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Abstract

Emissions restrictions imposed by the International Maritime Organization (IMO) is forcing ship owners and
builders to look into alternative fuels and prime movers. The high efficiency of fuel cells could help to decrease
emissions in marine power generation. Solid oxide fuel cells (SOFCs) are the most fuel flexible among fuel cells,
the high operating temperature and the possibilities for direct internal reforming (DIR) makes this technology
of great interest for natural gas fueled systems. SOFCs operating in hybrid system configuration could even
achieve higher efficiencies, due to effective utilization of left-over fuel in anode off-gas and adequate system
heat integration.

In literature extensive research is found about hybridization of SOFCs and gas turbines. For such hybrid
configurations high efficiencies are projected, however poor partload performance and high system complexity
are tempering the interest for marine applications. SOFC integration with an internal combustion engine (ICE)
also has high projected efficiencies and is expected to enable system integration in marine applications with
limited complexity, higher robustness, and lower costs compared to SOFC-gas turbine integration. However,
due to the novelty of SOFC-ICE hybrid systems, not much research has been published as of yet and the
research that is found shows a variety in system configurations and performance results. This observation
justifies additional SOFC-ICE hybrid system research, particularly if the system has to operate on marine
applications.

In this work an integration of an SOFC and ICE is proposed. Both SOFC and ICE share the load on the
system: the SOFC can operate on a base load, while the ICE can handle majority of the transient load. A pre-
reformer is proposed, which supplies partially reformed methane to the SOFC. The ICE is supplied with natural
gas mixed with excess fuel from the SOFC-anode. This additional natural gas supply to the engine makes it a
combined cycle, instead of a bottoming cycle, and allows better dynamic load control and increases reliability.
Also system heat integration is an essential requirement, as the steam required for methane pre-reforming is
produced with heat from engine exhaust system.

System component models are developed and individually analysed. Thereafter both component models
are combined to an SOFC-ICE hybrid system model and a study is conducted to investigate the sensitivity of
the following operating parameters and system configurations on system performance and efficiency: SOFC
current density, SOFC fuel utilization, anode off-gas recycling, methane pre-reforming ratio, pre-reformer
integration, and power split ratio.

The SOFC component model provides insights of performance behaviour when varying operating parame-
ters. The ICE model clearly indicates the advantages when hydrogen is added to natural gas, both improved
engine efficiency and improved combustion stability are demonstrated. Finally, it is found that operating the
hybrid system model consisting of a 375 kWe (AC) SOFC and a 375 kWe ICE leads to an electric efficiency of
45.7 % (LHV). This is a 5 to 10 percent point improvement compared to conventional diesel engines operating
in this power range [1]. In this hybrid system the SOFC current density is set to 5000 Am™~2, anode off-gas
recycling is not applied, and 30 % of the SOFC fuel is pre-reformed. The SOFC fuel utilization is set to 86 %
in order to avoid too large hydrogen-natural gas blending ratios at the ICE intake, which are currently not
substantiated with engine experiments. Future modeling of the ICE should make it possible to extend the
hydrogen-natural gas blending ratio, such that even higher hybrid system efficiencies can be demonstrated.

This work demonstrates that the SOFC-ICE hybrid system operating at a 50 % SOFC and 50 % ICE power
split provides a firm efficiency improvement compared to conventional diesel driven power plants in the range
upto 1 MW. An higher efficiency means a lower fuel consumption and thus a CO,-emissions reduction. Also
NO,-formation is reduced, due to the absence of expansive high temperature combustion in the fuel cell part
of the system. Considering volumetric power density, the SOFC-ICE hybrid system installation volume is more
than twice as large as conventional marine power plants. Taking the energy conversion efficiency into account,
the LNG storage space for proposed hybrid system is two times larger than that of a diesel fueled generator set.
A 50 % SOFC and 50 % ICE power split leads to these numbers, depending on the operating profile a different
power split can lead to other efficiencies and volume and weight constraints. The impact of power density and
energy density depend on the practical application (e.g. ship design, required power, endurance, operating
profile, and costs) and must be considered case-by-case.
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Introduction

1.1. Background

The importance of maritime transport for trade and development cannot be overemphasized. 80 % of global
trade by volume and more than 70 % of its value is being carried on board ships and handled by seaports
worldwide. The maritime transport industry’s annual carbon emission accounts for 2.2 % of global CO,
emission released by humans and could grow by between 50 % and 250 % by 2050 [2]. Moreover the maritime
transport industry is responsible for 15 % of annual global NO, emissions and 13 % of annual global SO,
emissions [3]. Given these trends, a drastic improvement of marine power plants is mandatory. Therefore
emissions restrictions imposed by the International Maritime Organization (IMO) is forcing ship owners
and builders to look into alternative fuels and prime movers. A trend in marine transport applications is
the increased interest in all-electric ships [4]. In an all-electric ship electric power is used for auxiliaries and
propulsion. Currently the vast majority of all-electric ships use diesel generators to produce the required
electric power, but this all-electric configuration also creates alternative, more efficient, and cleaner techniques
of power generation.

Fuel cell technology is such an advanced power generation technique which can particularly play an
important role in reducing emissions and increasing efficiency. In fuel cell systems, chemical energy is directly
converted into electrical energy. The absence of expansive high temperature combustion gives high efficiencies
and reduces NO-formation.

A solid oxide fuel cell (SOFC) is the most fuel flexible technology among fuel cells. Efficiencies of SOFCs
exceed those of conventional thermal cycles [5], and the SOFC is favourable because direct internal reforming
(DIR) makes this technology of great interest for natural gas fueled systems. Natural gas fueled systems have
fuel processing and logistic advantages compared to pure hydrogen-demanding fuel cells as proton exchange
membrane fuel cells (PEMFC) .

Fuel cell systems, and particularly SOFCs, operating in hybrid system configurations are projected to
achieve even higher efficiencies compared to standalone systems, due to effective utilization of left-over fuel
in the anode off-gas and integration of residual heat from fuel cell stack and engine exhaust gas.

A variety of SOFC hybrid system configurations have been studied in the past, mostly with either gas
turbines or Rankine cycles. SOFC integration with gas turbines (SOFC-GT) is advantageous compared to
standalone SOFC systems, in addition to the utilization of left-over fuel in the gas turbine burner, it provides
good integration with the SOFC cathode air flow. Various computational SOFC-GT hybrid system simulations
and analyses have been carried out where maximum electric efficiencies up to 70 % are projected [6-10].

In addition to these computational simulations, physical demonstration studies are performed by Siemens
Westinghouse and Mitsubishi Heavy Industry (MHI). Siemens Westinghouse developed the first prototype
SOFC-GT hybrid system combining their pressurized SOFC stack with a micro gas turbine. An electrical
efficiency of 55 % at 220 kW has been reported [11]. MHI has developed a same type of pressurized SOFC-GT
hybrid system producing 200 kW and demonstrated 52 % electrical efficiency [12]. Although these SOFC-GT
turbine cycle were demonstrated 20 years ago, the technology has not left the laboratory phase. Both studies
indicate that SOFC-GT hybrid system operation requires a complex control of operating parameters when

1 Although natural gas itself is not a green energy source, before an effective sustainable industry can be achieved, a transitional phase is
needed to deal with the stricter emission regulations. This is why natural gas is preferred above diesel fuel as a intermediate solution.



2 1. Introduction

there is a coupling between the fuel cell and the turbo-machinery, particularly when the SOFC is operated
pressurized or at part-load.

A fairly novel hybrid design is an SOFC integration with a reciprocating internal combustion engine. A
SOFC-ICE hybrid system can have a number of benefits over the previously discussed SOFC-GT systems. First:
the use of remaining fuel in the anode off-gas in an internal combustion engine can lead to high total system
electric efficiencies. SOFG-ICE hybrid system simulations conducted by Park et al. indicated a maximum
electrical efficiency of 59.5 %. [7]. An SOFC combined cycle comparison study conducted by van Biert et
al. indicated a maximum electric efficiency of 64 % for the SOFC-ICE system [13] and an SOFC-ICE hybrid
system computational system optimization study conducted by Chuahy and Kokjohn achieved a maximum
electrical efficiency of 70 % [14]. Second: internal combustion engines have relative higher efficiencies across
the full load range than gas turbines, which makes them more efficient and effective in following dynamic load
curves and at part-load operation [14, 15]. Third: previous engine studies indicate that mixing natural gas with
fuels that posses faster burning speeds and smaller ignition energy, for example hydrogen in anode off-gas,
is an effective way to increase combustion rate and enhance combustion stability in a gas engine. [16-20].
In other words, addition of hydrogen-rich anode off-gas to natural gas expands the operating window of a
gas fueled internal combustion engine and thereby enhances the usability of gas engines in marine transport
applications. Finally: system power and efficiency of internal combustion engines are less sensitive to ambient
condition variations [15] and system complexity and maintenance costs are generally lower for reciprocating
internal combustion engine compared to gas turbines. These factors make the internal combustion engine a
suitable and economical choice for marine hybrid SOFC operation.

Summarizing: SOFC-ICE hybrid systems are expected to facilitate marine system integration with better
overall efficiency performance, lower system complexity, higher robustness, and lower costs compared to
SOFC-GT systems.

1.2. Problem statement and objective

The SOFC-ICE hybrid system advantages are promising, but these systems are in the early phase of develop-
ment. Operating an SOFC combined with a reciprocating engine is relatively unexplored. The above mentioned
SOFC-ICE hybrid studies are the only three studies found and are demonstrating significant difference in
output results, system designs, type of ICE, and modeling approach. Also no models are validated on the
system level, because of a lack of system level-data. The novelty of SOFC-ICE hybrid systems and the variety of
previous research results form the foundation for the problem statement and the objective of this work.

The overall problem statement is:
How can alternative marine power plants contribute to high performance and reduced emissions in shipping?

The objective is:

Identify relevant operating parameters and system configurations of SOFC-ICE hybrid systems for marine appli-
cations and find their influence on system efficiency and performance, by developing component models and
conducting a hybrid system parameter sensitivity analysis.

1.3. Thesis outline

In chapter 2, a literature study provides SOFC and ICE background information and reviews previous studies.
A description of the applied research methodology is explained in chapter 3. A zero dimensional SOFC model
with pre-reformer is developed in chapter 4. In chapter 4 it is demonstrated the SOFC model can operate as a
standalone component model and can provide insights of both steady state and dynamic SOFC operation,
including the influence of SOFC operating parameters on performance. These SOFC operating parameters are
expected to have influence on hybrid system performance also. The engine model is developed in chapter 5,
here it is demonstrated that operating an engine with hydrogen-enriched fuel improves engines performance,
which occurs in case of hybrid system operation also. In chapter 6 the individual component models are
integrated to a hybrid system model and with that model an operating parameter and system configuration
sensitivity study is carried out. Chapter 7 concludes and provides recommendations for future work.



Literature study

Before starting the development of any component model, a literature study is conducted to the working
principles of SOFCs, a study is conducted on internal combustion engines, and a literature review study is
done to determine what already has been found in the past on SOFC hybrid systems. Also, a brief description
is given of marine power plant requirements.

2.1. Solid oxide fuel cells

An solid oxide fuel cell (SOFC) is known to be an efficient energy conversion system that produces electrical
power by continuously converting chemical energy into electrical energy through an electrochemical reaction.
Electrical efficiencies up to 60 % can be achieved with natural gas-fuelled systems [21]. Fuel cells typically
utilize hydrogen as fuel and oxygen as the oxidant in the electrochemical reaction. A schematic representation
of this electrochemical process is depicted in figure 2.1. To illustrate the external lay-out of an SOFC, a picture
of a 50 kW SOFC stack for operation on board an ocean-going vessel is shown in figure 2.2.

5 e%— LOAD}|— 2e-
H2, in Y 02, in
e <_
- 1 _ _
H,+0" - H,0+2¢ <O —0,+2¢ >0
Anode Solid Cathode
Fuel ™4 | electrolyte A// Air
(YSZ)
channel
channe\ o /
H2, out — _02, out
— —
H,O
Catalyst Catalyst

Figure 2.1: Anode and cathode reactions for the SOFC [22].

2.1.1. SOFC principles
A single SOFC-cell consists of five layers: anode, cathode, solid electrolyte, and two current collectors (or
interconnecting plates). As illustrated in figure 2.1, hydrogen is supplied to the anode and oxygen is supplied

3



4 2. Literature study

- B ’: TS ettt -
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Figure 2.2: Sunfire - 50 kW SOFC for marine applications[23].

to the cathode. At the region of contact between cathode, electrolyte, and oxygen, also known as triple phase
boundary (TPB), the oxygen reduction takes place (figure 2.3). In between, the solid electrolyte conducts
the flux of oxygen ions to the anode. At the anode side TPB, the anode, electrolyte, and gaseous fuel are in
contact. At this TPB the hydrogen oxidation reaction takes place. During this process electrons are released
together with heat and water. In literature, the solid combination of positive electrode, electrolyte, and negative
electrode is often called PEN structure or MEA (membrane electrode assembly). An example of a PEN structure
composition is illustrated in figure 2.4. If natural gas is fueled to the system, also carbon monoxide can function
as a fuel.

The SOFC is a complete solid-state device that uses an oxide ion-conducting ceramic material as electrolyte.
In today’s commercially available SOFCs the anode is a cermet made of metallic nickel and an yttrium-stabilized
zirconia skeleton (NiO/8YSZ). The anode has a porous structure so that mass transport of reactant gas and
product gas is not inhibited. Similar to the anode, the cathode has a porous structure that must allow rapid
mass transport of reactant and product gasses. Commonly strontium-doped lanthanum manganite (LSM) or
strontium-doped lanthanum ferite (LCSF) is used for the cathode material. The current collector materials can
be conductive ceramic materials for high temperate operating fuel cells (900-1000 °C) or metallic alloys for
intermediate temperature operation (600-900 °C) [5, 22, 24]. Intermediate temperature SOFC operation allows
for a wider range of materials and more cost-effective fabrication, also in relation to the balance of plant (BoP).

As mentioned, SOFCs operate at relative high temperatures, because the conductivity of oxygen ions
through the electrolyte material improves with increasing temperature. An additional advantage is that the
chemical and transport kinetics are faster compared to low temperature fuel cells, this results in less irreversible
losses. But it should be noted that these high operating temperatures also lead to a lower Nernst voltage. Nernst
voltage and irreversible losses are explained in next section. Moreover, a relative high operating temperature
ensures that SOFCs don’t need an expensive catalyst as platinum which is used in other fuel cell types, and
makes the SOFC also suitable for utilizing CO as fuel and supports suitable conditions for internally reforming
hydrogen-rich fuels. More information about reforming reactions is provided in section 2.1.4. Disadvantage of
high temperature fuel cell operation compared to low temperature fuel cells (PEM) are long start-up times,
stringent material and structure requirements, and complex system integration.

Two main SOFC designs are commonly built: tubular and planar. Currently most developers are focusing
on planar design, since this design has lower electrical resistance than tubular design. For planar SOFCs co-,
counter- and cross-flow configurations are used. Co-flow is currently receiving most attention, because of the
easy monitoring of temperature gradients and absence of dangerous hot spots [25].

Within planar SOFCs two type of structures are mostly applied: electrolyte-supported and electrode-
supported. In electrolyte supported SOFCs the electrolyte is the thickest layer and works as the supporting
structure. This type of structure is suitable for high temperature operation, where Ohmic losses are less
dominant. Electrode-supported SOFCs have been designed in order to minimize Ohmic losses for interme-
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diate temperature operation, where the electrolyte has a smaller thickness and hence better supports ionic
conductivity. In electrode-supported SOFCs one of the two electrodes is the thickest component and supports
the structure.
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Figure 2.3: Triple phase boundary anode side. Figure 2.4: Cathode, electrolyte, anode layer of single cell [22].

2.1.2. SOFC pre-reforming and internal reforming

Usually, in case of SOFC operation, hydrocarbon fuel (e.g. methane) needs to be converted into a hydrogen-
rich gas required for the electrochemical reaction. Indirectly converting hydrocarbons is done in an external
fuel processing system, such as a catalytic steam reformer (pre-reformer) or partial oxidation reactor [5]. In
case of a pre-reformer, heat is required to drive the steam reforming reaction. This heat can be obtained by
burning anode off-gas left-over fuel or can be extracted from another source (heat integration). Depending on
the operating conditions, the heat for the pre-reformer can vary from 40 % to 70 % of the total heat produced
in the fuel cell [26]. Partially internal reforming inside the fuel cell reduces the requirement for an external
reformer significantly and leads to a more efficient and compact overall system design.

There are two methods of internal reforming within an SOFC: indirect internal reforming (IIR) and direct
internal reforming (DIR), they are illustrated schematically in figure 2.5. AtIIR, the reformer is in thermal
contact with the anode channel, but separated from the cell. At DIR, the fuel reforming is conducted directly
into the fuel channel, where the material of the anode electrode acts as a catalyst [5]. An advantage of IIR is that
the reformer and cell environment do not have a direct physical effect on each other, however the conversion
of methane to hydrogen is not carried out to the same extent as in DIR. For a DIR configuration, part of the
steam required for the reforming reaction is obtained from the fuel cell electrochemical reaction. Due to the
continuing consumption of hydrogen, the equilibrium of the reforming reaction may be shifted to the right
and increases methane conversion.

Two problems are related to DIR-SOFC operation. First: the risk of carbon formation in several areas of the
system where hot fuel gas is present. For example, methane will decompose when heated in the absence of air
or steam at temperatures above 650 °C via pyrolysis reactions of the type [5]:

CHy — C+2H3 2.1)

A commonly applied procedure to reduce the risk of carbon formation is to carry out some pre-reforming of
the fuel gas before it is fed to the SOFC. The advantage of pre-reforming is that higher hydrocarbons, which
are more reactive than methane, are preferentially converted into hydrogen. Second: the large temperature
gradient in the SOFC stack caused by strong cooling effects of the fast steam reforming reactions at the inlet of
the fuel channel [27]. A certain amount of external (pre-)reforming ensures that no excess thermal stress is
placed at the SOFC stack. In summary: a combination of pre-reformer and DIR is often applied to have the
benefits of DIR, while reducing the risks of carbon depositing with pre-reforming.

2.1.3. SOFC electrochemistry
The output power of a fuel cell is equal to voltage multiplied by current. The current depends on the hydrogen
oxidation reaction and is explained in next section. The final cell voltage is depending on ideal cell voltage and
several voltage losses.

Ideal cell voltage is also known as the Nernst voltage or theoretic open cell voltage (OCV) and depends
on temperature, pressure, and fuel composition. In practice the OCV is observed to be lower than the ideal
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Figure 2.5: Schematic representation of direct and indirect internal reforming. Figure taken from [5].

cell voltage. Thereupon, when drawing a current the cell voltage further drops according to eq. 2.2. Figure 2.6
depicts the operational cell voltage against the drawn current density (Am™2). The characteristic shape of
this figure results from three irreversibilities: activation losses, concentration losses and Ohmic losses. The
starting point of this curve depends on the crossover losses. Equations for Nernst voltage and polarization loss
calculations are provided in appendix A.

Veetl = E—AVacr = AVeone = AVonm (2.2)

In eq. 2.2 represents: E is the Nernst voltage, AV,.; the activation voltage loss, AV,,,. the concentration
voltage loss, and AV,,,,, the Ohmic voltage loss.
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Figure 2.6: SOFC V-i curve with the origin of potential losses (red line) and power density (blue line) [22].

2.1.4. SOFC chemistry and reforming kinetics
The working principle of an SOFC is shown in figure 2.7. In this figure the chemical reactions concerning
SOFC operation (including direct internal reforming) are schematically depicted. The corresponding reaction
equations are provided in table 2.1.

In the fuel channel two reactions take place: methane steam reforming (MSR) and water-gas shift (WGS).
These are the DIR reactions. The Hydrogen oxidation reaction (HOR) takes place at the the anode-electrolyte-
TPB. The three main reactions are explained in more detail in next paragraphs.
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Figure 2.7: Schematic diagram of planar DIR-SOFC [28].
Table 2.1: Reactions SOFC-DIR. Ak? at T0 = 25°C and p° =1 bar.
Id. Reaction name Reaction equation Location AR Jmol ™!
MSR Methane steam reforming CH4; + HLO — CO +3H> Fuel channel 206100
WGS Water-gas shift CO +H,0 — CO7 + Hy Fuel channel -41150
- Hydrogen oxidation H, + 0°~ — H,0 + 2e” Anode TPB -
- Oxygen reduction % 0, +2e” — 0% Cathode TPB -
HOR Hydrogen electrochemical oxidation Hy + %02 — H»0 - -241800

Methane steam reforming reaction rate

Methane steam reforming in the fuel channel (DIR) is an endothermic reaction, heat is required to drive the
reforming process. The required reaction heat can be recovered from the fuel cell itself or from a separate heat
source. Steam required for methane steam reforming is present, because steam is a product of the hydrogen
oxidation reaction.

The reaction rate of MSR at SOFC anodes is a widely studied research topic, an extensively variety of fit
equations and experimental parameters to express the kinetics can be found. Bao et al. [29] listed some
representative expressions of the MSR and WGS reaction. Within this list the area specific MSR kinetic relation
found by Achenbach and Riensche (eq, 2.3 [27]) is the most used one in comparable research [26]. This relation
is based on experiments on a Ni-YSZ cermet surface.

3
bco- Py, E,
TMSR = kmsr-pcH, - |1- ex (——) (2.3)
peth pCH4‘PH20'Keq,MSR) P\"Rrr

Where 7)sg is the reaction rate (molm™2s~1), E, is the activation energy of the steam reforming reaction (82

kImol™!), p; the species partial pressure in the channel in bar, kj;sr is the steam reforming reaction constant
(=4274 mols™ ' m~2bar~! [27]). The equilibrium constant K4, ysr depends on the change of Gibbs free energy,
specific gas constant, and temperature.

Water-gas shift reaction rate

WGS reaction takes place in the fuel channel and takes care of the reduction of carbon monoxide. Although
carbon monoxide can be electrochemically oxidised, it is often assumed that it is not directly oxidized and
only converted by the WGS reaction [26]. In the WGS reaction the carbon monoxide reacts with water vapour
to carbon dioxide and hydrogen. WGS is a moderate exothermic process. At higher temperatures the reaction
rate is higher. The WGS reaction is fast and hence this reaction can be considered at equilibrium [26]. The
equilibrium-limited WGS reaction rate expression is given eq. 2.4.

PH, " PCO2
r'wGs = kwgs-pco-|1- 2 (2.4)
PH,0° Pco - Keqwas
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Since the WGS reaction (rygs molm™2s™1) is fast, the WGS reaction constant kyygs is arbitrarily high [26].
The equilibrium constant K4 wcs depends on the change of Gibbs free energy, specific gas constant, and
temperature.

Hydrogen electrochemical oxidation reaction rate
The HOR is the chemical reaction responsible for electricity production. If the required current density (i)
is set, Faraday’s law of electrolysis relates the flux of reactants and products to this electric current density.
According to this law, and when only hydrogen oxidation is present!, the amount of H, and H,O produced is
described by eq. 2.5.

r _ ! (2.5)

HOR = 5 .

Where ryor is the reaction rate (molm~2s™1), i is the current density (Am~2) and F the Faraday constant
(Cmol™).

2.1.5. SOFC fuel utilization and anode off-gas recycling

Fuel is never completely utilized in an SOFC. The ratio of fuel consumption for electrochemical power genera-
tion to fuel supply is called fuel utilization Uy. Fuel utilization is one of the main variables determining SOFC
system efficiency and functional SOFC lifetime.

