 100 3
SOFC Bloom Energy Server (325 kWe) 8.961 1.238 2.494 27.668 14.8 19
E-motor (hybrid) Siemens HV A compact plus (2.50 MW) 2.294 1.656 1.907 7.244 5.90 2
E-motor (electric) ~ Siemens HV-M (10.68 MW) 5.580 3.85 3.385 67.18 28 2
Gearbox (hybrid) ~ Wartsila TCH270 2.440 3.900 3.020 28.738 28 2
Gearbox (electric) Wartsila SCH105 2.450 2.995 2.429 17.823 30 2
Low temperature air heater 1.250 0.560 0.560 0.116 0.209 19
High temperature air heater 1.250 0.560 0.560 0.098 0.177 19
Low temperature fuel heater 0.300 0.191 0.191 0.003 0.005 19
HEX High temperature fuel heater 0.500 0.194 0.194 0.005 0.008 19
Economizer 0.500 0.203 0.203 0.005 0.009 19
Evaporator 0.750 0.395 0.395 0.029 0.053 19
Superheater 0.500 0.201 0.201 0.005 0.009 19
Moisture separator 2.000 1.221 1.221 0.746 1.346 2
Blower HR43 1.252 0.510 0.665 0.425 0.68 19
Fuel Methanol - - - 718.26 568.86 -
Total (hybrid) - - - - 1440.02 1033.10 -
Total (electric) - - - - 1795.23 1290.60 -




E.4. SOFC-ICE MeOH 202
Table E.18: Weight and volume of the components of the MeOH-fuelled SOFC-ICE combined cycle with a power split of 25-75

. - . 3 . Amount

Component Variant Length [m] Width [m] Height[m] Volume [m®] Weight [ton] installed
ICE (hybrid) MAN 16V 28/33D STC (8 MW) 7.127 2.273 3.982 59.647 43.6 2
Genset (electric)  Wartsila 16V 32 (8.6 MWe) 11.465 3.36 4.445 171.232 127 2
SOFC Bloom Energy Server (325 kWe) 8.961 1.238 2.494 27.668 14.8 24
E-motor (hybrid) Siemens HV A compact plus (3.15 MW) 2.294 1.656 1.907 7.244 6.65 2
E-motor (electric) ~ Siemens HV-M (10.68 MW) 5.580 3.85 3.385 67.18 28 2
Gearbox (hybrid) ~ Wartsila TCH270 2.440 3.900 3.020 28.738 28 2
Gearbox (electric) Wartsila SCH105 2.450 2.995 2.429 17.823 30 2
Low temperature air heater 1.250 0.560 0.560 0.116 0.209 24
High temperature air heater 1.250 0.560 0.560 0.098 0.177 24
Low temperature fuel heater 0.300 0.191 0.191 0.003 0.005 24
HEX High temperature fuel heater 0.500 0.194 0.194 0.005 0.008 24
Economizer 0.500 0.203 0.203 0.005 0.009 24
Evaporator 0.750 0.395 0.395 0.029 0.053 24
Superheater 0.500 0.201 0.201 0.005 0.009 24
Moisture separator 2.000 1.366 1.366 0.933 1.683 2
Blower HR43 1.252 0.510 0.665 0.425 0.68 24
Fuel Methanol - - - 682.27 540.36 -
Total (hybrid) - - - - 1529.92 1071.13 -
Total (electric) - - - - 1837.32 1296.53 -

Table E.19: Weight and volume of the components of the MeOH-fuelled SOFC-ICE combined cycle with a power split of 30-70

. - . 3 . Amount

Component Variant Length [m] Width [m] Height[m] Volume [m’] Weight [ton] installed
ICE (hybrid) MAN 16V 28/33D STC (8 MW) 7.127 2.273 3.982 59.647 43.6 2
Genset (electric)  Wartsila 16V 32 (8.6 MWe) 11.465 3.36 4.445 171.232 127 2
SOFC Bloom Energy Server (325 kWe) 8.961 1.238 2.494 27.668 14.8 28
E-motor (hybrid) Siemens HV A compact plus (4.00 MW) 2.555 1.913 2.067 10.103 9.75 2
E-motor (electric) ~ Siemens HV-M (10.68 MW) 5.580 3.85 3.385 67.18 28 2
Gearbox (hybrid) ~ Wartsila TCH270 2.440 3.900 3.020 28.738 28 2
Gearbox (electric) Wartsila SCH105 2.450 2.995 2.429 17.823 30 2
Low temperature air heater 1.250 0.560 0.560 0.116 0.209 28
High temperature air heater 1.250 0.560 0.560 0.098 0.177 28
Low temperature fuel heater 0.300 0.191 0.191 0.003 0.005 28
HEX High temperature fuel heater 0.500 0.194 0.194 0.005 0.008 28
Economizer 0.500 0.203 0.203 0.005 0.009 28
Evaporator 0.750 0.395 0.395 0.029 0.053 28
Superheater 0.500 0.201 0.201 0.005 0.009 28
Moisture separator 2.250 1.410 1.410 1.119 2.019 2
Blower HR43 1.252 0.510 0.665 0.425 0.68 28
Fuel Methanol - - - 772.95 612.18 -
Total (hybrid) - - - - 1739.42 1213.62 -
Total (electric) - - - - 2041.10 1432.82 -
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E.5. SOFC-GT MeOH

This section shows the weight and volume of each component in the MeOH-fuelled SOFC-GT combined cycle.
For hybrid and electric propulsion the differences lie in the GT/genset, e-motor and gearbox. The total weight
and volume for each power split is also given in the tables.

Table E.20: Weight and volume of the components of the MeOH-fuelled SOFC-GT combined cycle with a power split of 4.6-95.4

Component Variant Length [m] Width [m] Height[m] Volume [m?] Weight [ton] I’:“’s“tgl‘::;
GT (hybrid) GE LM500 (4.6 MW) 3.660 1.650 1.650 9.964 2.779 5
Genset (electricy  GE LM500 (4.2 MWe) 7.140 2.390 2.390 40.784 27.273 6
SOFC Bloom Energy Server (325 kWe) 8.961 1.238 2.494 27.668 14.8 4
E-motor (hybrid) Siemens HV A (0.355 MW) 1.577 0.770 0.695 0.844 1.43 2
E-motor (electric)  Siemens HV-M (10.68 MW) 5.580 3.85 3.385 67.18 28 2
Gearbox (hybrid)  Triple input/single output - - - 82 80 2
Gearbox (electric) Wartsila SCH105 2.450 2.995 2.429 17.823 30 2
Low + intermediate temperature air heater 1.000 0.608 0.608 0.092 0.17 4
High temperature air heater 1.000 0.559 0.559 0.078 0.141 4
Low temperature fuel heater 0.300 0.191 0.191 0.003 0.005 4
HEX High temperature fuel heater 0.500 0.194 0.194 0.005 0.008 4
Economizer 0.500 0.203 0.203 0.005 0.009 4
Evaporator 0.750 0.395 0.395 0.029 0.053 4
Superheater 0.500 0.201 0.201 0.005 0.009 4
Blower HR43 1.252 0.510 0.665 0.425 0.68 4
Fuel Methanol - - - 878.03 695.40 -
Total (hybrid) - - - - 1178.41 935.36 -
Total (electric) - - - - 1369.88 1038.95 -

Table E.21: Weight and volume of the components of the MeOH-fuelled SOFC-GT combined cycle with a power split of 10-90