Operating fuel cells at high fuel utilization is required in SOFC standalone systems to achieve high system
efficiency. Such systems operate at around 90 % fuel utilization. Operating the SOFC at higher fuel utilization
is challenging due to greater degradation risks, because of unequal fuel distribution over the active cell area,
hydrogen depletion leads to oxidation of the anode material (fuel starvation). This degradation mechanism
reduces the catalytic activity and increases the polarization losses [30-32]. Besides, 100 % fuel utilization is
also impossible, because the cell voltage adjusts to the lowest chemical potentials for the gas mixture at the
exit of the anode and cathode chambers. To maintain the chemical reactions, there must be fuel at the exit of
the anode.

Recycling part of the anode off-gas is a commonly used solution to achieve high SOFC stand-alone system
efficiencies while using low single pass fuel utilization (U s). When anode off-gas recycling is implemented,
the SOFC anode exhaust gas is partially returned to the pre-reformer and recycled. The net fuel utilization
(Uf,net) is kept on a high ratio, which explains an higher efficiency. Moreover, water vapour present in the AOG
is used for methane steam reforming in the pre-reformer and can contribute to reduce external steam supply.
To summarize, the achieved SOFC efficiency improvement by AOG recycling depends on the recycling ratio,
net fuel utilization, and additional recycling pump losses (blower or ejector). The anode off-gas recycling ratio
is defined as in eq. 2.6.

Another solution for achieving high efficiency, while extending fuel cell lifetime by holding acceptable fuel
utilization is SOFC operation in a hybrid system. This a reason for present research.

N
AOGRR = ——A0GR _ 2.6)

SOFC out

2.1.6. SOFC modeling

To improve performance and keeping experimental costs low, engineering research mostly relies on the
mathematical representation of the physical system under investigation. This is also the case for SOFC- design,
optimization, control, and diagnostic purposes. Depending upon the application, different levels of model
details are described in literature. A good summery of the development of SOFC models is presented by Marra
[25].

On topside of the model hierarchy are the highly detailed physical models. With the aid of computational
fluid dynamics (CFD) the conservation and physical relations are solved for a discretized representation of the
fuel cell. This type of modeling is accurate, but complex and requires a firm computational capacity. On the
other side of the hierarchy are the black-box models. Black-box models correspond to a purely mathematical
description of the phenomena and do not rely on physical governing equations. This type of modeling can be
accurate and fast, however their working principle relies on performed experiments in order to map output
data to input data. Regression and neural networks are typical examples of black-box models.

1This relation relies on the fact that solid electrolytes such as YSZ are pure ionic conductors, and so only oxygen ions can permeate
through the electrolyte to take part in the oxidation reaction at the anode electrolyte triple phase boundary.
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In the centre of the modeling hierarchy are the 1-D models and 0-D models (lumped parameter models).
0-D models have been the center of attention and have been largely used for system studies. The great benefit
of using 0-D models is simplicity of model development and short calculation time. However, the disadvantage
is that they can only account for mean values of parameters (current density, composition, and temperature)
and it follows that more detailed investigation of the cell is needed to check for undesirably effects such as
locally exceeding temperature limits and carbon formation. Moreover, a 0-D model is not able to predict
spatial evolution of parameters in stream wise direction. Although a 0-D model has no spacial parameter
distribution in stream wise direction, perpendicular to stream wise direction the model is represented by a
number of layers. Figure 2.8 illustrates a single cell model composed out of four layers: interconnect, fuel
channel, PEN structure, air channel. The conservation laws and constitutive relations are solved for each layer
to predict cell performance.

Interconnecting plate

Fuel channel

PEN

Oxidant channel

Y Interconnecting plate

Fuel channel

Single-cell PEN

Oxidant channel

Interconnecting plate

Fuel channel

PEN

Oxidant channel

Interconnecting plate

Figure 2.8: Schematic side view of 3 stacked SOFC cells with 5 layers in each single cell [33].

A significant part of in literature described 0-D models rely on experimental data for calibrating computed
output results. For example, in ref.[34] look-up tables with experimentally obtained voltage losses are invoked
during simulation. A reference is made to ref. [31, 34-37] for more details about lumped modeling supported
by experimentally obtained data. 0-D models only based on first principles are less commonly described. The
only model found by this author is developed by Qi et al. [38], but this 0-D tubular SOFC model has not been
validated, so the accuracy is unknown.

2.2. Internal Combustion Engine

Internal combustion engines transform chemical energy stored in fuel into thermal energy by a combustion
reaction. Successively the thermal energy is converted into mechanical energy. The gaseous products of
combustion are acting on the moving surfaces of the engine, such as the face of a piston in reciprocating
engines or on a turbine blade in a continuous combustion engines. In this work the term internal combustion
engine (ICE) is representing the reciprocating internal combustion engine.

When considering reciprocating internal combustion engines there are many different types. A first
classifying feature can be the type of fuel used in the engine. From the type of fuel, the method of ignition
(spark ignition or compression ignition) and combustion characteristics are following. Another classifying
feature can be the working cycle of the engine, 2-stroke or 4-stroke engines are the most common engine
cycles. In present work only 4-stroke engine are considered.

The complete process of a 4-stroke engine is as follows: when the inlet valve is open (IO) air flows into the
cylinder until the inlet valve closes (IC). When all valves are closed, the piston moves upwards and the cylinder
content is compressed. After compression, around the point where the piston reached top dead centre (TDC),
combustion takes place and the gas pressure in the cylinder forces the piston down. This is the working stroke
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of the cycle. Before the piston reaches bottom dead centre (BDC) the exhaust valve opens (EO) and the gas
exhausts until the valve closes (EC).

2.2.1. In-cylinder process

The process between the closure of the inlet valve (IC) and the opening of the exhaust valve (EO) is called the
in-cylinder process and comprising: compression, combustion and expansion. The in-cylinder process can be
explained by a Seiliger process model. The Seiliger process characterizes the engine process effectively into
stages as listed below and as depicted in the p-V diagram in figure 2.9 [1].

¢ 1-2: Polytropic compression.

e 2-3: Isochoric combustion.

* 3-4: Isobaric combustion.

¢ 4-5: Isothermal combustion and expansion.
* 5-6: Polytropic expansion.

¢ 6-1: Heat rejection to the environment.

Using Seiliger, the in-cylinder process is specified by a number of parameters. Parameters a, b, and c are
combustion parameters indicating the three combustion phases respectively. The polytropic exponent n,
and effective compression ratio r. describe the polytropic compression phase. The polytropic exponent 7,
and expansion ratio r, describe the expansion phase. When these parameters are known, together with initial
conditions (or trapped conditions) and thermodynamic properties of the working medium, the obtained
work per Seiliger stage can be calculated. The mathematical description of Seiliger parameters is provided in
table 2.2. V is the stroke volume, p is the pressure, and T the temperature.
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Figure 2.9: Typical six stage Seiliger plot, pressure versus vol-
ume diagram, taken from [1]. Figure 2.10: Station numbering, figure taken from [1].

2.2.2. Gas exchange process
The processes between the opening of the exhaust valve (EO) until the closure of the inlet valve (IC) are part
of the gas exchange process and comprising: air induction, blowdown, gas exhaust, and scavenging [1]. The
process stations concerning the gas exchange process are labelled ’a’ to ’e’ in figure 2.10. Air induction and
scavenging are further examined since these processes are deviating from regular diesel engine operation.
Considering air induction, in case of diesel engine, only air is compressed and the fuel is directly injected
into the combustion chamber around TDC. For a gas engine the air induction can be combined with fuel
admission. When the gaseous fuel is injected at the inlet manifold or before the turbocharger, it is called
homogeneous charge (HC). This principle is illustrated in figure 2.11 and 2.12. Other types of fuel admission
principles for gas engines are: port injection, where the gas fuel and air are mixed in the inlet ports and cylinder,
low-pressure direct injection, where the gas fuel is injected into the cylinder early during the compression
stroke when the pressure is low, and high-pressure direct injection, where the gas fuel is injected into the
burning pilot fuel (duel fuel ignition, next sub-section).



2.2. Internal Combustion Engine 11

Table 2.2: Seiliger process parameters and definition, taken from [1].

Seiliger stage Parameter Parameter definition Seiliger definition
1-2 Te, e %:rc %:r?‘

3-4 b w=b B=1

4-5 c % =c % =1

5-6 Te, Ne %=re %:r?e

The scavenging process is preferably not applicable for gas engines when the gas fuel is injected at the inlet
manifold or before the turbocharger (HC). If scavenging is present in such engines, a valve overlap (inlet and
exhaust valves are open) pushes the exhausted gas-charge out of the cylinder and draws in a fresh charge of
air-fuel mixture for the next cycle. In this case, a small portion of fresh charge (including fuel) will slip through
from the inlet to the exhaust port during the valve overlap period. In literature this is called methane slip,
which is an emission. A disadvantage of missing the scavenging process is a reduced engine’s efficiency. The
amount of residual gas from previous cycle limits the amount of fuel and fresh air which can be swallowed into
the new cycle. Moreover, without scavenging the exhaust valve temperature can become critical since no air
stream is cooling the valve.

Fuel .
intercooler

\ compressor throttle

air i ' A

ENGINE

turbine

Figure 2.12: Homogeneous charged gas engine; gaseous fuel
Figure 2.11: Fuel admission before turbocharger. injection before turbocharger [39].

2.2.3. Ignition
There are different types of ignition within gaseous fuelled reciprocating engines. The most common are:
gas-only spark-ignition (SI) and duel-fuel compression ignition (CI). Since the self-ignition temperature of
natural gas is too high to be reached by a regular compression cycle in the cylinder, the combustion must
be initiated by an ignition source. Engines running only on gas use a spark plug to initiate the combustion
process. Dual fuel engines use a pilot fuel to start the combustion process. A small amount of pilot fuel (<
1 %) is injected into the cylinder, where it is ignited by the high temperature of the air mixture at the end of
compression cycle.

A novel and advanced method is homogeneous charge compression ignition (HCCI) and often associated
with SOFC-ICE hybrid systems. HCCI is a mode of combustion in which a (diluted) premixed gaseous air-fuel
mixture is supplied into the cylinder and is compressed by the piston so that the gas temperature and pressure
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are high enough to induce auto-ignition of the premixed mixture. HCCI is generally regarded as a promising
technology for future power generation concepts. Due to high compression ratio and fast combustion it
allows the engine to operate with high thermal efficiency and very low emissions of particle matter and NO,
[40-43]. However HCCI operation has been known for more than thirty years, it is not applied in commercial
applications. Significant technical challenges must be overcome before HCCI engines become practice.
Technical challenges such as: controlling ignitions timing over a range of speeds and loads (operation between
knock and misfire), and extending the operating range to high loads. Particularly the latter challenge excludes
HCCI engines for marine applications at this moment [39-41, 44, 45].

2.2.4. Gas engine operation - air excess ratio

In literature, it has been reported that the use of natural gas as a fuel already leads to a significant reduction of
emissions compared to diesel fuelled engines [46-48]. The low carbon to hydrogen ratio of natural gas reduces
the carbon-based emissions and the low combustion rate of natural gas combined with lean air-to-gas ratio
engine operation increases efficiency and reduces NO, emissions. As is depicted by the red line (NOy) and
orange line (thermal efficiency) in figure 2.13.

Combustion is considered lean when excess air is introduced into the engine along with the fuel. In lean
operations the important parameter in the process is the air-to-gas ratio or A. In stoichiometric natural gas
engines A = 1.0 and in lean-burn engines (A1 > 1.0). In lean-burn engines the combustion process is enhanced
by pre-mixing the air and fuel upstream of the turbocharger before introduction into the cylinder (HC).

Knocking

Operating
window

BMEP [ bar ]

NOx emissions [ g/ kW h ]

Air / Fuel ratio

Figure 2.13: Detonation chart with optimal operating window of a lean-burn gas engine. Taken from Wrtsild.

Lean-burn gas fuelled engines carry some disadvantages: lean air-to-gas mixtures slow down the flame
propagation speed, and increase the cycle-to-cycle variations (engine misfire) because the lean mixture is
harder to ignite. Engine operation with richer air-to-fuel mixtures is restricted by detonation or knock ? [49]. To
obtain a stable combustion process, the combustion is restricted within a narrow operating window between
knock and misfire. As can be seen in figure 2.13 the operating range of a gas fuelled engine is limited by
substantial knock and misfire areas. This narrow operating window results in limiting transient capabilities of
the marine natural gas engine. This is the reason that natural gas engines for marine applications are preferably
restricted to generator applications compared to conventional diesel engines.

2.2.5. Effects of anode off-gas on engine performance
Apart from natural gas, H, and CO, are the most important species of the engine intake fuel, when considering
AOG-natural gas blends. The effects of H, and CO, on ICE performance are discussed in next paragraphs. It

2Knock is the name given to the noise which is transmitted through the engine structure when essentially spontaneous ignition of a
portion of end-gas occurs. End-gas is the fuel, air, residual gas, mixture ahead of the propagating flame[49].
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is assumed that anode off-gas H,O-vapour is removed from the fuel blend in order to reduce the amount of
fuel bound inert species and keeps flame speeds on acceptable levels for SI operation. HyO-vapour can be
removed by cooling the fuel such that water is condensed.

Hydrogen effects on engine performance

Mixing natural gas with fuels that posses faster burning speeds and a smaller ignition energy is an effective
way to help reduction of combustion duration and increase combustion rate and so reduces cyclic variations3.
Hydrogen has approximately eight times the laminar flame speed and lower ignition energy compared to that
of natural gas [17].

Previous research has been focused on hydrogen-enrichment for purposes in the automotive industry, the
results indicate that hydrogen addition in natural gas engines can reduce engine emissions and can enhance
operation limits [16-19]. Sapra et al. [20] investigated the effects of hydrogen-natural gas for marine applica-
tions by performing experiments where natural gas is replaced with 10 volume-% and 20 volume-% hydrogen.
This research is a relevant addition to the automotive industry’s research, because the addition of hydrogen
to natural gas has a direct effect on NO, emissions. The emission regulation for marine engines is different
than those for automotive engines and hence demarcate a different operating window [50]. Furthermore, the
operating window between knock and misfire gets narrower when increasing brake mean effective pressure
(BMEDP) (figure 2.13). Higher BMEP is of increasingly interest for marine engines, as modern marine engines
operate at very high BMEP of 30 bar (Wdirtsild [51]).

In ref.[20] it is found that the high combustion rate of hydrogen improved combustion stability, which
allowed for better air-excess ratio control and allowing higher air-excess ratios (leaning), hence extending the
limited operating window. Moreover it is shown that hydrogen addition improved brake thermal efficiency by
1.2 %, while keeping NO, emissions below the marine emission regulations.

CO and CO;, effects on natural gas engine performance

There are no previous studies found on the effects of CO and CO, addition to natural gas on marine engine
performance. Considering CO, the effects on engine performance are unknown as of yet. Considering CO,
studies describing the effects of CO, when exhaust gas recirculation (EGR) is applied can be illustrative.

EGR is an effective technique available for reducing NO, emissions in internal combustion engines. EGR
works by recirculating a part of the engine’s exhaust gas back to the engine’s air intake. This exhaust gas
recirculation provides CO, and H,O vapor at the intake of the engine cylinder.

Three effects are explaining the impact of EGR and can be compared with the effects of blending AOG-CO3
with natural gas in present work [52]. Although this section presents no quantitative results, the qualitative
effects should be in mind when designing SOFC-ICE hybrid system configurations.

1. The dilution effect: the intake oxygen concentration is reduced by replacing the intake air with CO,
and H,O-vapour. This component replacement lowers the oxygen availability in the engine cylinder,
increasing the mixture time, increasing ignition delay, and results in lower flame temperature and flame
speeds (decreasing the net reaction rate).

2. Thermal effect: the addition of CO, and if present H,O vapor increases the heat capacity of the in-
cylinder charge, leading to lower flame temperature during the combustion process. Due to lower flame
temperatures, NO, emissions reduce and knock limits expel. However, it decreases also BMEP and
destabilize the combustion which leads to engine misfire (higher cycle-to-cycle variability and poor
combustion phasing).

3. The chemical effect: the endothermic dissociation of CO, and HoO-vapour lower the flame temperature
and flame speeds.

2.2.6. ICE modeling

Internal combustion engine modeling can be categorized by the same level of details as defined for SOFC

modeling. The extent of underlying physical principles determines the level of details considered in the model.
On top of the hierarchy are computational fluid dynamic combustion models (CFD) and multi-zone

combustion models. CFD models are basically intended to accurately model the processes in the cylinder

by discretizing the combustion chamber in a large number of elements. The mass, momentum, and energy

3Cycle-by-cycle variations in cylinder pressure versus time measurements [49].
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balances, and chemical reaction rate equations are solved for these elements. CFD combustion models are
used to gain more detailed insights into the heat transfer process in the cylinder during combustion, e.g. to
predict soot formation and NO, production [53]. A multi-zone combustion model is a variant of the CFD
model, which uses a smaller number of elements (zones). Multi-zone models are also used to predict NO,
formation [54].

On the other side of the modeling hierarchy are empirical models. These models are purely based on
mathematical equations derived from experiments. These models are developed to predict engine parameters
as torque and fuel consumption and are used to analyse the behaviour of one specific engine. Due to the
dependency of measured data these models are not able to run simulations when changing specific engine
parameters (e.g. load scaling up or down).

In the centre of the model hierarchy are the filling and emptying engine models (FE) [55], and the mean
value first principle engine models (MVFP) [56]. In the FE model the various subsystems of the engine are
modeled as control volumes in its entirety (e.g. combustion chamber, intake, exhaust, piping). For each
control volume the mass and energy conservation laws are considered. The time step is in the order of a crank
angle. Based on the FE approach are the MVFP models. In MVFP engine models the time step is one engine
revolution (cycle), which means that the crank angle subsystem process values are replaced by mean values
per cycle. Because of the cycle time scale, MVFP models can quickly and efficiently simulate the complete
turbocharged engine system, which make them very suitable for integration in a larger system model, such as
the drive train of a ship or an hybrid power plant system.

A simplified variant of MVFP modeling uses pre-defined Seiliger parameters to characterize the in-cylinder
process. This is possible when knowing the cylinder initial conditions and the thermodynamic state of the
cylinder content (e.g. by experiments). How to characterize combustion phases and define Seiliger parameters
based on experimentally obtained engine data is extensively discussed by Ding in ref. [57]. A MVFP model
proposed by Ding et al. in ref. [58] uses the MVFP approach for the inlet and exhaust receiver control volumes
in combination with compressor and turbine maps and extensive calibration. Geertsma et al. [59] modified
this MFVP model such that it can be calibrated with measured engine data and thus without compressor and
turbine maps and extensive heat release measurements as proposed in ref. [58]. This makes this modified
MFVP model strategy employable with less detailed engine information and suitable for this system level
research.

2.3. Marine power plants

On board a ship, propulsion and electric power supply are two important functions that need to be performed
to fulfil the ship’s mission. When an all-electric concept is considered, this means that the propulsion is driven
by an electric motor, the power supply for the electric propulsion and for other electrical systems has to be
delivered by a power plant.

Van Biert et al. [60] performed a literature review to the suitability of fuel cells for marine applications and
compares fuel cell systems to convectional marine power plant solutions according to the criteria listed below.
These criteria should be kept in mind when designing SOFC-ICE hybrid system configurations. For further
information the original text from van Biert et al. [60] is recommended.

1. Power and energy density.

2. Load transients and system start-up.
3. Environmental impact.

4. Safety and reliability.

5. Economics.

2.4. SOFC-ICE hybrid systems

This section presents a review of previous studies performed on SOFC-ICE hybrids systems. Since SOFC-ICE
integration is a novel technology, not much research has been published as of yet. The here mentioned studies
are the only relevant publications on found.

Park et al. [7] proposed a hybrid system where an SOFC stack was combined with an HCCI internal
combustion engine. In this hybrid system the HCCI engine replaces the conventional combustor and burns the
anode off-gas to produce additional power. Park et al. conducted steady state simulations and demonstrated
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an electrical efficiency of 59.5 % (103.6 kWe) at a power split of 12.7 %-ICE, 87.3 %-SOFC and a SOFC fuel
utilization of 75 %. This result is promising, however certainly more detailed research is required to make this
concept feasible. Park’s work can be seen as an preliminary study on SOFC-ICE hybrid system.

Elaborating on Park’s study, Kang and Ahn [61] developed a dynamical model of the by Park proposed
hybrid system and studied the dynamic behaviour during transients. The simulation results were clearly
indicating the different time scales of the SOFC and the engine. For the SOFC it took more than one hour to
reach a new thermal steady state value after a load change, while the engine reached steady state at each cycle.
The in this study imposed load changes were affecting AOG composition and successively affecting engine
performance. As explained, the HCCI engine was only fuelled by anode off-gas, this means that no fuel by-pass
with additional fuel supply to the engine was designed. To improve dynamic load capabilities of the complete
system a fuel by pass (e.g. additional supply to engine) is expected to be necessary. In the study of Kang and
Ahn no efficiency calculations were reported.

Van Biert et al. [13] conducted a thermodynamic comparison study of SOFC-combined cycles. Relevant
for this work are the simulations conducted with the SOFC- spark-ignited reciprocating engine bottoming
cycle model. In this study no fuel by-pass to the engine was present. The simulations results were inducing the
interest for further research. In the computational simulations a maximum system electrical efficiency of 64
% was achieved at a SOFC fuel utilization of 90 % (electric power was not reported) and at a power split of 5
%-ICE, 95 %-SOFC.

Chuahy and Kokjohn [14] developed an SOFC-ICE hybrid system and conducted a system level opti-
mization strategy to predict the maximum performance achievable by the integrated system. Thereupon
HCCI engine experiments were conducted to validate if the ICE was capable of operating with the predicted
conditions. The authors predicted an electric efficiency of 70.9 % with the computational model (1104.3 kWe,
at a SOFC fuel utilization of 64.4 % and a power split of 14.7 %-ICE, 85.3 %-SOFC), but they reported practi-
cal problems with stability during HCCI combustion and even during RCCI combustion®*. These problems
made them finally conclude to investigate future SOFC-hybrid system research in spark-ignition combustion.
Chuahy and Kokjohn [14] were expecting SI combustion as a more stable and robust mode of combustion for
SOFC-ICE hybrid systems. This final conclusion is important for current research.

An experimental study only focused on the engine part of the SOFC-ICE hybrid system was carried out
by Choi et al. [62]. Choi conducted experiments with an HCCI engine fuelled with anode off-gas. He finally
achieved operation but it was reported that the engine experiments were performed on a small single cylinder
engine. Scalability to higher power ratings and dynamic operation of HCCI combustion was assessed as
doubtful by Manofsky et al. [41] and Epping et al. [44].

The studies of: Park [7], Kang [61], Choi [62], and Chuahy [14] are all considering HCCI- reciprocating
engines as bottoming cycle in the hybrid system. While this type of combustion has been achieved in laboratory
setting, HCCI technology is still far away from practical applications, particularly at high specific power outputs
[39, 41, 45]. It can be concluded that more research is required before these advanced combustion strategies
can be successfully integrated in marine transport applications.

2.5. Conclusion

It is found that a planar, co-flow SOFC design is currently the most applied SOFC type. It is explained that an
intermediate operating temperature (600-900 °C) allows for a wider range of materials and more cost effective
fabrication. The SOFC structure commonly applied for intermediate temperature SOFCs is an electrode-
supported structure. It is found that a combination of methane pre-reforming and direct internal reforming
allows high performance with lower SOFC degradation risks.

SOFEC electrochemistry is explained, also SOFC chemistry and reforming kinetics are treated. The chemical
reactions of interest are methane steam reforming, water-gas shift, and hydrogen oxidation.

In this chapter it is explained that fuel utilization is an important parameter for fuel cell efficiency and fuel
cell life time. High fuel utilization leads to high SOFC efficiency, but increases the risks on cell degradation.
Anode off-gas recycling is another important operational parameter for SOFC systems. Recycling part of the
anode off-gas back to the SOFC anode inlet is a common solution to achieve high system efficiency while
operating low single-pass cell fuel utilizations. Also the water-vapour in the anode-off gas recycling stream is
re-used for methane steam pre-reforming and reduced external steam supply.

A literature study is conducted to the insights of gas fuelled reciprocating internal combustion engines. The
in-cylinder process is explained with the aid of Seiliger parameters. Also the gas exchange processes, ignition,

4Sort of dual fuel engine combustion technology, where in this case the engines gets an extra burst of natural gas



16 2. Literature study

air excess ratio, and the effects of AOG-natural gas-blending are explained. In literature it is demonstrated that
hydrogen addition to natural gas engines improves combustion stability and enhances the engine’s thermal
efficiency. It is expected that hydrogen available in AOG can have the same improvements. However, also
higher cylinder peak pressures and temperatures can be expected and require attention, particularly when
considering engine design and NO,-emission limitations imposed by IMO.

Finally, a literature review of previous SOFC-ICE hybrid system studies has demonstrated the potential
SOFC-ICE hybrid systems. The projected SOFC-ICE hybrid system efficiencies in literature are: Park et al.: ngg
=59.5 %, van Biert et al.: ngs = 64 %, and Chuahy et al.: = ngs 70.9 %. Although these results are promising,
two observations should be made: all three systems are considering bottoming cycles. This means that the
engine is only supplied by anode off-gas, which limits dynamic capabilities. And two out of three studies are
considering HCCI engines as combustion strategy, which is currently only achieved in a laboratory setting and
is far away form commercial applications.



Methodology

The objective of this thesis is to identify operating parameters and system configurations of SOFC-ICE hybrid
systems for marine applications and to find their influence on system efficiency and performance. To meet
this objective component models are developed and are combined to a hybrid system, thereafter performance
simulations are conducted. This chapter describes the model approach and simulation strategy.

3.1. Model approach

3.1.1. Hybrid system configuration

The proposed hybrid system is presented in figure 3.1 and works as follows: natural gas (methane) is partially
reformed by flowing through a pre-reformer. The partially reformed fuel enters the SOFC stack to generate
electrical power and leaves the stack as anode off-gas. Because the anode off-gas includes a high amount of
steam, it flows into a steam separator to remove the water contents by condensing the water-vapour. Then the
dehydrated anode off-gas is mixed with an additional amount of natural gas and enters the internal combustion
engine to generate additional electrical power. The amount of natural gas flowing into the engine will depend
on the power demand. Controller II controls this amount of natural gas depending on the equivalent fuel
proportion of anode off-gas from the SOFC.

Anode off-gas recycling can be applied to increase net SOFC fuel utilization and to reduce the pre-reformer
external steam requirement (for MSR). Heat from the engine exhaust and steam separator is used to produce
the external steam required of the pre-reformer. On the cathode side; ambient air enters the heat exchanger and
is heated by the cathode exhaust air of the SOFC stack. Fuel pre-heating is carried out by heat exchange with
anode-off gas. Direct current (DC) produced in the SOFC must be treated with power conversion equipment
to convert it to grid-compliant alternating current (AC) of suitable voltage and frequency.

In contrary to the configurations treated in previous studies (chapter 2.4), where the engine is only fuelled
with anode off-gas (bottoming cycle), in this work an additional natural gas supply is mixed with anode-off
gas before it is introduced into the engine (combined cycle). This additional fuel supply before engine intake
increases power redundancy, improves system dynamic capabilities, shortens start-up times, reduces power
density and allows for operating at several power split options.

3.1.2. SOFC and pre-reformer model

To study hybrid system performance, an SOFC model is required to determine the effects of different SOFC
designs and operation parameters. The SOFC model has to solve conservations and constitutive equations to
compute SOFC performance and outlet properties. The SOFC input conditions are: fuel and air composition,
temperature, and pressure. The control parameters are: current density, fuel utilization, and air excess. The
model is simulating a planar, anode supported, co-flow, intermediate temperature SOFC model including
direct internal reforming, as selected by the literature study. The computing time of the model has to be short,
therefore a 0-D modeling approach is selected.

As part of the SOFC system a pre-reformer model is required. This model has to compute pre-reformer fuel
output based on control parameters such as: methane pre-reforming ratio, pressure, temperature, and oxygen
to carbon ratio. The pre-reformer input is the natural gas supply and optionally recycled anode off-gas. The
models are explained in chapter 4.

17
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Figure 3.1: Diagram of proposed SOFC-ICE hybrid system.

3.1.3. ICE model

To determine the performance of the hybrid system, an ICE model is required to compute engine performance
based on the fuel composition available at the engine intake. Also ICE exhaust-gas heat capacity has to be
predicted for adequate heat integration of the engine in the hybrid system.

Developing an engine model which can operate on a variety of fuel blends is a complex operation. Hence, to
keep engine modeling feasible within a thesis project, a mean value first principle model (MVFP) is developed
which relies on experimental data for calibration. This work is considering a production ready reciprocating
internal combustion engine technology. The selected engine to simulate is an eight cylinder, turbocharged,
spark-ignited gas engine with a rated power of 500 kWe at 1500 rpm (Caterpillar-G3508). The experimental
data set is considering three types of fuel blends at a fixed load of 375 kWe, 1500 rpm, NO, = 500 mg/nm? (at
5% oxygen)!. Table 3.1 provides the fuel blends. Particularly, due to the dependency on this experimental data
set, the engine model is considering hydrogen-natural gas blends. Effects of other anode off-gas species are
not considered in this work. The engine model is explained in chapter 5.

Table 3.1: Tested hydrogen-natural gas fuel blends

Fuel blends Natural gas volume [%] Hydrogen volume [%]
NG 100 0

10HNG 90 10

20HNG 80 20

3.1.4. Heat integration

Heat integration is an important aspect for successful operation of an SOFC-ICE hybrid system. Recovery of
residual heat from hot streams is done with heat exchangers and is supplied to cold streams. The hybrid system
study is considering two designs of pre-reformer and SOFC heat integration. The proposed configurations are:

¢ Configuration A: the pre-reformer is part of the integrated stack module (ISM). The reaction heat
required for the (endothermic) methane steam reforming reaction is withdrawn from the SOFC-stack.

1 Accounting for the maritime emission regulations: IMO TIER-III limit = 9- n~92 gkW~1h~!. For this engine n=1500 rpm, thus the NO,,
limit is 2.08 gkW~1h~1 = 500 mg/nm? (at 5% oxygen), Marpol IV, Reg. 13 [50]
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The pre-reformer operation temperature is the same as the SOFC inlet temperature. In literature, this
configuration is called indirect internal reforming (IIR)

¢ Configuration B: the pre-reformer is an individual component, operating at 500 °C. The heat required
for the (endothermic) methane steam pre-reforming reaction is withdrawn from residual heat in the
hybrid system coming from steam separator and engine exhaust gas system. The heat integration of
these components is an essential factor to increase hybrid system efficiency and is a novel concept.

A heat flow analysis (pinch analysis) is conducted to determine if the hybrid system contains enough heat
to maintain all stream temperatures as required. Modeling and optimizing the heat exchanger network falls
outside the scope of present work. The heat integration and pinch analysis are conducted in chapter 6.

3.2. Simulation strategy and analysis

To find the optimum performance of the SOFC-ICE hybrid system, an integration of component models
is adopted for system simulations. The system simulations should provide insights of system behaviour
depending on varying operating parameters.

At first, a power split ratio of 50%-ICE and 50%-SOFC is selected, because it is expected to be a good
trade-off between: performance, power density, and dynamic capabilities. The ICE has a fixed power of 375
kWe (AC), hence the power output of the SOFC is also 375 kWe (AC) and the total power output of the hybrid
system is 750 kWe (AC). A system study is focused around the effects of the following parameters:

¢ Effect of the SOFC current density on hybrid system efficiency will be investigated. A suitable cur-
rent density is a compromise between efficiency, power density, capital costs, stable operation, and
degradation risks [63].

¢ Effect of fuel utilization on hybrid system efficiency will be investigated using a conventional single-pass
configuration (no anode off-gas recycling). Fuel utilization is not a standalone controllable parameter, it
depends on fuel feed stream (controller I in figure 3.1) and the current drawn.

¢ Effect of methane pre-reforming ratio (REF) on hybrid system efficiency will be investigated. The best
pre-reforming ratio is a compromise between efficiency and installation sizing.

 Effect of anode off gas recycling on hybrid system efficiency will be investigated. Both anode off-gas
recycling ratio (AOGRR) and fuel utilization are the varying parameters.

Moreover, an analysis to stream composition and volumetric flow rate is done. An important condition to
investigate is the hydrogen-natural gas percentage and diluted species percentage of the stream introduced in
the engine, the engine model should indicate these operation limits. Then, the hybrid system is subjected to a
pinch-analysis in order to investigate if heat integration is possible as proposed. Also effect of varying power
split ratios is studied to investigate the performance gain while considering maximum hydrogen blend ratios
at ICE intake. Finally, a comparison study is carried out to investigate the differences in performance, power
and energy density between the SOFC-ICE hybrid system and conventional marine power plants. The hybrid
system study and results are described in chapter 6.






SOFC model

A dynamic 0-D SOFC model including pre-reformer is developed in MATLAB Simulink. This chapter describes
the development, validation and parameter sensitivity analysis. The model is developed in such a way that
either the dynamic performance can be predicted or the steady state results can be used in the hybrid system
study.

4.1. Model description

Figure 4.1 depicts a schematic representation of a multiple-cell SOFC stack. The SOFC stack model is composed
of multiple single cell models. Each single cell model consists of four layers: fuel channel, PEN structure, air
channel, and interconnect. For each layer conservation and constitutive equations are set up and solved.
Figure 4.2 depicts the causal diagram of the modules forming the single cell model. The grey blocks indicate
the modules where the physics are accommodated. The direction of the arrows represents the relation between
input, output, and calculation modules.

Interconnecting plate

Fuel channel

PEN

Oxidant channel

Y Interconnecting plate

Fuel channel

Single-cell PEN

Oxidant channel

Interconnecting plate

Fuel channel

PEN

Oxidant channel

Interconnecting plate

Figure 4.1: SOFC stack composed out of single cells. A single cell formed with 5 layers , picture taken from [33].

4.1.1. Model assumptions
The model is developed under the following assumptions:
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Figure 4.2: Schematic diagram of single cell model (0-D SOFC).

Gas and air stream is considered as a laminar flow between parallel plates with fully developed hydrody-
namics.

All gases are assumed to be ideal gasses, since the SOFC operates at high temperature (around 1100 K)
and moderate pressure (1 bar).

Pressure difference along the fuel and air channel is assumed to be very small and therefore neglected.
Accumulation of momentum is neglected.

Temperature gradient across the PEN structure can be neglected, because the PEN structure is very thin
(perpendicular to stream wise direction).

CO is not directly oxidized but converted through the water-gas shift reaction [26].

Cell voltage is calculated using Nernst equation and considering activation, concentration, and Ohmic
losses as a function of cell current and temperature.

Mass, thermal conductivity, and isobaric heat capacity of the gasses in the fuel and air channel are
determined for inlet conditions and are taken as constant values throughout the channel. A study to the
effects of this assumption is done afterwards and has justified this assumptions, see appendix D.

The SOFC stack is packed in an insulated module. The maximum module outside surface temperature is
allowed to be 50 °C. The assumed environmental temperature is 25 °C. It is assumed that the module
insulation is designed to cope for these temperature specifications. The outside surfaces of the SOFC
stack are undergoing convective and radiative heat loss to the environment. The final stack heat loss is
proportionally included as a heat sink in the single cell energy balance.

The fuel and air supply and stack exhausts are assumed to be adiabatic.
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4.1.2. Model equations, single cell model

In this section the physical phenomena concerning SOFC operation are characterized by mathematical
equations. The phenomena are schematically depicted in figure 4.3. The control volumes, indicated by red
dashed lines, are used in below explanation. The relevant phenomena that are accounted for are:

e Mass and heat sources and sinks from the chemical reactions. The location of theses reactions is an
approximate representation as implemented in the model.

¢ Energy accumulation in the gas flows, electrolyte and interconnects;

¢ Convective heat transfer between gas flows and solid elements;

¢ Radiative heat transfer between (anode/cathode) side of the PEN and interconnects.

* Hydrogen oxidation within the PEN structure, methane steam reforming reaction and water-gas shift

reaction in the fuel channel. Table 4.1 provides the reactions.

Table 4.1: Reaction equations SOFC.

Id. Reaction name Reaction equation Location
MSR Methane steam reforming CH4 + HLO— CO +3H, Fuel channel
WGS Water-gas shift CO + HpO — CO3 + Hy Fuel channel
- Hydrogen oxidation H + 02~ — H0 + 2e~ Anode TPB
- Oxygen reduction % 0, +2e” — 0%~ Cathode TPB
HOR Hydrogen electrochemical oxidation H, + %02 — H,0 -
Interconnect
iy || e (7.8
| Q= Fuel channel -
LQconv Ha | 1 HO

PEN structure

V,i
| ———p
(T, N, h)’!; l Qconv ‘ 02 Alr ChannEI (T, N, h)out
—— Qrad Cf
T Qconv
Interconnect

* It is assumed that the hydrogen oxidation reaction enthalpy is released at the PEN structure

Figure 4.3: Single cell composed out of control volumes which are indicated with red dashed lines. The MSR, WGS, and HOR ’clouds’ are
an approximate representation of the heat source location, as implemented in the model. Further included are: ingoing and outgoing
molar flow rates with temperature and enthalpy, and modes of heat transfer between control volumes.

Mass balances
The single cell model consists of two mass balances. The fuel channel mass balance is considering the species:
CHy4, H»0, Hy, CO, and CO,. The air channel mass balance is considering the species: O, and N».
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Partially pre-reformed methane flows into the fuel channel (control volume) and undergoes steam reform-
ing and water-gas shift reactions with the catalytic aid of the nickel component of the anode. Meanwhile
hydrogen and water vapour diffuse across the channel surfaces (control volume). Mass balances for species in
the fuel channel are in given in eq. 4.1 to 4.5.

% - % . (CZ;O—CQI’;B) + HLaf “THOR — Hlaf “TMSR — Hlaf “TWGS (4.2)
% = % . (CHZ - Cﬁ,;”) - HLaf ‘THOR +3'HLaf “TMSR + Har “TWGS (4.3)
dg(;o = % ’ (Cé% - CS?J] + Hlaf *TMSR — Hlaf “Twas (4.4)

C; is the species concentration (molm™3), u the stream velocity (ms™!), L the length of the channel (m), H the
height of the channel (m), and r the area specific reaction rate (molm~2s~!). The subscript af denotes the
anode flow, thus through the fuel channel.

In the air channel some oxygen leaves the control volume, diffuses into the cathode (part of the PEN
structure), and participates in the electrochemical reaction (HOR). No reaction product enters this control
volume. Mass balances for O, and N, are given in eq. 4.6 and 4.7.

dCOz Ucf in out 1 1

_[ _.((‘z_cz)__._cf-rHOR (4.6)
dCNZ “Cf in out 1.7
_t- - _.(CNZ _CZVZ ) ( . )

The subscript ¢ f denotes cathode flow, thus through the air channel. Equation 4.8, 4.9, and 4.10 are describing
the area specific reactions rates r (molm=2s71).

3
bco- Py
rMsR = kysr-pem, |1 - - (4.8)
PcH, - PH,0 * Keg MSR
PH, " Pco2
rwes = kwes - pco- (1 - - ) 4.9)
Pm,0°Pco-Kegwas
i
r == 4.10
HOR = 5 (4.10)
In these expressions are the equilibrium constants (Keq,pmsr and Keq was) are represented by eq. 4.11 and 4.12.
—AGpsr )
K =exp|——— 4.11
eq,MSR p ( RTas (4.11)
-AGwgs )
K, =exp|———— 4.12
eq,WGS p ( RTaf ( )

In this model chemical equilibrium was not achieved at the anode outlet when using the Achenbach MSR
kinetics as discussed in the literature study. To achieve chemical equilibrium the equilibrium equation for
methane steam reforming is applied (eq. 4.8), and hence the Achenbach MSR kinetics are not used in this
model. Which is not required for a 0-Dimensional approach. In above equations the partial pressures p; is
expressed in (bar), both constants, kyssg and kiygs, are 1000 (mols~! m=2bar™!). AGyssg and AGgs Jmol™!)
is the change in Gibbs free energy which implemented as a first order polynomial as derived in appendix B.
The species concentration is determined with the ideal gas law (eq. 4.13 and 4.14).

in _ pﬂf
“ " R-TI (@19
in _ pCf

Cef = i (4.14)

cf
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Par is equal to the fuel inlet pressure and p.y to the air inlet pressure (Pa). The stream velocity u in above
equations is derived with eq. 4.15 and 4.16.

| MR Ty
uaf: T (415)
Ach Paf
1 NGfR-Te
qu:A - _in (4.16)
ch pcf

Where the ingoing molar flow rate N '+ (mols™) is related to fuel utilization factor Uy (eq. 4.17) and N, i s
related to air excess ratio (eq. 4.18). The term in parenthesis in eq. 4.17 represents the total number of possible
H, molecules that can be obtained from the inlet fuel.

iAact

Uy = ; ————— 4.17)
2F (axity, +xit & x| Nin
xin Nm
o)
Nair = —2— (4.18)
i Aget/AF
The fuel channel molar outlet flow rates are calculated as follows:
Ni" is determined with eq.4.17
af
m;'} = Nél?lem -Ml'
' (4.19)
i € (CH4,H>0,H,,CO,COy)
min = Ly (4.20)
02 - 4F 02 *
gt = rils + g, (4.21)
s out
Nout — af
af . yout .
LX) M; 4.22)
i € (CH4,H,0,H,,CO,CO3)
The air channel molar outlet flow rates are calculated as follows:
N é }’ is determined with eq.4.18
mé? = Né’; le”‘ - M;
' (4.23)
i € (02,N2)
s out _
gy = Mo, (4.24)
Mot =l - g, (4.25)
s out
NO;” — mcf
c L out  ar.
Lix)" M, (4.26)

i € (02,N2)

Where 71 is the mass flow (kg s, I the current (A), and F Faraday’s constant (C mol™}).
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Energy balances
Four energy balances are used (fuel channel, air channel, PEN structure and interconnect). The energy
balances are written in terms of temperature dependent molar specific enthalpy.

The fuel gas temperature T, is affected by several factors: reforming and water-gas shift reactions,
internal energy carried by the incoming and outgoing flows, and convective heat transfer to the PEN structure
and interconnect. Radiative heat transfer to the fuel flow is neglected since the gas mixtures behaves as a
transparent media. The fuel channel energy balance is given in eq. 4.27.

NgrcpardT, . : .
W =Y N"W(Tap)i" =Y NP M(Ta)" = Aact - THOR - [N(Tap) 2 — M(TpEN) Hy0] + - - -
i i
. . (4.27)
Qan"pEN + Qan’ica
i€ (CH4,H20,H2,CO,C02)
With:
QS = ag WL (Tpi = Top) “.28)
Q" ca=%afr*W-L-(Tica= Tap) (4.29)

The air temperature Ty is affected by the ingoing and outgoing heat flows and convective heat transfer with
the PEN structure and interconnect. Radiation to the air flow is neglected since air is transparent media. The
air channel energy balance is given in eq. 4.30.

N.rc,ordT, . . .
% =Y NIPR(Tp)" =Y NP R(Te )" = 0.5+ Agcr - rroR - M(Tef) o, + - - -
i i
jeonv  Aconv (4.30)
cf-PEN cf-ICc
i €(02,N2)
With:
0ef ben = e W+ L+ (Tpen = Tef) (431
Q" ce = dcp WL+ (Tice = Tep) (4.32)

The first two terms on the right hand side in eq. 4.27 and 4.30 represent the energy in and out carried by the
molar flow rate. The molar specific enthalpy &; (Jmol™!) of each species is approximated using first order
polynomials of temperature as listed in appendix B. These first order polynomials are based on data which
is computed with the ideal gas law thermodynamic model (Gasmix) in FluidProp [64]. cp is the specific
heat capacity at constant pressure (Jmol~! K1), T temperature (K), Q°°" is the convective heat flow (W),
denotes the convective heat transfer coefficient (Wm™2K™1) and is calculated within the gas channel under
the hypothesis that the flow regime is laminar and can be treated as flow through two infinite flat plates, W - L
is the heat transfer area (m?2). The subscripts af, cf, PEN, ICa, ICc denote: anode flow, cathode flow, PEN
structure, interconnect anode side, and interconnect cathode side.

The endothermic methane steam reforming reaction takes place in the fuel channel. The heat absorption
of this reaction is included in the enthalpy difference between inlet and outlet stream. Also the exothermic
water-gas shift reaction takes place in the fuel channel. The heat supply of this reaction is also included in the
enthalpy difference between inlet and outlet stream. Both are captured in first two terms right hand side eq.
4.27.

The PEN structure control volume encloses the anode, cathode, and electrolyte. Hydrogen and oxygen
diffuses across control surfaces and enters the PEN structure. The reaction product, water, diffuses out of this
control volume to the fuel channel. Through electrochemical reactions, part of the chemical energy converts
to electrical power (output), while the other part is converted to heat and released to the surroundings of the
control volume by radiation and convection. The energy balance is expressed in eq. 4.33.

dTpgN

MpENCPEN — 5, —

At = Aqct " THOR* [ h(Tuf)HZ +0-5h(ch)Oz - h(TPEN)HZO ] — Veetticelr Aact — - - -

(4.33)

srad srad Sconv SNconv
Qrca-pren ~ Qrce-pen — Q¢ f-PEN — Q4 f-PEN
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With:

4 4
~rad _U'elca‘ePEN'W.L.(TICa_TPEN) (4.34)
QiCa-PEN = — :
€]Ca T €PEN —€ICa"€PEN
4 pd
Qrad _0-€icc€pen-W-L-(Tic, — Tppy) 4.35)
ICc-PEN — — .
€1Cc t€PEN —€[Cc " €PEN

Where m is the mass of the triple layered PEN structure (kg), ¢ the specific heat capacity of PEN materials
excluding gasses Jkg ' K™1). Q"? denotes the radiative heat flow for two gray body surfaces forming an
enclosure (W), in this case the view factor is 1, o is the Stefan Boltzmann constant (W/(m?- K*)), and ¢ is the
surface emissivity (-).

The electrochemical reaction of hydrogen oxidation takes place in the PEN structure, where hydrogen and
oxygen migrate from the fuel and air channel. The water produced by the oxidation reaction diffuses back to
the fuel channel. Therefore, the enthalpy fluxes associated with the flow of oxygen and hydrogen to the PEN
structure and the flow of water from the PEN structure are taken into account in the PEN energy balance (first
term right hand side eq. 4.33). The third term on the right hand side of eq. 4.27 and 4.30 refers to the respective
enthalpy fluxes to and from the fuel and air channel.