Component Variant Length [m] Width [m] Height[m] Volume [m3] Weight [ton] QQZILII:;
GT (hybrid) GE LM500 (4.6 MW) 3.660 1.650 1.650 9.964 2,779 5
Genset (electric)  GE LM500 (4.2 MWe) 7.140 2.390 2.390 40.784 27.273 5
SOFC Bloom Energy Server (325 kWe) 8.961 1.238 2.494 27.668 14.8 9
E-motor (hybrid) Siemens HV A compact plus (1.12 MW) 1.925 1.385 1.583 4.22 3.55 2
E-motor (electric)  Siemens HV-M (10.68 MW) 5.580 3.85 3.385 67.18 28 2
Gearbox (hybrid)  Triple input/single output - - - 82 80 2
Gearbox (electric) Wartsila SCH105 2.450 2.995 2.429 17.823 30 2
Low + intermediate temperature air heater 1.000 0.608 0.608 0.092 0.17 9
High temperature air heater 1.000 0.559 0.559 0.078 0.141 9
Low temperature fuel heater 0.300 0.191 0.191 0.003 0.005 9
HEX High temperature fuel heater 0.500 0.194 0.194 0.005 0.008 9
Economizer 0.500 0.203 0.203 0.005 0.009 9
Evaporator 0.750 0.395 0.395 0.029 0.053 9
Superheater 0.500 0.201 0.201 0.005 0.009 9
Blower HR43 1.252 0.510 0.665 0.425 0.68 9
Fuel Methanol - - - 765.76 606.48 -
Total (hybrid) - - - - 1207.05 931.15 -
Total (electric) - - - - 1357.74 1002.52 -
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Table E.22: Weight and volume of the components of the MeOH-fuelled SOFC-GT combined cycle with a power split of 15-85

. . . 3 . Amount

Component Variant Length [m] Width [m] Height [m] Volume [m’] Weight [ton] installed
GT (hybrid) GE LM500 (4.6 MW) 3.660 1.650 1.650 9.964 2.779 5
Genset (electric)  GE LM500 (4.2 MWe) 7.140 2.390 2.390 40.784 27.273 5
SOFC Bloom Energy Server (325 kWe) 8.961 1.238 2.494 27.668 14.8 14
E-motor (hybrid) Siemens HV A compact plus (1.80 MW) 2.149 1.496 1.757 5.649 4.70 2
E-motor (electric)  Siemens HV-M (10.68 MW) 5.580 3.85 3.385 67.18 28 2
Gearbox (hybrid)  Triple input/single output - - - 82 80 2
Gearbox (electric) Wartsila SCH105 2.450 2.995 2.429 17.823 30 2
Low + intermediate temperature air heater 1.000 0.608 0.608 0.092 0.17 14
High temperature air heater 1.000 0.559 0.559 0.078 0.141 14
Low temperature fuel heater 0.300 0.191 0.191 0.003 0.005 14
HEX High temperature fuel heater 0.500 0.194 0.194 0.005 0.008 14
Economizer 0.500 0.203 0.203 0.005 0.009 14
Evaporator 0.750 0.395 0.395 0.029 0.053 14
Superheater 0.500 0.201 0.201 0.005 0.009 14
Blower HR43 1.252 0.510 0.665 0.425 0.68 14
Fuel Methanol - - - 775.83 614.46 -
Total (hybrid) - - - - 1360.78 1020.98 -
Total (electric) - - - - 1508.62 1090.05 -

Table E.23: Weight and volume of the components of the MeOH-fuelled SOFC-GT combined cycle with a power split of 20-80

. . . 3 . Amount

Component Variant Length [m] Width [m] Height [m] Volume [m’] Weight [ton] installed
GT (hybrid) GE LM500 (4.6 MW) 3.660 1.650 1.650 9.964 2.779 5
Genset (electric)  GE LM500 (4.2 MWe) 7.140 2.390 2.390 40.784 27.273 4
SOFC Bloom Energy Server (325 kWe) 8.961 1.238 2.494 27.668 14.8 18
E-motor (hybrid) Siemens HV A compact plus (2.50 MW) 2.294 1.656 1.907 7.244 5.90 2
E-motor (electric)  Siemens HV-M (10.68 MW) 5.580 3.85 3.385 67.18 28 2
Gearbox (hybrid)  Triple input/single output - - - 82 80 2
Gearbox (electric) Wartsila SCH105 2.450 2.995 2.429 17.823 30 2
Low + intermediate temperature air heater 1.000 0.608 0.608 0.092 0.17 18
High temperature air heater 1.000 0.559 0.559 0.078 0.141 18
Low temperature fuel heater 0.300 0.191 0.191 0.003 0.005 18
HEX High temperature fuel heater 0.500 0.194 0.194 0.005 0.008 18
Economizer 0.500 0.203 0.203 0.005 0.009 18
Evaporator 0.750 0.395 0.395 0.029 0.053 18
Superheater 0.500 0.201 0.201 0.005 0.009 18
Blower HR43 1.252 0.510 0.665 0.425 0.68 18
Fuel Methanol - - - 748.49 592.80 -
Total (hybrid) - - - - 1439.56 1063.05 -
Total (electric) - - - - 1594.16 1132.50 -
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Table E.24: Weight and volume of the components of the MeOH-fuelled SOFC-GT combined cycle with a power split of 25-75