The interconnecting plates divide one cell from the adjacent ones and separate the fuel channel and the air
channel. No chemical reactions and mass transfer takes place within these plates, only heat exchanges to the
surroundings by radiation and convection. The energy balance of the interconnect is given by eq. 4.36.

miccic % = Q1é4_pen + Qile_ppn — Quf ica— et ice (4.36)
The convective heat flow from the PEN structure and interconnects to the fuel and air stream depends on
the convective heat transfer coefficient « (Wm™2K™!). « is calculated by empirical correlations using the
dimensionless Nusselt number Nu (eq. 4.41). The Nussselt number is computed with the Reynolds number Re
and Prandtl number Pr of the bulk flow (eq. 4.37). Mills [65] provides eq. 4.37 to calculate the Nusselt number.
Using the assumption that the flow is considered as a laminar flow between parallel plates with fully developed
hydrodynamics. The dynamic viscosity y, thermal conductivity k, and isobaric heat capacity ¢, of each gas
component is calculated in appendix B. Also, appendix B describes the method to obtain these properties for a
multi-component gas mixture.

0.03(Dy/L)Rep,, Pr
Nu=7.54+ (4.37)
1+0.016((Dy,/L)Rep, Pr1?/3
4A
D), = ¢t (4.38)
Pcp
Hep
Pr=—— 4.39
r= (4.39)
D
Rep, = 220 (4.40)
U
k
a=Nu— (4.41)
Dy,
Electrochemical model
The voltage of an operating cell is generally given by eq. 4.42.
Veett = E—AVact = AVeone = AVonm (4.42)

The open circuit voltage E (V) is calculated with eq. 4.43. Where E° stands for the open-circuit voltage at
standard pressure (V). E° (eq. 4.44) is calculated using the temperature dependent Gibbs free energy of
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hydrogen oxidation AGyog. Eq. 4.45 (derived in appendix B).

0.5

RT PH, ' P
E=E0 4 Z2PEN (22 70 (4.43)

nF PH20

—AG
Ey= ——HOR (4.44)
nF

AGrog = (~54.6- Tpgy +2.478-10%) (4.45)

The activation losses AV, are depending on the exchange current density i (Am~2) (eq. 4.47 and 4.48). k,
and k. are pre-exponential coefficients (Q1m™2), and E,q and E, . is the activation energy for the anode and
cathode Jmol™1), these values are obtained from literature [26] and provided in table 4.4. T is the temperature
(K) and is directly obtained from the energy balance.

RT, j RT, j
AVyer = T PEN Ginh ! (—,l ) 4 PEN Ginh ! ( ,l ) (4.46)
F i0,a F 2ig,c

. RTpgn ( —Egq )
i0a= kg exp| —— 4.47
Y A -y (4.47)
. RTpgn ( —Eqac )
igc= -kc-ex : 4.48
0= o P RTpen (4.48)

To calculate concentration losses AV, a relation between the partial pressures p of Hp, H»O, and O at the
triple phase boundaries and the current density is necessary. It is assumed H, and H,O from the anode are
diffusing (one-dimensional) through the pores to the PEN structure, and only o, from the cathode diffuses to
the PEN structure. The local partial pressures are therefore given by eq. 4.50-4.51 [66].

RT H,O,TPB* ) RT, ,
AVigne = PEN | PH, PH2 af) . RTpen ln( Pos.cf ) (4.49)
2F PH20,af * PHy, TPB 4F P0,,TPB
RTpENT anode .
PH,, TPB= PHo,af — 5o ! (4.50)
’ waf 2FDeff,anode
RTpENT anode .
PH,O0,TPB = PH,O0,af — 7o ! (4.51)
’ 20.af 2FDeff,anode
RTpENT cathode .
P0,, TPB = Pcf — (Pcf — POy,cf) —€Xp i (4.52)
’ of of zel 4FDeff cathodePcf
Ducss= material porosity
SIET tortuosity factor | meteculan 053

i € (Hz,H20,02)

In this model, D.sy is the average effective diffusivity coefficient (m?s~1) and is related to the molecular
diffusivity D;07ecutar- In this model D, ¢ is taken from literature [26] and is provided in table 4.3. In case the
material porosity and tortuosity of the SOFC are known, D, ¢ can also be calculated with eq. 4.53.

The ohmic losses AV, are implemented as described in the literature review. Eq. 4.54 and 4.55 express
the used equations.

AVohm =1 Tohm (4.54)

T T T
e (4.55)

Tohm =
ae Oce Ose
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Performance indication

Performance parameters usually adopted in fuel cell research are power density and first law efficiency. The
power density (eq. 4.56) is the amount of power per unit area (Wm™2). The first law efficiency (eq. 4.57)
represents the fraction of the total chemical energy in the inlet fuel that is converted into electrical energy.

Pdeeii =i Veen (4.56)

_ i Veerl - Aact
NISOFC,LHV = in in in \rin
(8, - LH Ve, + xifs - LHV, + xi2, - LHVeo | N2
Where the lower heating values (LHV) are LHVcp, is 802.6- 103 Jmol™', LHV¢o = 283.0-10% Jmol™!, and
LHVpy, =241.8-10% Jmol ™! [67].

(4.57)

4.1.3. SOFC stack design
The total SOFC stack power is determined by multiplying single cell power with the total number of stacked
cells (eq. 4.58).

Pgiack = (mumber of cells) - Vi - Loy (4.58)

The single cell model is used to predict operating conditions for the whole stack. For the single single cell
model, adiabatic boundary conditions are assumed. This physically means that the cell is positioned in the
middle of the stack. When conducting simulations of the complete stack, the outside boundaries cannot
be assumed adiabatic any more, as the temperature difference between stack surface and environment is
large. This means that heat loss to the environment becomes important for thermal management of the SOFC
stack. Achenbach [68] studied the effects of stack heat loss on the temperature distribution in the stack and
concluded that an effective thermal insulation is necessary to protect the stack from cooling out. Stack heat
loss is denoted by Qstack heat 10ss (W).

In this work a constant stack module outside surface temperature of 50 °C is assumed. The module is
loosing heat by convective and radiative heat transfer to the environment. When running stack simulations the
total stack heat loss is proportionally included as a heat sink in the single cell energy balance. The stack heat
loss is determined with eq. 4.59. For this calculation is an effective thermal insulation layer assumed which
avoids exceeding the maximum surface temperature. The situation is schematically depicted in figure 4.4. The
SOFC stack model outside surface area is a rough estimation and is assumed to be similar to the energy server
’5’ of Bloomenergy (300 kW) [69]. The present stack dimensions are determined to be: 5.5 x 2.5 x 2 m, which is
including pre-reformer, heat exchangers, and pipe work.

Qstack heat 1oss = Qstack rad in — Qstack rad out — Qstack conv (4.59)
Where:
Qstack rad in=0 0 A- (Tjurface - Tgnvironment) (4.60)
Qstack rad our =€-0 - A- (Tjurface - T:nvironment) (4.61)
Qstack conv = Ne- A- (Tsurface — Tenvironment) (4.62)

Where a = 0.85 is the absorption coefficient of the module, € = 0.9 the surface emissivity of the module, A is
the module outside area (59.5 m?), k. =25 Wm 2K~ the convective heat transfer coefficient. a, €, and &, are
assumed values for commonly used isolation material.

4.1.4. SOFC properties
Table 4.2, 4.3 and 4.4 present the SOFC geometry and material property data. This data is typical for planar,
anode supported, intermediate temperature SOFCs [26].
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> Quoss=Craa + Cconv

Figure 4.4: SOFC stack in insulated module.

Table 4.2: Geometrical properties single cell SOFC.

Surface temperature = 50°C

Geometrical properties Symbol Value Unit
Cell width (active) w 0.1 m
Cell length (active) L 0.4 m
Channel height (air and fuel) h 1-1073 m
Anode thickness Ta 500-1076 m
Cathode thickness T¢ 50-107 m
Electrolyte thickness Te 20-1076 m
Interconnect thickness Tic 500-1078 m

(@ The cell length multiplied by cell width represents the active cell area.

Table 4.3: Physical properties single cell SOFC.

Physical properties Symbol Value Unit
Specific heat PEN structure CPEN 500 ]kg‘1 K1
Specific heat interconnect Cic 500 Jkg 1K1
Density PEN structure OPEN 5900 kgm™3
Density interconnect Pic 8000 kgm™3
Electronic conductivity anode ! Oae 8.0-10% Qlm!
Electronic conductivity cathode Oce 8.4-10° Q 1m™!
Electronic conductivity electrolyte Oee 33400exp(—10300/ Tpgn) Qlm!
Emmisivity PEN® €PEN 0.8 -
Emmisivity interconnect® €ic 0.1 -
Diffusivity effective anode Deffoa 3.66-107° m?s~!
Diffusivity effective cathode Deffoa 1.37-107° m?s!
Electrode porosity €p 0.3 -
Electrode tortuosity Ttortuosity | 6 -
Average pore radius Tpore 0.5-107% m

() The temperature dependence of the anode and cathode electronic conductivity is considered to be negligible for the temperature

range in which this model operates [26, 70].

@) The PEN and interconnect emissivity values are considered typical of ceramic and stainless steel materials [26, 70].
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Table 4.4: Reaction and electrode properties single cell SOFC.

Reactions Symbol Value Unit

MSR equilibrium reaction constant kysr 1000 mols ! m~2bar™!
WGS reaction constant kwas 1000 mols ' m~2bar~!
Activation Energy MSR E, 82-10% Jmol ™!

Electrode properties Symbol Value Unit
Pre-exponential coefficient anode ka 6.54-10M! Q 'm2
Pre-exponential coefficient cathode ka 2.35-101 Q 'm~
Activation Energy anode Eaa 140-103 Jmol™!
Activation Energy cathode E.q 137-10° Jmol™!




32 4. SOFC model

4.2, Pre-reformer model
A pre-reformer model is developed to partially pre-reform the methane feed stream before it enters the SOFC
model. The model is able to predict pre-reformer outlet properties which then become SOFC inlet properties.

4.2.1. Model description

A pre-reforming reactor is installed upstream the SOFC anode inlet in order to reduce the risk of carbon
depositing in SOFC’s anode channels and to limit large temperature gradients in the SOFC stack, caused by
strong cooling effect of the fast reforming reactions at the inlet of the fuel channel [27].

The composition at the pre-reformer outlet depends on the following parameters: chemical species
composition at the pre-reformer inlet!, methane pre-reformer conversion factor REF, required oxygen-over-
carbon ratio O/C, and operating temperature and pressure. In this model the pressure is assumed to be
atmospheric. The operating temperature is equal to the SOFC inlet temperature for configuration A, and is
set to be 500 °C for configuration B. A pre-reformer temperature of 500 °C is found as a common practice in
literature [5]. The methane pre-reformer conversion factor is defined as in eq. 4.64.

Inside the pre-reformer the methane steam reforming (MSR) and water-gas shift (WGS) reactions take place
(table 2.1). In order to maintain the MSR reaction, steam has to be fed to the system. The steam is supplied by
either the external steam supply or as compound in the AOG recycling stream. The external steam supply is
controlled to maintain a required oxygen to carbon ratio at the pre-reformer inlet composition. Usually a steam
to carbon ratio S/C > 2 is the control parameter for the reformer in order to prevent carbon depositing [9].
However when considering AOG-recirculation, oxygen to carbon ratio is a more suitable indicator, as anode
off-gas contains large amounts of carbon dioxide as well (eq. 4.63) [13]. No carbon depositing is expected for
O/C > 2. In present pre-reformer model a PI controller controls the steam supply to the reformer based on the
O/ C requirement greater than 2. When AOG recirculation is applied the external steam supply is automatically
decreased to zero if sufficient steam is supplied by the AOG recirculation flow. Figure 4.5 depicts the system
boundaries, the feed streams, and the outlet streams.

NHZO + NCO + ZNCOZ

O/C=— - - (4.63)
NcH, + Nco + Nco,
-pre,out
CH,
REF=1-——— (4.64)
Npre,ln
CHy
Npre,in
CH, N N N N N pre,out
Pre-reformer ( CHy "YH20 » *'Hp» 21CO» COZ)
: [
pTein — ) o/C rati
Nyocr it
PTE, N === —= »
NHZO
QpTE

Figure 4.5: Pre-reformer model system borders.

Pre-reformer model assumptions
The following assumptions are made:

¢ The operating pressure is atmospheric. Pressure losses are neglected within the reformer.
¢ All gases are assumed to obey the ideal gas law.
¢ The pre-reformed methane is reformed in CO and H; by stoichiometric ratios.

¢ In this model REF is an artificial control mechanism to set the CHy4-ratio to be pre-reformed.

IMethane, or a composition of methane and AOG-Recycling stream
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* The WGS reaction is in equilibrium. The WGS reaction equilibrium constant (K4, wgs) depends on the
change of Gibbs free energy as shown in eq. 4.12. The change of Gibbs free energy is determined using fit
functions as described in appendix B. The used fit function is also constructed for atmospheric pressure.

Pre-reformer model equations
The following mole balances hold for the elements: carbon (eq. 4.65), hydrogen (eq. 4.66), and oxygen (eq. 4.67):

_ xrpreout rpre.out TPTe0Ul _ yNoprein  yopre,in _ yoprein

0= NCH4 +Neo + NCOZ NCH4 Neco NCO2 (4.65)
_ A x7Preout rpre,out PTe0Ul ~PT@IN o nrPTeIN ., Nopre,in

0=4Ng """ 2Ny O 12 NpTo — AN -2 N - 2N (4.66)
_ xrpreout rpre,out \PTe0Ul _ xoprein _ yoprein _ , yoprein

0= NHZO +N¢o + ZNCO2 NHZO Neco ZNCO2 (4.67)

. xyPre,out y.pre,out y.pre,out y pre,out \rpre.out
In order to calculate the five unknowns (outlet molar flow): N o , N o Ny Neo ,and Nios

as a function of reformer conversion factor (eq. 4.64) a fifth equation is added, which is directly derived from
the WGS equilibrium equation (eq. 4.68). The set of 5 equations (eq. 4.64 - 4.68) is solved in MATLAB for each

time step.
pre,out y.pre,out
H, Neo,

Keqwas(p, T) = —om ~preat (4.68)
H,0 *Yco
The net reaction heat required to maintain the reaction is calculated as follows:
. 5 7 . s t
Qpre = ZNipre . h(Tpre)i - ZNipre out. h(Tpre)i
i i (4.69)

i € (CH4,H,0,H,,CO,CO»)

Depending on the chosen configuration (A or B) this heat is included as a heat sink in the single cell energy
balance (configuration A) or provided by residual heat available due to system heat integration (configuration
B).

4.3. Anode off-gas recycling

If anode off-gas recycling is applied, a part of the SOFC anode off-gas is directed backwards to the pre-reformer
inlet. The molar flow rate of this stream depends Nogr on the anode-off gas recycling ratio (AOGRR) and is
calculated with eq. 4.70. The composition of this stream is equal to the SOFC anode outlet composition. The
pre-reformer inlet flow rates are now computed with eq. 4.71 to 4.75.

Naogr = AOGRR- Ng}! (4.70)
NE " = Naoar x¢iis "+ N gy (4.71)
NPEE™ = Naogr- xgh ot + Ngteam (4.72)
sze'in = Naogr- X?,{'Out (4.73)
Né]ge,in _ NAOGR . xg](”),out (4.74)
NE™ = Naogr- xgh™! (4.75)

4.4. SOFC model validation

In this section the SOFC model is validated with results from literature. To have a benchmark conditions for
validation, a set of initial conditions is determined (table 4.5). The provided fuel composition is considered as
a gas mixture of CHy, H,0O, Hy, CO, and CO, and results from a pre-reforming reaction with a oxygen to carbon
ratio of 2, 10 % CH, pre-reforming, no AOG-recycling, and where the water-gas shift reaction is at equilibrium.

Based on an operating voltage of around 0.7 V, the operating current density is initially set at 5000 Am 2.
Aguiar et al. [26] demonstrated that this range of operation is a good compromise between cell efficiency, power
density, low capital costs, and stable operation. The species thermodynamic properties are implemented as
explained in appendix B.
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Table 4.5: Input parameters single cell model.

Input parameter Symbol Value Unit
Air inlet temperature Tair 1023 K
Fuel inlet temperature Tar 1023 K
Air inlet pressure Pef 1-10° Pa
Fuel inlet pressure Paf 1-10% Pa
Operating condition Symbol Value Unit
Current density i 5000 Am™2
Air excess Aair 8.5 -
Fuel utilization Ur 0.75 -
Fuel inlet composition Symbol Value Unit
Mole fraction CH, xé’}h 0.282 -
Mole fraction H,O x}go 0.566 -
Mole fraction Hy x}fz 0.121 -
Mole fraction CO Xa6 0.004 -
Mole fraction CO, xé’z)z 0.027 -

Air inlet composition Symbol Value Unit
Mole fraction O, xgz 0.210 -
Mole fraction N, le\z 0.790 -

4.4.1. Model verification

It is verified that mass, element and energy is conserved in the model. Also the chemical composition at the
model output is verified with a computed chemical equilibrium from Factsage. Appendix C describes these
verification analysis in detail.

4.4.2. Model validation

The steady state and dynamic performance of developed model is compared with results from literature.
Although several publications about dynamic modeling of SOFCs are found, complete sets of measured
(time-dependent) data and parameters suitable for validation of present model are not found. The 1-D SOFC
model developed by Aguiar et al.[26] is used as benchmark for validation in this work. While Aguiars work is
not validated either, this reference is selected because it described accurately the model properties, model
development, and results. Moreover it is a widely accepted publication in this research field. Reference [26]
presents the model design and its steady state performance, reference [71] is a related publication and presents
the model’s dynamic performance.

Electrochemical model

At first, the electrochemical model is validated. The characteristic curves for cell voltage and power density as
a function of current density are constructed using an undepleted fully reformed fuel mixture? and constant
operating temperature. These curves are the results of the electrochemical model only and are not influenced
by other parts of the model which makes them suitable for an electrochemical-model comparison with
literature.

Figure 4.6 and 4.7 depict the results. Figure 4.6 presents the individual contributions of all the various
potential losses at a operating temperature of 1073 K. Figure 4.7 presents cell voltage and power density for
923, 1023, 1073 K. The marked lines in these figures depict the data from ref. [26]. As can be seen in the figure,
at lower current densities the electrochemistry-model concurs with the reference model. A deviation arises at
higher current densities. Mainly caused by a deviation in anode-activation voltage loss becoming significant at
current density greater than 10000 Am™2 .

2 Although current is drawn, the fuel composition in the fuel channel stays constant: x20=0.16, xf72=0.64, and x2=0.21 (= undepeleted).



4.4. SOFC model validation 35

12 T T T T T T T T 1

A Ev Aguair
Vact ¢ Aguair
*  \eonc c Aguair

Vohm Aguair

O Vacta Aguair
Veonc a Aguair
Veel Aguair

O PlArea Aguair
Ev0-D SOFC
Vacte 0-D SOFC
Veone ¢ 0-D SOFC
Vohm 0-D SOFC
Vacta 0-D SOFC
Veone a 0-D SOFC
— — —Veel 0-D SOFC
Pd 0-D SOFC

=
w

Voltage [V]
=
o

o
.

Power density [chmz]
<]

0.2

o 0.5 1 15 2 25 3 a5 4 4.5
Current density [Ncmz]

Figure 4.6: Cell voltage and power density as a function of current density at 1073 K for an undepleted fully reformed fuel mixture.
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Figure 4.7: Cell voltage and power density as a function of current density at 973, 1023, 1073 K for an undepleted fully reformed fuel
mixture.

Steady state validation

Table 4.6 provides steady-state results from the single cell SOFC model compared with the 1-D model of Aguiar
[26]. The input data is provided in table 4.5.

The here-developed SOFC model predicts 8 % higher cell performance and 2 to 3 % lower temperatures
compared to the reference model. It appears that these deviations are due to the different modeling approach,
lumped modeling versus distributed parameter modeling. The 1-D SOFC model developed by Aguiar et al.
predicts minimum and maximum current density and distributed temperature information as illustrated in
figure 4.8 and 4.9. As shown in figure 4.9 the maximum current density is 9362 Am™? in the reference paper.
Generally, a higher local current density results in a lower voltage. The peak current density is dominant for
predicting final cell voltage. As an example, when operating the electrochemical model of here-developed
SOFC model at 9362 Am~?2, the final results are comparable with the reference results (table 4.5).

Summarizing: the distributed-parameter model is more accurate in predicting final cell voltage compared
to 0-D models. While higher order models are in theory more accurate, this is at the expense of computation
time (it approximately takes 40 times longer to reach steady state conditions [33]). In this work these perfor-
mance deviations are accepted, future work should investigate the possibilities to calibrate 0-D models with
experimental data or accurate higher order models.
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Table 4.6: Validation of single cell model (5000 Am™2 and 9362 Am™2). Steady state simulation results are compared with data from ref.
[26] operating at an average current density of 5000 Am™2. For other input parameters see table 4.5.

Parameter Aguiar et al. 0-D SOFC Deviation | 0-D SOFC Deviation
avg. i =5000Am~2 | i=5000Am? [%] i=9362Am2 [%]
Veerr [V 0.663 0.716 8.0 0.658 0.7
P, (W] 132.6 143.1 8.0 131.5 0.7
imin [AM™2] | 2500 - - - -
imax [AM™2] | 9362 - - - R
iayg [Am~?] 5000 5000 - 9362 -
T fuel (%] 46.8 50.5 7.9 46.5 0.6
Tpen (K] 1134 1096 3.4 1119 1.3
T;c [K] 1120 1095 2.2 1119 0
Tqay K] 1128 1094 3.0 1116 1.1
ch (K] 1108 1093 1.4 1113 0
1150
1130 ‘ ‘ ‘ ‘ #1 1.05 T T T 1.05
3 I_ IAir Lame; / open-circuit voltage
¢ - 1.00 1 -+ 0.95
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Figure 4.8: Fuel and air channels, PEN structure, and intercon- Figure 4.9: Predicted voltage, current density, and contribution
nect temperature along the cell length [26]. of all the various potential losses along the cell length [26].
Dynamic validation

In this section the dynamic behaviour of the 0-D model is compared with results presented by Iora et al. [72]
and by Salogni et al. [33]. Both publications report dynamic simulation results computed with the 1-D SOFC
model developed by Aguiar et al. [26]. To validate the 0-D SOFC model on dynamic behaviour the model is
tested with a ramp change in current density of + — 2000 Am~2 in 60 seconds. This load change is introduced
when the model achieved steady state conditions (t=0). During this load change the fuel utilization and air
excess ratio are kept constant, which means that the fuel and air mass flow rates are adjusted to maintain the
pre-set fuel utilization and air excess ratio.

Figure 4.10 depicts the normalized voltage curve. Figure 4.11 depicts the normalized PEN temperature
curve. The model input parameters are as provided in table 4.5.

Figure 4.10 shows that overall dynamic behaviour of the 0-D model and reference model qualitatively
concur. The simulation shows an overshoot of cell voltage followed by a relaxation period, leading to the final
steady-state voltage. This overshoot behaviour can be assigned to the difference in time scale of the chemical
and thermodynamic physics. Direct after the load change, the chemical model adapts and the cell voltage
follows. The thermodynamic response lags behind and needs more time to establish steady state. Figure 4.11
shows that overall thermodynamic behaviour concurs.
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Figure 4.10: Normalized cell voltage responses to load changes,
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4.5. SOFC model operating parameter sensitivity analysis

This section describes the operational parameter sensitivity analysis of the developed SOFC model including
pre-reformer and anode off-gas recycling. Unless otherwise stated, the inlet conditions for this analysis are
provided in table 4.7. In this analysis, the pre-reformer is operated at the same temperature as the SOFC stack
and subtracts its reforming heat from the SOFC stack®.

Table 4.7: SOFC model analysis benchmark initial conditions.

Parameter Value Unit
Tair 1023 K
Pair 1-10° Pa
Tryel 1023 K
Pfuel 1-10° Pa

i 5000 Am™?
of 81 %
Aair 8.5 -
Teells 11000 -
Tprereform 1023 K
Pprereform 1-10° Pa
O/Cprereform 2 -
REF 0.1 -
AOGRR 0 -

Figure 4.12 and 4.13 depict the cell voltage and temperature for varying current density. The cell voltage
transient curves concur with the evolution of the temperature profiles. As already indicated by literature
(figure 2.6) the highest cell voltage (and efficiency) is achieved at the lowest current density. Operating at
higher SOFC current density results in a higher PEN temperature also.

Figure 4.14 and 4.15 depict cell voltage and SOFC efficiency for varying fuel utilization. If fuel utilization
increases, open-circuit voltage E decreases and concentration losses AV, increase, hence cell voltage V.,
decreases (Eq. 4.42). If fuel utilization increases, also the PEN temperature increases (figure 4.16). At higher
temperatures, the Ohmic losses AV,,,,, and activation losses AV,; decrease, hence cell voltage increases. For
demonstrated fuel utilizations the highest cell voltage is achieved at 81 % fuel utilization. SOFC standalone
efficiency is calculated with ingoing fuel only, the left-over fuel in the anode off-gas is considered as loss
(eq. 4.57). Therefore the highest efficiency is achieved at the highest fuel utilization (with constant air excess,

3In configuration A, the pre-reformer reaction heat sink is included in the SOFC single cell energy balance.
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Figure 4.17 and 4.18 depict the cell voltage and temperature for varying air excess ratio. The excess air is
flowing along the cathode and provides cooling to the SOFC stack, as can be seen in figure 4.18. As mentioned
before, high operating temperatures improves cell voltage. However, to avoid thermal stresses in a cell, the
maximum allowable temperature gradient is 10 Kcm™! [71]. In order to optimize operating temperature, and
hence cell voltage, the air excess ratio is controlled by a PI controller. Figure 4.19 depicts the air excess against
running time. The initial air excess was 2 and is increased to 3.9 in order to keep the SOFC stack temperature
within allowable temperature limits (in this case A T,,;; = 100 K).

Figure 4.20 and 4.21 depict the cell voltage and temperature for varying methane pre-reforming ratios.
The solid lines depict configuration A, where the pre-reformer is integrated in the SOFC stack module (ISM),
and obtained its reaction heat from the SOFC cell. The pre-reformer is operated at SOFC inlet temperature
(1023 K) in configuration A. The dashed lines represent configuration B, where the pre-reformer is operated
as stand-alone component, at 773 K (500 °C). As can be seen in the figures, increasing the pre-reformer ratio
has opposite effects on configuration A and configuration B. For configuration A: when the pre-reformer
ratio is increased, it is shown that more heat is extracted from the SOFC stack, thus the PEN temperature is
decreased. The cell voltage is increased for higher pre-reformer ratios, so the electrochemical conversion is
more effective. For configuration B: when the pre-reformer ratio is increased, the heat absorption by direct
internal reforming is decreased and the cell heats up. Due this high PEN temperature, the cell voltage is further
increased compared to configuration A. In order to get a higher cell voltage with configuration A, the cell
temperature should be increased by lowering the air excess (taking the limits into account).

Figure 4.22 and 4.23 depict the cell voltage and temperature for varying anode off-gas recycling ratios. If
anode off-gas recycling is applied, the cell voltage is increased and PEN temperature decreased. Two important
observations can be made at the inlet of the SOFC. First: due to applied anode off-gas recycling, the fuel
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flow rate at the SOFC-anode is increased, which reduced single pass fuel utilization and decreased PEN
temperature. Second: the fuel mixture at the SOFC-anode contains relative more hydrogen, which makes the
SOFC electrochemistry more effective and thus increases cell voltage. Moreover, when AOGRR is increased,
amount of required pre-reformer-steam is reduced or even cancelled (table 4.8). Pre-reformer steam demand
affects standalone SOFC system efficiency and is an important loss factor, which can be reduced by applying

anode off-gas recycling.

Table 4.8: Pre-reformer external steam supply [kg/s] and fuel utilization for varying AOGRR.

Parameter AOGRR=0 | AOGRR=0.3 | AOGRR=0.6 | Unit
Msteam 3.1-1072 1.6-1072 0 kgs™!
Up,sp 81 75 63 %
Uf,net 81 81 81 %
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4.6. Conclusion
A computationally fast and dynamic 0-D SOFC model including a methane pre-reformer is developed. The
model can compute temperature curves, anode off-gas composition, flow rates, and electric power. Input
parameters are: fuel flow rate (or fuel utilization), current density, air excess ratio, and methane pre-reforming
ratio. The dynamic model is developed in such a way that either the dynamic performance can be predicted or
steady state results can be used in the hybrid system study.

A model validation is conducted consisting of electrochemical model analyses, steady state analyses, and
a qualitative dynamic analyses. To validate the model, a comparison is made with reference data published
in ref. [26, 33, 72]. In general, the model predicts the SOFC behaviour as physically expected. The dynamical
behaviour concurs with the reference model. The steady state validation shows some deviations with reference
values and can potentially be assigned to the lumped parameter approach versus the distributed parameter
approach of the reference model. For this work these deviations are accepted. If more accurate prediction
of SOFC performance is required, the 0-D model has to be calibrated with experimental data or with data
obtained from higher order models.

A parameter sensitivity analysis is performed to investigate the dependency of cell voltage and cell temper-
ature to various operating parameters. It is concluded from this analyses that:

* Operating low current density results in highest cell voltage, which is at the expense of power density.

 High fuel utilization results in high SOFC stand alone efficiency, but is not linearly coupled to cell voltage
increase due to the effects of changing cell temperature.

¢ Air excess ratio is an important parameter to optimize SOFC temperature in order to obtain maximum
cell voltage.

¢ Increasing amount of methane pre-reforming has a positive effect on cell voltage, the temperature
development depends on the method of pre-reformer-heat integration.

* Itis shown that anode off-gas recycling positively affects cell voltage at lower single pass fuel utilization.
Operating at low single pass fuel utilization reduces SOFC degradation risks as discussed in section 2.1.5.






Internal Combustion Engine model

The ICE model is developed based on an in-house developed mean value first principle (MVFP) engine model
[56, 59], and is calibrated with an experimental research carried out by Sapra et al. [20]. The relevant engine is
a Caterpillar-G3508 eight cylinder turbocharged spark-ignited gas engine with a rated power of 500 kW at 1500
rpm. The developed engine model provides insights of engine behaviour when fueled with a hydrogen-natural
gas blend and is used in the hybrid system study for performance calculations and heat integration. The used
hydrogen-natural gas blends are provided in table 5.1. The ICE model is developed in MATLAB Simulink.

Table 5.1: Hydrogen-natural gas fuel blends for ICE modeling.

Fuel blends Natural gas volume [%] Hydrogen volume [%]
NG 100 0

10HNG 90 10

20HNG 80 20

5.1. Model description

The ICE model consists of two sub-models: a sub-model describing the in-cylinder process, which is expressed
using a Seiliger cycle (figure 5.1) and a gas exchange sub-model simulating the interaction between the
in-cylinder process and the turbocharger system (figure 5.2).

a
compressor in ‘L Turbocharger | ©

turbine out

Pl 3 4 b N

compressor out Intermoﬂ
5
BT

2 before throttle N\ VR
inl \exh‘
c - — d

intercooler out turbine in
6 1to 6 = )
Cylinders Exhaust receiver
: \
\
\ Figure 5.2: Gas exchange process (labelled a-e) coupled with

in-cylinder process (labelled 1-6). The stage "before throttle’
Figure 5.1: In-cylinder process depicted as six stage Seiliger (BT) is typical for this type of HC gas engines. Original taken
cycle in a p-V diagram [1]. from [1].
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The applied MVFP modeling approach relies on experimental data which is pre-processed in a detailed
engine model. Figure 5.3 depicts the MVFP model with the the preceding steps. The physical principles which
are indicated in this figure are explained in the next paragraphs.

Experiments CAT-G3508 Detailed modeling = Characterizing combustion
e Puec =375[kWe] *  Complex model
RPM = 1500 [rpm] [> * Heavy computational burden

NO, =500 [mg/nm?]
Fuel =NG/10HNG /20HNG

L

General parameter package Seiliger parameter package

(NG only) (All fuel blends)

* Heatincrease at inlet * abg
Pumping loss * Meom Mexp
Nrc e A
Heat loss at exhaust * Xgg

P1, PBT
ICE model (MVFP) {F
INPUT IN-CYLINDER sub-model T, Ps | GAS-EXCHANGE
Fuel flow and composition « Seiliger process sub-model

¢ Zinner blowdown

P1, Tl ¢ Buchi balance

*  Swallow capacity
turbine

o

Thermodynamic properties library N (table 5.2)

Seiliger par. package

General par. package | .

OUTPUT= insights engine behaviour
Seiliger characteristics
Temperature characteristic
Efficiency

Figure 5.3: ICE model in relation with experiments and detailed modeling

5.1.1. In-cylinder sub-model

The in-cylinder sub-model computes indicated work of the engine cycle using Seiliger equations. The in-
cylinder conditions at point '1’, also called trapped conditions, are the input of these equations. The trapped
mass at the start of compression m; (kg) is determined with the ideal gas law eq. 5.1.

_pmn

= 5.1
R Ty (6.1

np
The charge air pressure p; (Pa) follows from the turbocharger-compressor pressure ratio which is calculated in
the gas exchange sub-model. V; is the cylinder volume at start of the compression (m®). For cylinder geometric
calculations see appendix E. The gas constant R; (Jkg ' K™!) can be determined when the mass fraction
(Xsg, air, and f) of the trapped mass is known (eq 5.2). The gas constant Rg, 4ir, ana f fOr €ach constituent is
invoked from the thermodynamic properties library.

Ry = Xsg - Rsg + Xair - Rair + X¢ - Ry (5.2)

Typical for this gas engine is that the gaseous fuel is introduced at the air intake before the compressor. This
means that the engine is filled with a pre-mixed air-fuel mixture. In other words, together with air, a fraction
of fuel is also present in the trapped mass. Moreover, as no scavenging is applied, a substantial amount of
residual gas (of previous cycle) is also present. The residual gas consists of stoichiometric gas and air. From
experiments the stoichiometric gas mass fraction x;g is known. From the fuel specifications the stoichiometric
air to fuel ratio o is set, and from experiments, the air excess ratio A is known. With these known parameters
the trapped mass compositions are calculated with eq. 5.3-5.5.

Xsg =0.175 from experiments (5.3)
(1- xsg)

= "° 5.4

T Aron (6-4)

Xair =1 —Xsg — Xf (5.5)
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T is the trapped mass temperature at start of compression and depends on an amount of heat pick up from
the inlet duct and a certain amount of heat increase due mixing with residual mass from previous cycle. T;
(K) is estimated with eq. 5.6, where € is a fitting parameter'. Ty is the inlet duct temperature and T, is the
charge air temperature. Both can be measured during experiments.

=T +e(Tip—T¢) (5.6)

With the trapped conditions the Seiliger equations can be solved (table 5.2). The parameters characterizing
the Seiliger shape (a, b, ¢, n., n.) are used to calculate the state parameters at the six stages. With the calculated
temperatures and the thermodynamic properties, at corresponding stage, the corresponding stage specific
heat g;; (J kg~1) and stage specific work w; id kg™!) are calculated. The calculated pressure and temperature
after expansion, at Seiliger point 6, are required as input for the gas exchange sub-model. The sum of the stage
specific work is the indicated specific work w; of the cycle (eq. 5.7).

Wi = Wi2 + W34 + W45 + W56 5.7

To calculate the amount of effective work per cycle, a certain amount of work loss due to gas exchange
(pumping loss) is taken into account. Pumping loss is loss when the fresh charge pressure during the intake
stroke is less than the exhaust gas pressure during the exhaust stroke. Figure 5.4 illustrates the pumping loss
principle in a complete cycle. In the model a pumping loss of 4.0 % is applied which functions as a tuning
parameter to fit the model data to experimental data.

Weycle = Wi+ (1-0.04) (5.8)

Using the work per cycle, the engine brake power is calculated. The electric power P, (We) and efficiency are
calculated assuming a generator efficiency of 95 % and an engine mechanical efficiency of 90 % (eq. 5.9 and
5.10).

n-i
Pe=my-weycie- T “Mmech “Tgen (5.9)
p
Ne= ——r—r (5.10)
myg- - LHV

In this equation, n is the engine speed in revolutions per second, i is the number of cylinders, k is the number
of revolutions per cycle (k = 2 for 4-stroke engines), 7,,,¢¢, is the engines mechanical efficiency, ngen is the
generator efficiency, m; is the trapped mass per cylinder per cycle (kg), and my is the mass of fuel per cylinder
per cycle (kg).
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TDC —»v BDC

Figure 5.4: Pumping loss (grey field) in p-V diagram, original taken from [73].

1Based on the detailed model as part of ref. [20]
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Table 5.2: Seiliger cycle equations, taken from [1].

Seiliger Volume V Pressure p Temperature T Specific work w specific heat g
stage
Vi T; -1 —Rey(To—Th)
1-2 71 =Tc % =1 Tf = rénc . wi2 = _C(yncfl) B q12=0
V: T:
2-3 B=1 =a r=a w3 =0 23 = Cycyip3 (T3~ T2)
3-4 Vizp Py L_yp =Ry (Ty—T = Ty—T
= i = w34 = Ry (Ty — T3) q23 = Cp cy134(Ta—T13)
Vs _ pPa _ Is _ _ —
4-5 r=c H=c =1 w5 = Reyy Taln(c) qa5 = Ry TaIn(c)
Vs _ TEOT, ps _ (rgorc \e Ts _ (rgore)e=D _ Rg(T5-Ts) _
5-6 Vs ~ be %_( bcc) Te_( bcc) W56 = ~ (-1 gs6 =0

5.1.2. Gas exchange sub-model

The gas exchange sub-model predicts the trapped pressure p; required for in-cylinder sub-model, while the
input of the sub-model is the pressure and temperature (pg and Tg) which are computed outputs of the in-
cylinder sub-model. In order to compute p;, the gas exchange sub-model solves a set of equations consisting
of: the Zinner blowdown, swallow characteristic turbine, and the Biichi balance.

Zinner blowdown

The blowdown and exhaust process of the cylinder is based on a theory by Zinner [74]. Zinner assumed that
after opening of the exhaust valve, the gases in the cylinder instantaneously blow down in the outlet receiver.
At the start of this process the temperature and pressure in the cylinder are T and pg and the pressure in the
outlet receiver is p4. At the end of the process the cylinder and outlet receiver are considered as one and the
same volume with temperature and pressure Tj;; and p,. The derivation of this equation is expressed by
Stapersma in [73]. The blowdown temperature is computed with eq. 5.11.

1 Npia—1 pa
Tyia=Ts|—+————
Npla Npid Pe

(5.11)

Where ny,;4 is the polytropic expansion coefficient of the blowdown process taking care for heat loss in the
cylinder, exhaust valve, and duct. Since in this engine no scavenging is present, and thus no slipped air, the
temperature at stage 'd’ is equal to the blow down temperature (eq. 5.12).

Tq=Tpia (5.12)

Swallow capacity turbine

The pressure before the turbine p, is determined by the swallow characteristic of the turbine. In previous
engine modeling it was conventional to use compressor and turbine maps to determine this air swallow
capacity, however an alternative method is using an ’ellipse law expression’ to estimate the variation in
swallowing capacity with pressure ratio as derived by Dixon [75]. Geertsma et al. [76] uses Dixon’s ellipse law
to derive an expression for the exhaust pressure and is given in eq. 5.13.

(m1- %)% Ry Ty
Pa = Y +p2 (5.13)
2 fefr

Where «; is the Zinner turbine area decrease factor, which is assumed to be 1 for a constant pressure tur-
bocharger [73]. A, rfis the effective area of the turbine in (m?2), Pe is the pressure after the turbine, which
is assumed to be atmospheric pressure. In this equation R, is representing the gas constant for exhaust gas.
Rg is determined alike eq. 5.2, but in this case with: xsg = M‘Z—Tl]), Xair =1 - Xsg, and xp = 0. Eq. 5.11 and 5.13
combined are solved as a quadratic equation as shown in eq. 5.14.

.i\2 (np1g—1) .i\2

o, | (m- )R To- = (mi- %) Rg T,

0=py— Py “pa— |( T2 +ps (5.14)
Az Hepp Po Oz Lery
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Biichi balance

Turbocharging of the engine works according to a principle first proposed by the Swiss engineer Alfred Biichi.
The principle is as follows: the compressor is driven by a turbine that receives its power from the enthalpy
flow of the exhaust gases. The turbine is located in the gas stream after the exhaust receiver which collects the
outlet gases of the cylinders. The compressor is located after the inlet filter and feeds compressed air (and
fuel) to an inlet receiver that is supplying charge to the cylinders. The power necessary to drive the compressor
in the turbocharger must be equal to the power delivered by the turbine. In practice the intake and outlet
losses and the efficiencies of compressor an turbine are far from ideal. Nevertheless, it is possible to operate
a turbocharger as a bottom cycle under a in-cylinder cycle and at the same time have a positive pressure
difference across the engine? due to the fact that the specific heat constant of the hot exhaust gas in the turbine
is higher than the specific heat constant of the relative cool air in the compressor. With this principle, the
Biichi balance is expressed and is the main equation for turbocharging (eq. 5.15). Particularly for this model,
the Biichi balance is used to determine the charge pressure (pressure before inlet receiver throttle ppr) that
can be delivered by the compressor. The pressure before throttle pp7 is calculated with the compressor ratio
asineq. 5.16.

(ra-1
T Ya
Cp, d
Tcom = 1+‘6.6f,cpg.r]TC.T—- 1+ el (5.15)
p,a a 7
Tyur
Tcom = PBT (5.16)
amb
d
Ttur = pPd (5.17)
e
(5.18)

Where f is 1 for a constant pressure system [73] and 6 ris the fuel addition factor. In this case risl because
the fuel is added before the compressor. Between compressor and turbine no extra mass is added or lost.
The specific heats (cp) at constant pressure and the ratio of specific heats y at station "a’ and for exhaust gas
(subscript g) is calculated using mass fractions and chemical species depending properties.

To get the charge pressure and p1, an ’orifice factor’ is used to simulate a pressure decrease due to a throttle
valve located before inlet receiver (depicted in figure 5.2). p; is calculated with eq. 5.19, the orifice factor is
based on experimental data.

p1 = pc = ppr - orifice factor (5.19)

Exhaust gas temperature
The exhaust temperature T, is calculated from the cylinder discharge temperature T, using isentropic turbine
efficiency n,,,5,is and a certain amount of heat loss in exhaust gas receiver and duct (eq. 5.20-5.25).

Wturb

Teip=Tqg——— (5.20)
Cpg
Weom = Cp,a (Tp— Tq) (5.21)
Weurb = wcomm (5.22)
nrc
Toip=Ty— 1001 o (T~ Ty) (5.23)
Cpg-MNTC
(racty
] Ya
Top=Tq— —Lrbis o . ( Pb ) _7, (5.2
Cpg-TNTC Pamb

_ qnl exhaust

Te=TeiD (5.25)

Cp,g

Where gp; exnaust 1S determined using the measured exhaust temperature from experiments (general parame-
ter package) (eq.5.26).
qnl exhaust = Cp,g* (Te,ID - Te,experiment) (5.26)

2The inlet receiver pressure of the engine can be higher than the exhaust receiver pressure that is required before the turbine.
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5.1.3. Thermodynamic properties library

As part of the model input a thermodynamic properties library is invoked to determine thermodynamic
properties of: air, stoichiometric gas, and (blended fuel). These properties are: gas constant R, isobaric heat
capacity cp,, fuel lower heating value (LHV), and stoichiometric ratio . The calculation methods applied in
the thermodynamic properties library are explained in appendix F. For this work the fuel input is limited to
natural gas with 0 %, 10 %, or 20 % hydrogen addition (table 5.1).

5.1.4. Engine specifications and experimental data set

The MVFP model depends on experimentally obtained data and pre-processing results from a detailed engine
model. The experiments and detailed modeling is conducted and made available by Sapra et al. [20] as part of
a study to investigate hydrogen-natural gas engines for marine applications. An extensive description of both
essential preceding steps is outside the scope of present thesis. For a detailed description of the experimental
set-up a reference is made to ref. [20]. A comprehensive description of the pre-processing can be found in
ref. [57]. The result of pre-processing work, required for this work, is provided in table 5.3.

Table 5.3: Seiliger parameter package

Symbol NG 10HNG 20HNG unit

a 1.3639 1.4162 1.4769 -

b 1.4522 1.3870 1.3369 -

c 1.7919 1.7651 1.6845 -

Ne 1.2818 1.2830 1.2841 -

e 1.3318 1.3320 1.3324 -
Experimental set up

Engine measurements were performed on the Caterpillar-G3508 test engine operating at 375 kWe and 1500
rpm. The engine is coupled to a generator for constant speed operation. At the engine’s fuel intake, the natural
gas flow was partially replaced by 10 volume percent and 20 volume percent hydrogen. See table 5.4 for engine
specifications.

During the experiments the engine air-intake is controlled (1) such that the engine is operating on the one
hand considering NO, emission as a limit (IMO TIER-III regulation [50]) and on the other hand considering
engine misfire as a limit (leaning limit of the engine operating window). The final reported results are taken
at the maximum allowed NO, emissions for this engine (500 mg/nm?3 at 5 % oxygen). The maximum engine
power during experiments was limited to 375 kWe at 1500 rpm, since it turned out that at higher power ratings
the turbocharger becomes a limiting factor when operating on natural gas-hydrogen blends 3. Finally three
sets of measured data are available for present study (table 5.5) [20].

Table 5.4: Engine specifications, CAT-G3508.

Parameter Symbol Value unit
Number of cylinders i 8 -
Bore Dg 0.17 m
Stroke Lg 0.19 m
Rated speed N 1500 rpm
Rated power Py 500 kw
Compression ratio € 12:1 -
Engine mechanical eff. Nmech 0.9 -
General efficiency Tgen 0.95 -

3Engine operation with hydrogen-natural gas blends leads to a higher trapped mass (explained in section 5.2), which means a higher
demand of the turbocharger capacity. Operating at a maximum of 375 kWe prevents that the turbocharger’s maximum swallow capacity
limits the experiments.
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Table 5.5: Engine experimental results.

Symbol NG 10HNG 20HNG unit

% H, 0 10 20 %

P, 375 375 375 kWe

Ne 33.68 34.25 34.77 %

dnG 123.4 117.2 110.58 m3h~!

b, 0 13.0 27.7 m3h!

T, 650 639 631 K

p1 1.68 1.72 1.74 bar

PBT 1.92 1.86 1.86 bar

A 1.6265 1.6857 1.7378 -

Xsg 0.175 0.1705 0.182 -

NO, 500 500 500 mg/nm? (at 5
% oxygen),

5.1.5. Model validation

Three parameter sets (table 5.3) are loaded in the developed MVFP engine model in order to validate engine
performance. The results are compared with performance results from experiments and detailed engine
modeling. It can be concluded that the MFVP model is computing accurate results, the deviation is 1.5 %, see
appendix G.