. . . 3 . Amount

Component Variant Length [m] Width [m] Height [m] Volume [m’] Weight [ton] installed
GT (hybrid) GE LM500 (4.6 MW) 3.660 1.650 1.650 9.964 2.779 5
Genset (electric)  GE LM500 (4.2 MWe) 7.140 2.390 2.390 40.784 27.273 4
SOFC Bloom Energy Server (325 kWe) 8.961 1.238 2.494 27.668 14.8 23
E-motor (hybrid) Siemens HV A compact plus (3.15 MW) 2.294 1.656 1.907 7.244 6.65 2
E-motor (electric)  Siemens HV-M (10.68 MW) 5.580 3.85 3.385 67.18 28 2
Gearbox (hybrid)  Triple input/single output - - - 82 80 2
Gearbox (electric) Wartsila SCH105 2.450 2.995 2.429 17.823 30 2
Low + intermediate temperature air heater 1.000 0.608 0.608 0.092 0.17 23
High temperature air heater 1.000 0.559 0.559 0.078 0.141 23
Low temperature fuel heater 0.300 0.191 0.191 0.003 0.005 23
HEX High temperature fuel heater 0.500 0.194 0.194 0.005 0.008 23
Economizer 0.500 0.203 0.203 0.005 0.009 23
Evaporator 0.750 0.395 0.395 0.029 0.053 23
Superheater 0.500 0.201 0.201 0.005 0.009 23
Blower HR43 1.252 0.510 0.665 0.425 0.68 23
Fuel Methanol - - - 777.27 615.60 -
Total (hybrid) - - - - 1608.15 1165.12 -
Total (electric) - - - - 1762.76 1233.07 -

Table E.25: Weight and volume of the components of the MeOH-fuelled SOFC-GT combined cycle with a power split of 30-70

. . . 3 . Amount

Component Variant Length [m] Width [m] Height [m] Volume [m’] Weight [ton] installed
GT (hybrid) GE LM500 (4.6 MW) 3.660 1.650 1.650 9.964 2.779 4
Genset (electric)  GE LM500 (4.2 MWe) 7.140 2.390 2.390 40.784 27.273 4
SOFC Bloom Energy Server (325 kWe) 8.961 1.238 2.494 27.668 14.8 28
E-motor (hybrid) Siemens HV A compact plus (4.00 MW) 2.555 1.913 2.067 10.103 9.75 2
E-motor (electric)  Siemens HV-M (10.68 MW) 5.580 3.85 3.385 67.18 28 2
Gearbox (hybrid)  Triple input/single output - - - 82 80 2
Gearbox (electric) Wartsila SCH105 2.450 2.995 2.429 17.823 30 2
Low + intermediate temperature air heater 1.250 0.609 0.609 0.116 0.209 28
High temperature air heater 1.250 0.560 0.560 0.098 0.177 28
Low temperature fuel heater 0.300 0.191 0.191 0.003 0.005 28
HEX High temperature fuel heater 0.500 0.194 0.194 0.005 0.008 28
Economizer 0.500 0.203 0.203 0.005 0.009 28
Evaporator 0.750 0.395 0.395 0.029 0.053 28
Superheater 0.500 0.201 0.201 0.005 0.009 28
Blower HR43 1.252 0.510 0.665 0.425 0.68 28
Fuel Methanol - - - 794.55 629.28 -
Total (hybrid) - - - - 1773.02 1266.51 -
Total (electric) - - - - 1881.13 1300.99 -
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