5.2.

Simulations: effect of hydrogen addition on engine behaviour

ICE model simulations are carried out to investigate effects of hydrogen addition to natural gas on engine
performance. The simulations are done with the three available fuel blends. Figure 5.5 shows the p-V diagram,
figure 5.6 depicts the temperatures at the in-cylinder Seiliger points. On the basis of this figures the following
conclusions are drawn.

Looking to the p-V diagram and particularly to the Seiliger characteristics (figure 5.5): hydrogen addition
increased the maximum cylinder pressure (increasing Seiliger parameter a) and reduces combustion
duration (decreasing Seiliger parameter b and c). This characteristic change increases combustion
stability and reduces cycle-to-cycle variations. A higher overall combustion rate reduces cycle-to-cycle
variations as indicated by Robinet et al. [77] and demonstrated by Sapra et al. [20]. This fact allows
the engine to lean to higher air-excess ratios. In other words hydrogen extends the engine’s operating
window, which makes the engine dynamically stronger (expands the operating window which is depicted
in figure 2.13).

As indicated in figure 5.5, hydrogen addition requires more work form the compression stroke, as there
is more trapped mass to compress. Hydrogen addition makes the expansion stroke more effective due
an earlier end of combustion (Seiliger point 5).

Typically for this set of experiments is that the maximum cylinder temperatures are equal, regardless
of the amount of hydrogen addition. As shown in figure 5.6, the temperatures at Seiliger point 4 and
5 are approximately the same. This is because the experiments are conducted at fixed NO, emissions.
Generally, NO, emissions depend on engine speed, air intake and in-cylinder temperature. Since engine
speed is kept constant (1500 rpm), the NOx emissions depend only on air intake and temperature. The
Air intake is continuously controlled to investigate engine performance at constant NOx emissions (500
mg/nm?), thus at fixed NO, emissions the maximum cylinder temperature is also fixed [78].

When adding hydrogen, the temperature after isochoric combustion is higher (figure 5.6, Seiliger point
3), due to a higher combustion rate of the blend. The temperature before blowdown is lower (Seiliger
point 6), due to the more effective expansion stroke.

The cylinder discharge temperature T is also lower, which results in reduced turbocharger work. To
compensate for reduced turbocharger work, while keeping engine power and NO, on the same level,
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the engine manifold throttle has to be opened further and the turbocharger has to spool up to ensure
enough air is trapped in the cylinder (open ‘BT’ in figure 5.2).

¢ Hydrogen addition helps to improve engine’s first law efficiency for simulated engine at fixed power (375
kWe, 1500 rpm) and NO,.-emissions (500 mg/nm?3, at 5 % oxygen). The efficiency is calculated as defined
in eq. 5.27.

P, 1cE AC
NICELHV = — - (5.27)

$NG 3506 " LHVNG + i, " 3555 - LHV i,
Where ¢y is the volumetric flow rate of natural gas (m®h™!), ¢, is the volumetric flow rate of hydrogen
(m3h™1), the volumetric lower heating value of hydrogen is: LHV, = 1.0209e4 kJm ™3 and the volumetric
lower heating value of natural gas is LHVy¢ = 3.2488e4 kfm 3 (at atmospheric pressure and 300 K).

Table 5.6: Engine first law efficiency. CAT-G3508, 375 kWe, 1500 rpm, NOy = 500 mg/nm? (at 5 % oxygen), at atmospheric pressure and 300
K.

Parameter NG 10HNG 20HNG unit
NICE,LHV 33.73 34.43 35.25 %
;mﬁg 1500
34 4 NG
{ 10HNG
s ——20HNG
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Figure 5.5: p-V diagram of MVFP engine model for: NG, Figure 5.6: In-cylinder temperature of MVFP engine model
10HNG, and 20HNG. CAT-G3508, 375 kWe, 1500 rpm, NOy for: NG, 10HNG, and 20HNG. CAT-G3508, 375 kWe, 1500 rpm,
=500 mg/nm3 (at 5 % oxygen). NOy =500 mg/nm3 (at 5 % oxygen).

5.3. Engine model for hybrid system study

For the SOFC-ICE hybrid system study, the ICE model requirements are confined to fuel consumption in order
to calculate system efficiency, and exhaust gas heat capacity which is required for system heat integration.
Figure 5.7 depicts the engine model requirements for the hybrid system study.

The experimental data of interest for the hybrid system ICE model is provided in table 5.7. From this data
two curves* are created to express natural gas volumetric flow rate ¢y (m®>h~!) and hydrogen volumetric flow
rate ¢, (m>h™1) against hydrogen blend percentage. Successively, the inverse function is expressed which can
calculate the hydrogen blend percentage in function of the hydrogen volumetric flow rate available in anode
off-gas ¢ 406-n, (€q. 5.28). In other words: when considering the hybrid system, the hydrogen volumetric
flow rate available in the AOG determines the amount of natural gas required to operate the engine at the
required conditions (375 kWe, 1500 rpm, NO, = 500 mg/nm? (at 5 % oxygen)). Figure 5.8 depicts the volumetric
flow rate curves which are forming the ICE model for the hybrid system study. The volumetric flow rates at
hydrogen blend percentages greater than 20 % (shaded area in figure) are based on extrapolated data and are
not substantiated by experiments [20]. A similar approach is applied to express ICE exhaust gas heat capacity
in function of hydrogen-blend-percentage. The ICE exhaust gas heat capacity is required for heat integration
calculations.

4Second order polynomial
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Experiments CAT G3508
Poec =375 [kWe]
RPM  =1500 [rpm]
NO, =500 [mg/nm?]
Fuel =NG/10HNG /20HNG

U

ICE model for hybrid system

TRENDLINES
to compute output in function of:
hydrogen — natural gas blend percentage

<

OUTPUT = input for hybrid system
Natural gas consumption
Heat capacity exhaust gas

Figure 5.7: Engine model for hybrid system study

Table 5.7: Volume flow of natural gas and hydrogen at ICE intake. ICE exhaust gas temperature. Taken from engine experimental data
CAT-G3508, 375 kWe, 1500 rpm, NOy = 500 mg/nm? (at 5 % oxygen), at atmospheric pressure and 300 K.

Parameter NG 10HNG 20HNG unit

Hj; blend percentage 0 10 20 %

dnG 123.4 117.2 110.8 m3h!
bu, 0 13.0 27.7 m3h~!
Engine electric power 375 375 375 kWe (AC)
Temp. exhaust gas 650 639 631 K

Other AOG-species blended with the engine’s natural gas supply are: CO,, CO, and a small fraction of CHj.

While these species are also introduced in the ICE engine, the effects on engine performance are not taken into
account in this work. Future ICE models for integration with SOFCs should focus on the effects of other AOG
species on engine performance and should take the additional heating effects of CO and CH, into account.

12194+ \/1.21942 —4-0.0083 - ($p40G—11,)

blendm, = 50,0083 (5.28)
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Figure 5.8: ICE model for hybrid system study. Total ICE fuel consumption: natural gas volumetric flow rate and hydrogen volumetric
flow rate against hydrogen blend percentage. ICE at 375 kWe, 1500 rpm, NO,, = 500 mg/nm? (at 5 % oxygen). The shaded area (> 20 %)
indicates extrapolated data.

5.4. Conclusion

The Caterpillar-G3508 spark ignited gas engine is selected to function as the reciprocating internal combustion
engine in this SOFC-ICE hybrid system. This engine is selected because of the in-house availability of measured
engine data which is based on experiments with three types of fuel blends. In this work these experimental
data sets are used to calibrate the engine model. The used fuel blends are: (1) 100 % natural gas, (2) 10 %
hydrogen - 90 % natural gas, and (3) 20 % hydrogen - 80 % natural gas. The experiments are carried out by
Sapra et al. [20].

Operating the engine model as a standalone component provided understanding of engine behaviour
when it is fueled with a hydrogen-natural gas blend. The following conclusions are drawn:

* Hydrogen-enrichment of natural gas improves engine efficiency. An addition of 20 % hydrogen to natural
gas improves engine efficiency with 1.5 percent point.

* Hydrogen-enrichment of natural gas reduces engine’s sensitivity for cycle-to-cycle variations which
improves engine combustion stability and makes leaner engine operation possible.

Thereafter, a (simplified) ICE model for integration in the hybrid system model is developed. This version of
the model computes the engine’s natural gas consumption to calculate hybrid system efficiency, and provided
the engine’s exhaust gas heat capacity, which is required to compute hybrid system’s heat integration.



Hybrid system model and simulations

Component models are developed in previous chapters, in this chapter these models are combined to form the
SOFC-ICE hybrid system model. A hybrid system simulation study is conducted in order to identify relevant
operating parameters and system configurations of SOFC-ICE hybrid systems for marine applications and to
investigate their influence on system efficiency and performance.

6.1. Model description

The proposed SOFC-ICE hybrid system is introduced in chapter 3. Elaborating on this, a schematic representa-
tion of the proposed fuel streams is shown in figure 6.1. In this diagram the streams are labelled for further
analysis.

AOGR
Natural gas
Methane | Inlet Pre reformer SOFC Steam ICE
—_— [ f—b1 Blend
0 1 2 3 separator 4 5
Steam 7 Water

Figure 6.1: Functional scheme of fuel streams in hybrid system

Methane, steam, and optionally recycled AOG are fed to the pre-reformer inlet (stream 0). The pre-reformer
model partially reforms the methane and predicts the outlet species composition based on temperature,
pressure, oxygen over carbon ratio setting, and methane pre-reforming ratio. The pre-reformer outlet compo-
sition is the SOFC inlet composition (stream 1). In the SOFC model, by direct internal reforming reactions
and hydrogen oxidation, the inlet fuel stream is (partially) utilized and converted to anode off-gas (stream 2).
When AOG recycling is applied, a pre-set recycling ratio splits the AOG stream. One part is going back to the
pre-reformer (stream AOGR) and the other part is continuing to the steam separator (stream 3). In the steam
separator the water is condensed and removed from the anode off-gas (stream 4). After the steam separator,
the dehydrated anode off-gas is blended with natural gas. The resulting AOG-natural gas blend is the fuel
introduced to the ICE (stream 5).

6.1.1. Hybrid system model assumptions

Assumptions are made to model the hybrid system:

* This hybrid system study is limited to steady state analysis. The system run-time is set to 1000 seconds,
as steady state is certainly achieved in this time. The engine model is steady state only.

¢ The engine model is based on experiments conducted with hydrogen-natural gas blends. In this study;,
the effects of other species present in dehydrated anode off-gas are neglected.

53
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¢ Pressure losses in the pre-reformer, SOFC, steam separator, and heat exchangers are neglected.

e For calculating the system efficiency a fixed BoP parasitic power loss of 5 % of SOFC produced power
(AC) is assumed, regardless of which system configuration is used (A or B). The power loss includes: fuel
pump, air blower, anode off-gas recycling pump/blower, and water pump.

* The complete system piping is adiabatic i.e. no wall heat losses are taken into account.

6.1.2. Hybrid system model specifications
The SOFC stack geometry and properties are implemented in the hybrid system as modeled in chapter 4. The
engine model is implemented as explained in section 5.3. The other SOFC-ICE hybrid system properties and
inlet parameter conditions are provided in table 6.1.

Table 6.1: Operating conditions SOFC-ICE hybrid system.

Parameter Symbol Value Unit
Target power SOFC (AC) P, sorc ac 375 kWe
Power ICE generator (AC) P, 1CE AC 375 kWe
BoP parasitic power loss Paux 5 %
SOFC air excess A 2to 14 -
Number of cells in SOFC stack - 11000 -

Max. temperature gradient SOFC cell ATeern! Ax 10 Kem™!
Operating pressure SOFC Pop 1.0e5 Pa
Ambient temperature Tamb 300 K

Air inlet temperature SOFC Tair in 1023 K

Fuel inlet temperature SOFC Ttuel in 1023 K

Air inlet pressure SOFC Pair in 1.0e5 Pa
Fuel inlet pressure SOFC Pfuel in 1.0e5 Pa
Efficiency DC/AC converter Nconv 95 %
Pre-reformer operating temp. config. A Tpre ref 1023 K
Pre-reformer operating temp. config. B Tyre ref 773 K
Oxygen over carbon ratio pre-reformer o/C 2

Fuel temperature ICE intake TICE in 300 K
Lower heating value natural gas LHVng 3.8361e4 kg™t
Lower heating value methane LHVcy, 8.0260e2 kJmol™!
Lower heating value hydrogen LHVy, 2.418e2 kJmol~!

6.1.3. Performance and controlling parameter equations
Hybrid system electric efficiency is the prime focus of this analysis and is calculated with eq. 6.1.

P sorc,DC *Neonv + Pe,1CE,AC — Paux

— — 1
N(l:r;_h 'LHVCH4 +(,b;\']lG' 3600 'LHVNG

THS,LHV = (6.1)

Where P, sorc pc (kWe) is the electric power generated by the SOFC stack (DC). ¢y is the DC/AC converter
efficiency. P, jcg ac is the electric power (AC) generated by the ICE-generator. P,y represents the BoP

parasitic power losses, which are assumed to be 5% of SOFC produced power (AC). Né’}ﬂ is the molar flow

rate of methane supplied to the system (mols™!). ([)%’G is the volumetric flow rate of natural gas supplied
to the system (m*h™!). The molar lower heating value of methane is: LHV¢p, = 8.0260e2 kJmol ™! and the
volumetric lower heating value of natural gas is LH Vg = 3.2488e4 kJm™3 (at atmospheric pressure and 300 K).

The SOFC and ICE individual contribution to the hybrid system efficiency are expressed as in eq. 6.2 and
6.3. In eq. 6.3 only anode off-gas bounded hydrogen is taken into account, as the engine model considers only
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hydrogen from anode off-gas. The anode off-gas bounded carbon monoxide and methane is considered as

loss.
Pesorc,pc *Nconv — Paux

HS,SOFC,LHV = —7 - (6.2)
! Ng,, - LHVew, = Ny @™ - LHVy,
N L eam 3 represents the molar flow rate of H, coming from the SOFC anode.
Pe 1cE,AC
HS,ICE,LHV = =73 — (6.3)
7 PN+ zoss - LHVG + N3 e4m S . LHVy,

Niireams represents the molar flow rate of Hy at the ICE intake (stream 5).
The fraction of power generated by the ICE fgs, cE is defined in eq. 6.4. The fraction of power generated by
the SOFC fps,sorc is defined in eq. 6.5.

PeicE

fus,icE = — (6.4)
Pps
P sorc,ac — P

fris,sorc = — — (6.5)

Prs

Where the total generated electric power (AC) of the hybrid system Py is calculated as follows:

Prs = Pe,sorc,pC *Nconv = Paux + Pe,1cE (6.6)

Fuel utilization, anode off-gas recycling ratio, and methane pre-reforming ratio are operating parameters
used in the hybrid system study. The equations of these parameters are given by eq. 6.7, 6.8, and 6.9 respectively.

NStream3 ( )streum 3

4xCH4 + XH, + XCco

4-Né’}14

Up=1-

(6.7)

NAOGR
AOGRR= — (6.8)
NSstream 2

\7Stream 0
CHy

\in
NCH4

REF=1- (6.9)

6.2. Hybrid system operating parameter sensitivity study

The SOFC-ICE hybrid system configuration is operated with a set of varying operating parameters in order
to investigate their influence on system efficiency and performance. The focus in this study is the hybrid
system electric efficiency (eq. 6.1), and the generated electric power (AC) (eq. 6.6). Moreover, the individual
component efficiencies are demonstrated (eq. 6.2 and 6.3). In section 6.3.1 it is demonstrated that the
performance difference between configuration A and B is small, therefore this analysis is using configuration
A only. (configuration A: where pre-reformer is integrated with SOFC and is operated at SOFC temperature,
or configuration B: where pre-reformer operates at lower temperature and is heated with hybrid system heat
integration, see section 6.3).

e Figure 6.2 depicts efficiency against the SOFC current density. The hybrid system and component power
generation is depicted in figure 6.3. An increase of the current density, at constant fuel utilization,
requires more fuel and generates more SOFC power with a reducing SOFC efficiency and expected fuel
cell lifetime. Because the SOFC fuel utilization is fixed, the volumetric flow rate of hydrogen (anode
off-gas) before the ICE intake is increased with increasing current density, therefore the ICE efficiency is
slightly improved. The ICE power is constant at 375 kWe, thus with increasing SOFC power, the SOFC
power fraction is increased and therefore the hybrid system efficiency is increased.

In table 6.2 the strong negative effect on SOFC efficiency due to the increase in current density is
categorized with three minus signs (- - -). The engine efficiency improvement is because of the change in
anode off-gas volume flow rate, and the hybrid system efficiency improvement is because of the change
in power distribution (due to SOFC power increase with respect to a fixed ICE power), both effects are
not assigned to current density and are categorized in the table with a no.

1 nystream 3 _ pystream 5
NHZ - NHZ
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 Figure 6.4 depicts efficiency against fuel utilization. Hybrid system efficiency is decreased with increasing
fuel utilization for two reasons: First: the engine efficiency is decreased, because less hydrogen (anode
off-gas) is blended with natural gas at the ICE intake. Atlow hydrogen blending percentages the hydrogen-
related performance benefits are vanishing. Second: SOFC efficiency and SOFC power are decreased
(figure 6.5) with increased fuel utilization. SOFC power is decreased, because the SOFC operates less
effective (lower cell voltage) at high fuel utilization (as explained in section 4.5).

In table 6.2 the strong negative effect of increase in fuel utilization on SOFC and ICE are categorized with
three minus signs (- - -). Also the combined effect on hybrid system efficiency is categorized with three
minus signs (- - -).

* Figure 6.6 depicts that SOFC efficiency is increased with incrasing methane pre-reforming ratio (REF).
Figure 6.7 depicts generated power versus methane pre-reforming ratio (REF), where the SOFC power
generation is increased with increasing REF. As indicated in figure 6.6, an increase of methane pre-
reforming ratio has no effects on engine efficiency.

In table 6.2 the moderate positive SOFC efficiency effect due to an increase in methane pre-reforming
ratio is categorized with two plus signs (+ +). Since there are no efficiency effects due to REF on engine
and hybrid system efficiency, these effects are labelled a no.

* Figure 6.8 depicts efficiency against anode off-gas recycling ratio for a fixed single pass fuel utilization of
81 %. The corresponding hybrid system and component power is depicted in figure 6.9. Usually anode
off-gas recycling is applied to reduce the steam demand for pre-reforming, with that an improvement
in efficiency is achieved. Because the steam production is done with residual heat in this hybrid
system, the SOFC efficiency improvement through anode off-gas recycling is relatively small. Up to
an AOGRR of 0.6, there is a small improvement demonstrated (At AOGRR = 0.6, a 0.4 percent point
efficiency improvement). A further increase of AOGRR leads to fuel dilution (O/C > 2) and reduced
SOFC performance and accordingly reduced hybrid system performance.

Figure 6.10 depicts hybrid system efficiency as a function of fuel utilization and anode off-gas recycling
ratio (AOGRR) in a contour plot. The highest efficiency (45,9 %) is demonstrated at an AOGRR of 0.6
and a single pass fuel utilization of 76 %.

In table 6.2 the slightly improved SOFC efficiency due to an increase of AOGRR is categorized with one
plus sign (+). Due the re-utilization of anode off-gas through recycling, the amount of anode-off gas for
engine combustions is lowered and therefore is engine efficiency slightly reduced and categorized with
one minus sign (-). The combined efficiency in the hybrid system is is practically neutral and therefore
assigned with a no.

Table 6.2 summarizes the effects of operating parameters on component level and hybrid system efficiency.
An increase in current density has strong negative effects on SOFC efficiency and has no effects on engine
performance (at constant fuel utilization) and hybrid system efficiency. Increase of fuel utilization has strong
negative effects on both SOFC and ICE efficiency, and is therefore the most important operating parameter
for controlling the hybrid system in order to gain highest efficiency results. Methane pre-reforming ratio is
positive affecting SOFC efficiency, there is no resulting effect on ICE efficiency and hybrid system efficiency.
Anode off-gas recirculation ratio has small positive effects on SOFC efficiency and negative effects on ICE
efficiency, on hybrid system efficiency the total effect is very small and is neglected.

Table 6.2: Summary of effects of operating parameters on component and hybrid system performance. The number of +
or - signs is indicating the strength of the effect. The efficiency calculations are expressed in eq. 6.1, 6.2, and 6.3.

Operating parame- | Affecting SOFC effi- | Affecting ICE | Affecting HS effi-
ter (increase) ciency efficiency” ciency
T HS,SOFC,LHV N HS,ICE,LHV N HS,LHV
i --- no no
Uy --- --- ---
REF ++ no no
AOGRR + - no

() Due to changes in anode off-gas composition or flow rate.
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Figure 6.2: Electric efficiency of hybrid system (LHV, AC),
SOFC, and ICE against current density. Configuration A,
AOGRR =0, fuel utilization = 81 %, REF =0.1.
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Figure 6.4: Electric efficiency of hybrid system (LHV, AC),
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6.2.1. AOG stream analysis

Figure 6.11 depicts hybrid system performance for varying fuel utilization and a selected set of operating
parameters: i = 5000 Am~2, AOGRR=0, and REF=0.3. The highest hybrid system efficiency (46.9 %) is
demonstrated at a fuel utilization of 72 %.
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Figure 6.11: Hybrid system electric efficiency (LHV, AC) against fuel utilization. Configuration A, i = 5000 Am’z, AOGRR=0, REF=0.3.

Fuel utilization is directly affecting fuel composition at ICE intake. Figure 6.12 depicts the relative AOG
composition at the SOFC-anode outlet (stream 2) for varying fuel utilization. Figure 6.13 depicts the relative
composition of stream 5, and figure 6.14 depicts volumetric flow rates of stream 5. As explained in chapter 5,
the engine model is substantiated with experiments up to a hydrogen blending percentages of 20 %. If the
hydrogen to natural gas ratio is further increased, the uncertainty of the engine model is increased. As depicted
in figure 6.15, the hydrogen blend percentage can easily exceed this 20 % limit. With a maximum hydrogen
blend percentage kept in the order of 20 %, a parameter set is selected which provides a corresponding hybrid
system efficiency of 45.7 % (at a fuel utilization of 86 %). Table 6.3 provides operational results belonging to the
selected set of operating parameters.

120 T T T T T T 120

072 0.762 0.81 0.864 0.925 0.997 072 0.762 0.81 0.864 0.925 0.997
Fuel utilization Fuel utilization
Figure 6.12: AOG composition at SOFC outlet (stream 2). Con- Figure 6.13: Composition fuel at ICE intake (stream 5). Config-

figuration A, i = 5000 Am~2, AOGRR=0, REF=0.3. uration A, i = 5000 Am~2, AOGRR=0, REF=0.3.
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Figure 6.14: Volume flow rate per constituent at ICE in-
take (streamb5). Configuration A, i = 5000 Am’z, AOGRR=0,
REF=0.3.

Table 6.3: Selected hybrid system operating parameters and performance.

0.72 0.762 0.81 0.864 0.925 0.997
Fuel utilization

Figure 6.15: Hydrogen to hydrogen-and-natural gas ratio
(hydrogen-blend-percentage (HNG) ) (stream5). Configura-
tion A, i = 5000 Am~2, AOGRR=0, REF=0.3.

Parameter Value Unit
i 5000 Am™2
Uy 86 %
AOGRR 0 %
REF 0.3 %
IPeice ! fresorc 50 /50 %

% Hp 22.7 %
Performance Value Unit
Pe,1is,ac 752.4 kW
NHS,LHV 45.7 %

1 HS,SOFC,LHV 65.5 %

"N HS,ICE,LHV 35.0 %

6.3. Hybrid system heat integration
Adequate heat integration of components and mutual streams is a necessary condition to achieve the proposed
efficiency advantages, because no additional energy is required to heat up streams or maintain chemical
reactions. In this work a pinch analysis is carried out to determine if there is enough heat capacity available
within the system to maintain stream temperatures as required and to produce the steam for methane pre-
reforming. Modeling and optimizing the heat exchanger network falls outside the scope of this work. Two
proposed designs component for integration are considered:

¢ Configuration A is depicted in figure 6.16: the pre-reformer is part of the integrated stack module (ISM).
The reaction heat required for the (endothermic) methane steam reforming reaction is withdrawn from
the SOFC-stack (ITR). The pre-reformer operation temperature is the same as SOFC inlet temperature.

* Configuration B is depicted in figure 6.17: the pre-reformer is a stand-alone component, operating at
500 °C. The heat required for the (endothermic) methane steam reforming reaction is withdrawn from

residual heat streams in the hybrid system.

A functional explanation of the heat exchangers is listed below.

e HEX 1, configuration B only: The pre-reformed methane is further pre-heated before it is introduced to
the SOFC anode channel. Pre-heating is done by heat exchange between this fuel stream and the SOFC

anode off-gas stream.

* Pre-heater for air (HEX 2): Air is pre-heated before it is introduced to the SOFC cathode channel.
Pre-heating is done by heat exchange between fresh air and SOFC stack exhausted air. The inlet air
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Figure 6.16: Proposed hybrid system heat integration, configuration A.

temperature is fixed, but the volume flow rate of this stream has a role as coolant to remove heat
generated in the SOFC stack. In present work the SOFC stack temperature is managed by adapting the air
excess ratio. The initial air excess ratio is 2 and will be increased if the temperature difference between
stack input and output approaches this maximum value. The maximum temperature difference between
cell inlet and outlet is determined to be 100 K?.

¢ Pre-heater for fuel (HEX 3): Methane is pre-heated up to pre-reformer operating temperature to maintain
the reforming reactions. In the proposed hybrid system this is done by a heat exchange places between
the methane and AOGR stream.

¢ Steam generator (HEX 4 and 5): (Extra) steam is required to reform methane, this steam is produced in
heat exchanger 4 and 5. Water is supplied at 300 K (rest product of the steam separator) and is heated,
vaporized and further heated up to reach pre-reformer temperature. Heat exchanger 4 is basically a
combination of a steam generating (evaporator) and a heating part. Heat exchanger 4 is heated by the
hot exhaust stream coming from the SOFC and the steam condensing process. The heat exchanged in
heat exchanger 5 is obtained from the ICE exhaust gas stream.

6.3.1. Configuration A and B and fuel utilization

Figure 6.18 depicts efficiency against fuel utilization for configuration A and B. The marginal difference is due
to the different pre-reforming temperature, which has a small effect on the species composition of stream 1.
For both systems the steady state SOFC temperature is comparable and therefore has no distinctive effect
on steady state cell performance. The temperature of both systems is comparable because it is controlled by
adapting the excess air supply to the stack. In practice the amount of excess air which has to be blown into the
system is influencing system efficiency, but in this work varying blower power is not taken into account.

6.3.2. Pinch analysis

Figure 6.19 presents the results of the pinch analysis for the selected parameter settings. The available heat
capacity (supply) and required heat capacity (target) in the hybrid system streams are represented as a function
of temperature (K) against heat load (kW). The heat capacity rate of all the streams is combined in two
composite curves, one for all hot streams (red curve) and one for all cold streams (blue curve). The point of
closest approach between the hot and cold composite curves is the pinch point, and gives a hot stream pinch
temperature and a cold stream pinch temperature. At this pinch point the heat integration is most critical. By
starting the heat integration at this point, the energy requirements can be achieved using heat exchangers
to recover heat between hot and cold streams in two separate systems, one for temperatures above pinch

2Maximum temperature gradient is 10 Kem™! [71]
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Figure 6.17: Proposed hybrid system heat integration, configuration B.

temperatures and one for temperatures below pinch temperatures. The amount of heat externally added
(required) in the hot system is the hot utility, and any residual heat in the cold system is the cold utility. As
indicated in figure 6.19, adequate heat integration for this system, with selected operating parameters, is
possible without external heating capacity demand (hot utility = 0 kW).
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Figure 6.19: Pinch analysis composite curves for selected sys-
tem parameters. Red curve = hot stream = supply, blue = cold
stream = target. Configuration A, i = 5000 Am~2, AOGRR=0,
fuel utilization = 86 %, REF=0.3.

Figure 6.18: Electric efficiency against fuel utilization for con-
figuration A (solid lines) and configuration B (dashed lines),
i =5000 Am~2, AOGRR=0, REF=0.3.

6.4. Power split study

In order to study the effects of different power splits between SOFC and ICE on hybrid system performance,
the power generation capacity of the SOFC is varied by changing the number of SOFC cells, while the power
generation of the ICE is kept constant at 375 kWe. Because engine performance is substantiated with experi-
ments up to a hydrogen blending percentages of 20 %, during this study a hydrogen blending percentage in
the order of 20 % is the limit. The power fraction distribution as shown in table 6.4 is simulated by the hybrid
system model.

The results of this power split study are provided in table 6.5 and figure 6.20 depicts a trend-line for hybrid
system efficiency versus SOFC power fraction. A small SOFC power fraction means a lower anode off-gas flow
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Table 6.4: Power fraction for power split study, hybrid system power distribution.

Fraction [%] target P, sorc,Ac | Pe1cE,ac kW] target P, psac | number of cells
[kw] [kw] SOFC

fus.sorc =25 %, | 125 375 500 3667

fus,1cE=75%

fus,sorc =33 %, | 187 375 562 5500

frs,1cE=67%

fus,sorc = 50 %, | 375 375 750 11000

fus,1cE=50 %

fus,sorc = 67 %, | 750 375 1125 22000

fus,1ce=33%

rate, and hence a lower amount of hydrogen available for blending with natural gas at ICE intake. In that case,
in order to increase the amount of hydrogen available for blending with natural gas (up to = 20 %), the SOFC
fuel utilization is lowered. A lower fuel utilization improves hybrid system efficiency. In the case of a larger
SOFC power fraction, the SOFC fuel utilization is increased in order to keep the hydrogen blending percentage
in the order of 20 %. For the case [67 % SOFC- 33 % ICE] the fuel utilization is increased up to 92 %.

In consideration of the ICE model limitations, further enlargement of the SOFC power fraction means
that not all left-over fuel can be utilized in the engine, causing the combined efficiency benefits of the hybrid
system are cancelled. Based on the here-presented results it can be concluded that efficiency improvements
can be obtained by enlarging the SOFC power fraction, however to further optimize these improvement, the
engine model should be improved for better analysis.

Table 6.5: Power split study. Selected hybrid system operating parameters and performance, varying power fraction (f SOFC %- / ICE %). The fuel

utilization of the SOFC is set, such that the hydrogen blend percentage at ICE intake is in the order of 20 %.

Parameter fus,sorc =25 %, | fussorc =33 %, | fussorc =50 %, | fussorc = 67 %, | Unit
fus,1cE=75% fHs,1cE=67% fus,1cE =50 % fus,i1cE=33%
i 5000 5000 5000 5000 Am™2
Uy 72 76 86 92 %
AOGRR 0 0 0 0 %
% Ho 19.4 22.5 22.7 23.1 %
Performance Unit
actual P gs,ac 499 566 752 1123 kw
nus,av? 38.2 41.6 45.7 50.7 %
nus.sorc,Lav'? | 64.4 65.3 65.5 65.2 %
nHs,1CELHV ) 33.7 35.0 35.0 35.1 %

M Hybrid system efficiency, see eq. 6.1.
) SOFC net efficiency, see eq. 6.2.

) ICE efficiency, eq. 6.3.




64 6. Hybrid system model and simulations

52
50 /
T4 82 o
5 /
(7]
£ 4 = /
5 P
1% e
T //
ol /
w0 ! | | | ! | I
a0 35 40 45 50 55 50 65 70

fus sorc 1%

Figure 6.20: Hybrid system efficiency versus SOFC power fraction. The fuel utilization of the SOFC is set, such that the hydrogen blend
percentage at ICE intake is in the order of 20 %.

6.5. Marine power plant comparison

The volume and weight of power plants are critical design criteria for any transport application. A certain
amount of power and endurance is required, while volume and weight are commonly restricted for practical
reasons. Energy and power density are definitions to express these criteria. Energy density is expressed as
the amount of energy available per unit of either mass or volume. Power density is expressed as the amount
energy conversion per unit of either mass or volume. In this section a comparison is made between a diesel
engine generator set, a natural gas engine generator set, a standalone SOFC, and the proposed SOFC-ICE
hybrid system. The comparison is made regarding efficiency, gravimetric and volumetric power density and
gravimetric and volumetric energy density of the fuel.

Table 6.6 and 6.7 provide the results. Considering volumetric density, which is commonly the critical
parameter in modern shipping, the SOFC standalone system needs three times more space, and the SOFC-ICE
hybrid system needs two times more space compared to conventional diesel or gas engines power plants.
Considering energy density of fuel, and taking the power plant conversion efficiency into account, the LNG
storage volume for proposed hybrid system is two times larger than that of a diesel fuelled generator set.

This comparison is done for a 750 kWe system. Most of the data provided in table 6.6 and 6.7 is taken from
areview study carried out by van Biert et al. [60]. The SOFC parameter values are based on the Bloomenergy
"Energy Server 5’ module (300 kWe) [69].

Table 6.6: Indicated efficiency and power density for marine power plants. Power range is 750 kWe.

Parameter ICE genset | ICE genset | SOFC stand- | SOFC-ICE Unit
(Diesel) (ING)W alone (LNG)V | hybrid (LNG)®"

NLHY 360 344 554 453 %

Gravimetric 45® 45©® 19@ 270) Wkg™!

power density

Volumetric 3258 30®) 9.5@ 14.50) wL™!

power density

(@) NG stored at -162 °C

@ Based on Bloomenergy 'Energy Server 5’ (300 kWe) [69].

®) Ref. [60], [1].

@) Based on the engine used in present work (CAT-G3508).
) Weighted average, calculated using stand-alone specifications.
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Table 6.7: Indicated energy density for Diesel and LNG.

Parameter Marine Diesel LNG M Unit
Fuel gravimetric energy density @ | 8.3 7.4 kWhkg™!
Fuel volumetric energy density @ | 8.2 3.3 KWhL™!

() NG stored at -162 °C
@ Fuel energy density (LHV), including the storage system [60]

6.6. Discussion

The SOFC and ICE component models are combined in a hybrid system model. The sensitivity of operating
parameters on hybrid system performance is investigated. The operating parameters investigated are: current
density, fuel utilization, pre-reforming ratio, and anode off-gas recycling ratio. The prime focus of this study is
hybrid system efficiency. It is found that fuel utilization is strongly effecting hybrid system efficiency and is
therefore the most important operating parameter to control.

With hybrid system efficiency as prime focus, a set of operating parameters is selected for further analysis.
A study of system’s stream compositions and flow rates is conducted with hydrogen blending percentage at
ICE intake as critical criterion, because hydrogen percentages larger than 20 % are not substantiated with
engine experiments. With this limit in mind, a final parameter set is selected for a heat integration analysis
and power-split study. Also a comparison between developed hybrid system and conventional marine power
plants is carried out, which is concentrated on power and energy density.

Operating the hybrid system at 5000 Am~2 with 30 % pre-reformed methane, and no anode off-gas
recycling resulted in an electric efficiency of 46.9 % at an SOFC fuel utilization of 72 %. The hydrogen blending
percentage for this setting is = 45 %. To use a by experiments substantiated engine performance (confirmed
with experimental data, in the order of 20 % hydrogen blend percentage), the fuel utilization is increased to 86
% , which resulted in a hydrogen blending percentage of 22.3 %. In this latter case, the hybrid system electric
efficiency demonstrated is 45.7 %. Since this latter achievement is based on a reasonable fuel utilization (86 %)
and the engine results are substantiated with an experimental data set, this operating parameter set is selected
as a benchmark for further system comparisons in this work.

Summarizing: a 750kWe net electric power (AC) is generated with an electric efficiency of 45.7 % and a
power fraction of fis sorc =50 % and fus, ick = 50 %. This performance is a 5 to 10 percent point improvement
compared to conventional diesel engines operating in this power range (see ref. [1] and figure 6.21).

The achieved SOFC-ICE hybrid system efficiency is low compared to demonstrated efficiencies in literature
(Park et al.[7]: 59.5 %, van Biert et al. [13]: 64 %, and Chuahy et al. [14]: 70.9 %). The reason for this is the
design of the system. In this work the ICE is operated as a combined cycle after the SOFC with an ICE power
fraction of fys ick = 50 %, which is a much higher compared to literature: Park et al. [7]: fus ice = 12.7 %, van
Biertetal. [13]: 5 %, and Chuahy et al. [14]: 14.7 %. Combined cycle operation, with a substantial fys rcg is
expected to make the system more capable in dynamic load following and improves system’s redundancy, but,
as demonstrated, it is at the expense of hybrid system efficiency. In this work, a power-split sensitivity study
demonstrated an electric efficiency of 50.7% when operating the developed hybrid system with a power split of
fus,sorc =67 % and fus 1ck = 33 %. This looks attractive, but operating this power fraction requires an SOFC
fuel utilization of 92 % in order to keep the hydrogen blend percentage at the ICE fuel intake in the order of 20
%. This latter 20 % is due to the engine model limitations. In future work, higher efficiencies can be achieved
with increasing SOFC power fractions, if the hydrogen addition percentage at ICE intake is allowed to expand.
Because a fuel utili 50 % power split is used as a benchmark for further comparisons.

A volumetric power density analysis indicated that the SOFC-ICE hybrid system installation volume is
more than twice as large as conventional marine power plants. Looking into volumetric energy density of
the used fuels, and taking the energy conversion efficiency into account, the LNG storage space for proposed
hybrid system is two times larger than that of a diesel fuelled ICE generator set. A 50 % SOFC and 50 % ICE
power split leads to these numbers, depending on the operating profile a different power split can lead to other
efficiencies and volume and weight constraints. The impact of these power and energy density constraints
depend on the practical application (e.g. ship design, required power, endurance, operating profile, and costs)
and must be considered case-by-case.
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Figure 6.21: Electric efficiency (LHV) for power plants. The red line indicates the 750 kWe. The red start indicates the position of the
here-developed SOFC-ICE hybrid system. Original figure taken from [79].

6.7. Conclusion

A SOFC-ICE hybrid system operating parameter sensitivity study and a system power split study are carried
out. The following conclusions are drawn:

* The operating parameter fuel utilization has a strong combined effect on SOFC, ICE, and hybrid system
efficiency, hence fuel utilizations is assigned to be the most important operator parameter to control.

* A 67 % SOFC power fraction and 33 % ICE power fraction operation have demonstrated a hybrid system
electric efficiency of 50.7 %. However, in this model the SOFC should be operated at a fuel utilization of
92 % in order to keep the hydrogen blend percentage at the engine fuel intake in the order of 20 %.

¢ To keep SOFC fuel utilization within reasonable limits, and in order to operate the engine model within
model limitations, a power split of 50 % SOFC and 50 % ICE power is selected as benchmark case.

¢ Operating the hybrid system with a 50 % SOFC power fraction and 50 % ICE power fraction and a SOFC
fuel utilization of 86 % has demonstrated a hybrid system electric efficiency of 45.7 % at 750 kWe.



Conclusions and recommendations

This study was a first step in identifying relevant operating parameters and system configurations of SOFC-ICE
hybrid systems for marine applications and finding their influence on system efficiency and performance. A
literature study was carried out, thereafter system component models were developed and combined in to
a hybrid system model. The hybrid system model was studied and has led to a number of conclusions and
recommendations.

7.1. Conclusions
7.1.1. SOFC model

An SOFC stack with pre-reformer and anode off-gas recycling was modeled and was able to operate as a
standalone model or as a component in a combined model. The model was developed in such a way that
either the dynamic performance can be predicted or the steady state results can be used in the hybrid system
study. The SOFC model was validated with a well-documented model in literature [26]. It was found that the
here-developed model was slightly overestimating the steady state performance compared to the reference
model, the dynamic behaviour of the model was comparable. The deviation between this model and the
reference model was explained by the difference in modeling approach: a 0-D lumped parameter model
versus a 1-D distributed parameter model. The 0-D model is computationally fast, but it demonstrated that an
experimental data set is required for calibration if higher accuracy is needed. For this study the deviation with
the reference model was accepted.

A parameter sensitivity analysis was performed with the SOFC component model operating as a standalone
system. The dependency of cell voltage and temperature to various operating parameters was investigated.
With this study the simulation possibilities of the SOFC model were demonstrated and the following con-
clusions were drawn: operating low current density results in high cell voltage and high efficiency. This is
favourable at SOFC part-load operation. High fuel utilization results in high SOFC standalone efficiency and
higher temperatures, but cell voltage decreases with increasing fuel utilization and so does the net efficiency.
Air excess ratio is an important parameter to optimize SOFC temperature to obtain maximum cell voltage
within the thermal stress limits. The modeled air excess controller kept the SOFC cell temperature gradients
within the limits. Increasing amount of methane pre-reforming has a positive effect on cell voltage, the
corresponding temperature development depends on the method of pre-reformer heat integration and can
be regulated by controlling the air excess ratio. Finally, the effects of anode off-gas recycling were studied.
It was shown that anode off-gas recycling positively affects cell voltage while keeping the single pass fuel
utilization low. The evaluated SOFC operating parameters were expected to have influence on hybrid system
performance also.

7.1.2. ICE model

A mean value first principle (MVFP) engine model was developed which relied on measured engine data
for calibration. This measured engine data was obtained form a previous TU Delft study carried out by
Sapra et al. [20]. The MVFP engine model provided insights on engine performance when hydrogen and
natural gas are aspirated into the engine. The following conclusions were drawn: 20 % hydrogen addition
to natural gas improved engine efficiency with 1.5 percent point (at 375 kWe, 1500 rpm, NO, = 500 mg/nm?3
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(at 5 % oxygen)), and hydrogen addition reduced combustion duration and cycle-to-cycle variations, which
improved combustion stability. From these results, it was concluded that combined operation of an internal
combustion engine with an SOFC is beneficial, because engine performance is improved due to the addition
of a hydrogen-rich gas to the regular natural gas fuel intake.

7.1.3. SOFC-ICE hybrid system model

In this work a SOFC-ICE hybrid system model was developed including a pre-reformer, anode off-gas recycling
facility, and steam separator (water vapour condenser). A target power demand of 750 kWe was set with an
initial power split of 50 %-ICE and 50 %-SOFC. The SOFC-ICE hybrid system performance was analysed by
means of a study to the sensitivity of the following parameters: current density, fuel utilization, methane
pre-reforming ratio, and anode off-gas recycling ratio. It was found that fuel utilization is strongly affecting
hybrid system performance and is therefore the most important operating parameter in order to obtain best
hybrid system efficiency.

With a selected operating parameter set and a fuel utilizations of 72 %, it was demonstrated that a 375 kWe
(AC) SOFC and 375 kWe ICE hybrid system was able to operate with an electric efficiency of 46.9 % (LHV). To
achieve this efficiency result, the engine was operated with a hydrogen to natural gas percentage of 45 %. The
engine model was experimentally substantiated up to a 20 % hydrogen to natural gas percentage. By respecting
this engine model limit, through operating an SOFC fuel utilization of 86 %, a hydrogen blend percentage
in the order of this limit was managed and an electric efficiency of 45.7 % (LHV) was achieved. This latter
efficiency, and the selected operating parameters, were used as a benchmark for further analysis.

The electric efficiency of 45.7 % is a 5 to 10 percent point improvement compared to conventional diesel
driven power plants operating in a similar power range [1]. For the selected operating parameter set, by means
of a heat integration study, it was demonstrated that the system outlet streams contain sufficient heat capacity
to produce the required pre-reformer steam and to heat-up ingoing fuel and air streams.

Furthermore, a study to the effects of SOFC and ICE power fractions on system efficiency was carried
out. An electric efficiency of 50.6 % was achieved, operating a 67 % SOFC - 33 % ICE power fraction. It was
concluded that hybrid system efficiency can be improved when the SOFC power fraction exceeds the ICE
power fraction. This looks attractive, but operating this power fraction requires an SOFC fuel utilization of 92 %
in order to keep the hydrogen blend percentage at the ICE fuel intake in the order of 20 %. Higher efficiencies
can be achieved if the hydrogen blend percentage at ICE intake is allowed to expand. In this work a 50 %
power split is used for further analysis, because this power split in combination with a 86 % fuel utilisation, is a
realistic and reliable setting, particularly because of the used engine model and its model limitations.

A power density comparison was made with conventional marine power plant systems. The SOFC-ICE
hybrid system installation volume is more than twice as large as conventional marine power plants. Taking the
energy conversion efficiency into account: the natural gas storage space is two times larger than that of a diesel
fuelled ICE generator set. A 50 % SOFC and 50 % ICE power split leads to these numbers, depending on the
operating profile a different power split can lead to other efficiencies and volume and weight constraints. The
impact of these constraints depend on the practical application (e.g. ship design, required power, endurance,
operating profile, and costs) and must be considered case-by-case.

7.2. Recommendations

The developed models are considered to form a basis for future research on SOFC-ICE hybrid systems for
marine applications. Several recommendations are made for future work on this topic:

* Concerning the SOFC-ICE hybrid system:

— This study was considering only steady state operation. A study to dynamical operations should be
the next step to investigate possibilities for future applications in shipping. The key for efficient
operation over the full dynamic power range is to control the flows to and between SOFC and ICE.
The flows of air and fuel in each component will determine the fuel utilization (efficiency), power
split, quality of combustion, protection against thermal-mechanical failure, and emissions of the
complete hybrid system. In order to develop a hybrid system control system: First a specific marine
application operational profile and dynamical load profile should be selected as a benchmark.
Then, to optimize system’s performance when following these profiles, the hybrid system design
(configuration and power split) and a system control strategy should be developed. The prime
controller in this control system design should be fuel utilization.
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— In this study the balance of plant losses are assumed to be 5 % of generated SOFC power (AC).
For accurate prediction of net hybrid system efficiency, the individual balance of plant system
components should be modeled such that their power losses are predicted based on operating
conditions (e.g. air blower power consumption depending on air excess ratio).

— A combined SOFC-ICE hybrid system can have the potential to meet marine power plant reliability
and safety requirements. However a dedicated study to these subjects is necessary to argue this
case.

— This study has not investigated the economical impact of SOFC-ICE hybrid system operation. In
future work the capital costs and costs of operation must be calculated and compared to other
power plant systems. This study should also take into account the logistic availability of LNG with
respect to the operational profile.

¢ Concerning the SOFC component model:

— The performance of the here-developed 0-D SOFC model is compared with a 1-D model from
literature. Fur this study the 0-D model fulfils its requirements. If the 0-D model is required in more
detailed studies, a calibration with experiments is recommended. The 0-D model is developed by
implementing basic physical principles (first principles), the calibration of the model can be done
accurately and focused at the specific physical principle.

¢ Concerning the ICE model three recommendations are made:

— The load of the engine is a fixed value. In future studies to dynamical system operation, the engine’s
part-load performance is required. The engine model should be improved such that it can compute
dynamic engine performance based on varying AOG-fuel blends.

— The experimental data set which is used for the calibration of the here-developed engine model is
describing engine results for hydrogen blending percentages from 0 % to 20 %. Engine model results
for hydrogen blending percentages larger than 20 % are based on extrapolated data. Operating at
low fuel utilization increases hybrid system efficiency and increases hydrogen amount at ICE intake,
therefore it is recommended to expand the ICE experimental data sets by engine measurements at
larger hydrogen blending percentages.

— The developed ICE model is only considering hydrogen-natural gas blends. The effects of CO and
CO; on engine performance are not taken into account. Future SOFC-ICE hybrid system studies
should take these effects into account also.

¢ Other effects which deserve further attention:

— Alternating pressures at the ICE intake due the reciprocating principle of the ICE can be pushed
backwards to the SOFC, through the anode-off gas line. If this effect is present, it can be harmful
to the fragile SOFC structure. A fuel buffer capacity is might be required to dampen these cyclic
effects. ICE models or experiments should indicate the severity of this phenomenon.

— In this work it was investigated if the heat capacity in the hybrid system was sufficient for maintain-
ing required stream temperatures. In future studies the heat exchangers and their network should
be modeled to investigate the influence on system’s dynamic performance.

— CO3 reduction is achieved by the increasing system efficiency. Exact numbers of emission reduc-
tions of NO, and SO, are not calculated. Future model enhancements should consider emission
calculations.






SOFC electrochemistry

This appendix describes fundamental fuel cell electrochemistry theory.

A.1. Nernst voltage
At constant pressure and temperature, the maximum amount of work that can be obtained from a chemical
system is equal to the change of Gibbs free energy [80].

AG= Gproducts = Greactants (A.1)
AG=W (A.2)

If there are no losses in the fuel cell (reversible process) all the Gibbs free energy is converted into electrical
energy. This principle is used to find the reversible open-circuit voltage (E) of a fuel cell (eq. A.4).

Welec =AG=+xVI=—-nFE (A.3)
-AG
E= (A.4)
nF

Where F = 96485 Cmol~! is the Faraday constant and 7 is the number of moles of electrons participating in
the reaction. For a hydrogen fuel cell two electrons pass round the external circuit for each water molecule
produced and each molecule of hydrogen used, thus n = 2. The change of Gibbs free energy varies with
temperature, reactant pressure, and concentration. To account for pressure and concentration the activity
a; of the reactant and product species is introduced. These activity of the reactants and products modify the
change of Gibbs free energy of reaction as shown in next expression for a hydrogen fuel cell reaction [80]:

0.5
07 10 4ty " 4o,
AG(T,p) =AG (T,p)-RTIn|——— (A.5)
aH20
Next equation shows how the latter relation affects the Nernst reversible voltage:
0.5

-AG® RT [am-a
E= +—In|—2 (A.6)

nF nF amr0

Assuming ideal gas law and assuming that at high temperatures (e.g. SOFC at 900 °C) H,O behaves as an ideal
gas, the activity of the species is as follows:

amg, = % (A.7)
ao, = r’; o (A.8)
amo=" ;’go (A.9)
(A.10)
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Then eq. A.6 becomes:

piy (Pop )
_—AG" RT p° (p")

E= — nFln PG (A.11)
pO
If all the pressures are given in bar, than p° =1, the latter equation can be simplified to:
~AG® RT . (Pm-Pg
E= +—In|—— (A.12)
nF  nF PH20
The first term of the right hand side can be written as:
o —AG°
E' = (A.13)
nF
This makes the final Nernst voltage relation as follows:
0.5
RT PH, " P
E=E'+—In|—2% (A.14)
nk PH20

A.2. Activation voltage loss
Electrochemical reactions have to overcome energy barriers before the reaction will proceed. This barrier is
also called 'activation energy’ and leads to activation loss, and can be described by the Butler-Volmer equation.
Eq. A.15 is proposed by Chan et al. [63].

n-ﬁ-F-Avm) (—(l_ﬁ)'n'F'AVact))
——|—exp
RT RT

Where i is the current density (Am~2), i is the exchange current density (Am~2), which represents the forward
and reverse electrode reaction rate at the equilibrium potential. § is the charge transfer coefficient, which
represents the part of change in polarization leading to a change in the reaction rate constant, its value is
usually 0.5 for fuel cell applications [29, 63]. n is the number of moles of electrons participating in the reaction
(in this case n = 2). With § = 0.5, eq. A.15 can be rewritten to:

i= io-(exp( (A.15)

RT _1( i ) RT —1(i)
AV4er = — sinh - +—sinh™" [ — (A.16)
F 2 10,a F 2 10,c

Before the Butler-Volmer equations was used to describe activation loss, Tafel observed that the overvoltage at
the surface of an electrode followed a similar pattern in great variety of electrochemical reactions. This general
pattern is represented by eq. A.17. Although the Tafel equation was originally deduced from experimental
results, it also has a theoretical basis. It can be shown that for a hydrogen fuel cell with two electrons transferred
per mole, the constant A in eq. A.17 is given by: RT/(nfF) and results in eq. A.18. This equation holds for
high overpotential regions and is easier to use. For low overpotential regions the current is influenced by both
anodic and cathodic reactions and the Tafel equation is not representative any more. In low current regions
the Butler-Volmer equation should be used for an accurate representation of the activation voltage loss. [5].

AVyr = Aln(,i) A.17)
4
RT (i
AVies = —ln(,i) (A.18)
npF ip

A.3. Concentration voltage loss (mass transfer limitations)

Concentration voltage loss occurs due to the reduction in concentration, caused by mass transfer slowness on
both anode and cathode side. The extent of this change in concentration will depend on the current being
drawn from the fuel cell. On physical factors it depends on how well the air around the cathode can circulate,
and how quickly the fuel or air can be replenished in the anode. Concentration voltage loss is described by:

RT Cp RT i
AVeone = In =— In|1-- (A.19)
naF Cl-nf naF ilimit
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Where C}, is the concentration (molm™3) at the triple-phase boundary (where electrolyte, gas, and electrode
contacts). C;, is the bulk concentration of reactant, i;;,;; is limiting current density (Am~?) evaluated at
Cp =0, and n is the number of moles of electrons participating in the reaction. In this case n = 2.

A.4. Ohmic voltage loss

Ohmic voltages losses occur because of the resistance to the ion flow in the electrolyte and the resistance to
the current flow through the electrode materials. The Ohmic voltage loss is described as follows:

AVorm =1 Topm (A.20)

Where i is the current density (Am~2), and Tonm the area-specific resistance (Q m~2) calculated from the
conductivity of each layer:
Tae  Tce  Tse

Oage Oce Ose

(A.21)

Tohm =

A.5. Fuel crossover

This energy loss results from the waste of fuel passing through the electrolyte, and, to a lesser extent, from
electron conduction through the electrolyte. The electrolyte should only transport ions through the cell.
However a certain amount of fuel diffusion and electron flow will always be possible due to micro-cracks and
fissures in the electrolyte. This phenomenon is hard to define mathematically.






Thermodynamic properties SOFC
modeling

This appendix describes the methods for obtaining thermodynamic properties used for SOFC modeling such
as: molar mass, dynamic viscosity, isobaric heat capacity, thermodynamic conductivity, enthalpy, Gibbs free
energy, and lower heating values.

B.1. Molar mass
The molar mass is taken from Perry’s chemical engineering handbook [67].

Table B.1: Molar mass

Species Molar mass (M) unit

CH,4 16.04250 gmol~!
H,0 18.01528 gmol ™!
H, 02.01588 gmol~!
CO 28.01010 gmol™!
CO, 44.00950 gmol~!
0, 31.99880 gmol™!
N, 28.01340 gmol ™!

B.2. Dynamic viscosity

The dynamic viscosity u (Pas) is temperature dependent. To determine p for each component, Todd and
Young [81] published a set of sixth-order polynomial curve fits. Thereupon, dynamic viscosity for the mixture
is determined by a ideal-gas mixing law (eq. B.3). The SOFC model invokes a separate MatLab script in order
to calculate the temperature dependent dynamic viscosity of the anode and cathode flow mixture.

5o (s) 107
p=Y be-|—| -10” (B.1)
& 7% (1000
Xi i
P N L LA B.2
Mmix ;Z;’Xiq)ij (B.2)
i\ (b |14 2
. v ()" (3 -
ij= 73 .
[8(1+52)]
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B.3. Isobaric heat capacity

The molar isobaric heat capacity ¢, (J mol ! K1) is temperature dependent. Again a set of sixth order polyno-
mial curve fits of Todd and Young is used [81] (eq. B.4). The molar isobaric heat capacity of an ideal gas mixture
is determined with a weighted average (eq. B.5). The SOFC model invokes a separate MATLAB script in order
to calculate the temperature dependent molar isobaric heat capacity of the anode and cathode flow mixture.

6 T k .
Cp= ag | ——=| -10™ B.4
P kZ:o k (1000) (B.4)
n
Cpmix =Y X Cpx(T) (B.5)
x=1

B.4. Thermodynamic conductivity

As before, to determine the thermodynamic conductivity k (Wm~'K™!) a set of sixth order polynomial curve
fits of Todd and Young is used [81] (eq. B.6). Thereupon, thermal conductivity for the mixture is determined
by a ideal-gas mixing law (eq. B.8). The SOFC model invokes a separate MATLAB script for calculating the
temperature dependent thermal conductivity of the anode and cathode flow mixture.

k= i ck.(i)k.m‘z (B.6)
=" {1000
X ki
A (B.7)
" ;ijjq)ij
1/2 1/4]2
)2 (b
1+(#j) (Mj) ]
D, = (B.8)

s+

B.5. Enthalpy

The molar specific enthalpy ; (Jmol™!) of each species is approximated using first order polynomials of
temperature as listed in table B.2. These first order polynomials are based on data which is computed with the
ideal gas law thermodynamic model (Gasmix) in FluidProp [64].

Table B.2: Molar specific enthalpy fit functions for a temperature range of 700-1500 K

Species Fit function unit

CH, 74.66- T —1.105e5 Jmol ™!
H,0 42.45-T —2.58e5 Jmol ™!
H, 30.68- T —9911 Jmol ™!
co 33.57- T —1.223e5 Jmol~!
CO, 55.03- T —4.149e5 Jmol ™!
0, 35.15-T—1.1235e4 | Jmol™!
N, 33.12-T —1.154e4 Jmol ™!

B.6. Gibbs free energy

Gibbs free energy for hydrogen oxidation AGgor (J mol™}), methane steam reforming AGyssg, and water-
gas shift AGy s is calculated with the ideal gas law thermodynamic model (Gasmix) in FluidProp [64]. In
the temperature range of 700-1500 K, for concerning species, the molar specific enthalpy and entropy is
determined. Thereafter, using eq. B.9, B.10, B.12, and B.14 the Gibbs free energy is determined. Finally, for easy
implementation in the model, a first order polynomial of temperature is made: eq. B.11, B.13, and B.15.
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G;Jmol ' =h;-T-s; (B.9)

AGHor = GH,0 —0.5Ggo, — GH, (B.10)

AGror = -54.6- T +2.478-10° (B.11)

AGpmsgr =3-Gm, + Geo— Gen, — G0 (B.12)

AGpsr =—-254.3-T+2.26- 10° (B.13)

AGwgs = Gu, + Gecoz — G0 — Geo (B.14)

AGwes =30.69- T —3.401-10* (B.15)

B.7. Lower heating values

The lower heating values (LHV) are taken from Perry’s chemical engineering handbook [67] and presented in

table B.3.

Table B.3: Lower heating value at standard conditions (7' =298.15 Kand p = 1 atm)

Species LHV unit

CH,4 802.6-10% Jmol~!
H, 283.0-10° Jmol ™!
Cco 241.8-10° Jmol ™!







SOFC model - validation results

C.1. Mass and element conservation

Figure C.1 presents the anode channel species mole fraction against simulation time. Only the first three
seconds of simulation are depicted, within this time bracket steady condition is achieved. This figure illustrates
the fast response of the methane steam reforming reaction. The water-gas shift and hydrogen oxidation take
more time, as can be seen in the subsequent two seconds.
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§
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&
£
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=
S
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Figure C.1: Fuel channel component mole fractions at outlet. Inlet conditions from table 4.5

While molar flow rates change due to the methane steam reforming, water-gas shift, and hydrogen oxidation
reactions, element and mass conservation across the SOFC inlet and outlet should hold. Two cases are
considered to check if mass and elements are conserved. Case 1 is without any current drawn (open circuit),
case 2 is with a current density of 5000 Am™~2. For both cases the simulation is performed with a fixed fuel
mass flow (1.8-107° kgs™!) and air mass flow (6.05-10~* kgs™!). The other input conditions are as provided in
table 4.5. The simulation time is set to 1000 seconds.

Table C.1 provides the input flows, table C.2 provides the output flows for open circuit condition (case 1).
Table C.3 provides the output flows for the case where a current is drawn (case 2). It is concluded that both
mass and elements are conserved. The mass ingoing is equal to total mass outgoing. Moreover, for both cases
holds that the number of elements ingoing is equal to number of elements outgoing.
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Table C.1: Element and mass conservation, ingoing (0-D SOFC).

Species in S N [mols™] Ci" [molm=3s71] mi" [kgs™1
CHy 2.82e-1 3.12e-4 7.80 5.01e-6
H,0 5.66e-1 6.27e-4 1.57el 1.13e-5
H» 1.21e-1 1.34e-4 3.35 2.70e-7
CcO 4.00e-3 4.43e-6 1.11e-1 1.24e-7
CO, 2.70e-2 2.99e-5 0.747 1.32e-6
0, 2.10e-1 4.41e-3 1.11e2 1.41e-4
N 7.90e-1 1.66e-2 4.14e2 4.64e-4
Total mass in - - - 6.23e-4

Elements in - Ni" [mols™!] = -
C - 3.50e-3 - -
H - 2.77e-3 - -
(0] - 9.50e-3 - -
N - 1.66e-2 - -

Table C.2: Element and mass conservation, outgoing, case 1 - open circuit (0-D SOFC).

Species out XOUt ] N°“! [mols™] C°% [molm™3s7!] MmO [kgs™!]
CHy 4.49e-3 7.75e-6 1.94e-1 1.24e-7

H,O 1.53e-1 2.65e-4 6.61 4.78e-6

H, 6.47e-1 1.12e-4 2.79el 2.26e-6

CcO 1.55e-1 2.67e-4 6.66 7.49e-6

CO, 4.60e-2 7.89e-4 1.97 3.47e-6

0, 2.10e-1 4.41e-3 1.11e2 1l.41e-4

Ny 7.90e-1 1.66e-3 4.14e2 4.64e-4
Total mass out - - - 6.23e-4
Error - - - 0%

Elements out

N°“! [mols™]

C - 3.50e-3 - -
H - 2.77e-3 - -
0 - 9.50e-3 - -
N - 1.66e-2 - -
Error - 0% - -
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Table C.3: Element and mass conservation, outgoing, case 2 - i=5000 Am~2 (0-D SOFC).

Species out x4 [-] N°¥! [mols™!] Co4! [molm™~3s7!] MmO [kgs™!]
CHy4 1.23e-6 2.09e-8 3.35e-4 3.36e-10
H,O 6.35e-1 1.09e-3 1.16el 1.97e-5
H», 1.67e-1 2.90e-4 3.08 5.84e-5
CcO 3.26e-2 6.07e-5 0.65 1.70e-6
CO, 1.65e-1 2.86e-4 3.04 1.28e-5
Oy 2.10e-1 4.41e-3 1.10e2 l.41e-4
N> 7.90e-1 1.66e-3 4.14e2 4.64e-4
Total mass out - - - 6.23e-4
Error - - - 0%
Elements out = N°“! [mols™] 5 5

C - 3.50e-3 - -

H - 2.77e-3 - -

(0] - 9.50e-3 - -

N - 1.66e-2 - -

Error - 0% - -
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C.2. Chemical equilibrium
Assuming that the chemical reactions are fast enough to achieve chemical equilibrium in the fuel channel,
the expected output chemical equilibrium composition can be used as a verification method. The reference
chemical equilibrium output composition is computed with the chemical reaction module of Factsage. For
this verification the operating temperature of the 0-D SOFC model is kept constant at 1023 K. Again, two cases
are considered: Case 1 is without any current drawn (table C.4), case 2 is with current density of 5000 Am~2
(table C.5).

The chemical equilibrium composition achieved in both cases is almost equal to the chemical equilibrium
composition predicted by Factsage. The deviations are expected to be small enough for this study.

Table C.4: Chemical equilibrium check 0-D SOFC, at 1023 K, Case 1: i =0 Am~2 (0-D SOFC)

Species Factsage 0-D SOFC
x2, [-] 5.00e-3 4.54e-3
xPpo [ 1.59-1 1.56e-1
X! ) 6.39e-1 6.42e-1
x4 (-] 1.48e-1 1.48e-1
X2, [l 4.90e-2 4.91e-2

Table C.5: Chemical equilibrium check 0-D SOFC, at 1023 K, Case 2: i = 5000 Am~2 (0-D SOFC)

Species Factsage 0-D SOFC
x4, [-] 5.41e-6 1.22e-6
X [-] 6.31e-1 6.32e-1
Xt ) 1.69e-1 1.68e-1
x4 (] 3.36e-2 3.27e-1
x2g, 1] 1.67e-1 1.67e-1

C.3. Energy conservation
Energy conservation is used to verify that the energy balances are correctly implemented in the model. A total
energy balance is expressed in eq. C.1.

0= Y NI pin _ Y Nout. pout _ py
i i (C.D)
i€ (CH4r HZO» HZ; CO) COZ; OZ» NZ)

The two above mentioned cases are simulated at 1000 seconds and 10000 seconds. Table C.6 provides the
results of three simulations. It is concluded that energy is conserved since the error is small and is converging
to zero.

Table C.6: Energy conservation (0-D SOFC)

Case 1V [W] error [W] error [% w.r.t electric power]
Case 1 (no current) 0 0 0

Case 2 (i=5000Am~2) 143 0.052 0.035

Case 2 (i=5000Am~2) run | 143 0.034 0.025

time = 10000 s




SOFC model - parameter sensitivity
analysis

In this appendix the effects two SOFC modeling assumptions are investigated.

D.1. Effect of temperature dependent thermal conductivity, gas density,

and isobaric heat capacity:

As explained in chapter 4, the temperature dependency of: thermal conductivity, gas density, and isobaric heat
capacity is neglected. These parameters are calculated for the inlet temperature conditions only and are kept
constant throughout the simulation. To study the effects of this simplification, a simulation is performed where
the temperature dependency is taken into account. Figure D.1 depicts the dynamic response of this simulation.
It is concluded that the effects are negligible and that the initial simplification is justified. However, it should
be noted that the computation time is tripled when running these temperature-dependent simulations. The
increased computational burden does not weigh up against the improved accuracy.

D.2. Effect of Nusselt number:

The model developed by Aguiar uses a constant Nusselt number of 3.09 for both air and fuel flow. This Nusselt
number is based on ref. [82]. 3.09 is obtained by using a squared channel and constant heat input per unit
length. There is no Reynolds or Prandtl dependency. In the model here developed: the Nusselt number is
determined using a relation from Mills Basic Heat and Mass Transfer [65]. This Nusselt number is depending
on Reynolds number and Prandtl number and holds by the assumption of a laminar flow between parallel
plates with fully developed hydrodynamics. In present model the average Nusselt number obtained by Mills
relation is 7.54. Because it is difficult to say which method is the most realistic approach; both methods are
implemented and tested. Figure D.2 depicts the difference.

As expected, due to the higher Nusselt number in present model, the heat transfer between the solid
parts and the gas streams is higher, which leads to a better heat spread between layers and thus lower overall
temperatures and accordingly higher cell voltage. Although the effects are small, the Nusselt number is
affecting the simulation results. The Nusselt number relation suggested by Mills is used in further simulations
since it has a more suitable physical justification.
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Figure D.1: 0-D SOFC: temperature and voltage response for constant (dashed line) and varying (solid line) thermodynamic properties,
after a load change from i = 5000 Am™2 to i = 7000 Am ™2
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Figure D.2: 0-D SOFC: temperature and voltage response for two different Nusselt numbers, after a load change from i = 5000 Am~2 to
i =7000 Am~2



Engine cylinder geometry

Figure E.1 depicts a schematic overview of the geometry of cylinder, connecting rod, and crank shaft. The
following parameters define the basic geometry of a reciprocating engine.

aD3Lr
Vi = 4(63—_51; (E.1)
c
re=(€c.—Dxc+1 (E.2)
L
xe= 7 rc (E.3)
BDC
1 1 PR
Lic=Lg - 1+§ (l—cos(alc))+ﬁ(l— I—ACRsm (arc) (E.4)
- V
R L
Acr = L—gi =3 L;R (E.5)
€cLg
Lgpc = p— (E.6)
-
Vo L
reo= Yo = Leo ®7)
11 1 PR
Lo=Li|——=+3 (1—cos(an))+E(1—\/1—7LCRsm (@x0) (E.8)
c
Vo V3 Vi
ro=0.23 4 _TEOT (E.9)

TV V4 Vs be

V1 is the cylinder volume at start of compression, Dp is the bore diameter, L; is the stroke length, €. is the
geometric compression ratio determined by cylinder dimensions, r. is the effective compression ratio, which
is determined with the compression stroke effectiveness factor (x.). Ljc is the distance between top of the
cylinder and the piston crown, L, (figure E.1) is cylinder space length when the inlet valve closes, Lgpc is
the cylinder space length when the cylinder is at bottom dead centre position and Lrcp is the cylinder space
length when the cylinder is at top dead centre position. Lcp is the length of the crank rod, alphajc is the
crank angle when the inlet valve closes, Ar¢ is ratio of the crank radius (R¢r) to the length of the connecting
rod, rgo is the ratio of volume between Seiliger point 6 and 1, and r, is the effective expansion ratio between
Seiliger point 6 and 5.
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Figure E.1: Schematic of piston, connecting rod/crank shaft [83]



Thermodynamic properties ICE modeling

Computation steps in thermodynamic properties library for: fuel, air, and stoichiometric gas. The subscript i
denotes the constituent.

El.
1.

2.
3.
4.

5.

Lower heating value
Set volume fractions of species in fuel (y;). This is including a percentage of hydrogen if added.

Set density of constituents (p;).

Determine mass fraction in fuel of constituents (x; = mr;” l).
ue

Determine fuel density based on mass composition.

Set fuel volumetric lower heating value (J m~?) and calculate graviatmetric lower heating value (J kg‘l).

E.2. Stoichiometric air to fuel ratio and mass fractions

1.

2.

3.

4.

Determine mass fractions of constituents in dry air.

Determine mass fraction per element in fuel (C: x¢c, H: xg, S: xg, O: x0).
. L1 s _Mm'r.(ﬂ Xy ﬂ)
Determine stoichiometric ratio: o = Vorair \ Mo + 3t s

Determine mass fractions of the constituents in stoichiometric gas: x; s¢ = X qir - ﬁ

E.3. Gas constant and specific heat capacity of air, fuel and stoichiometric

gas

. Set gas constant per constituent (R;).

Determine gas constant Ry,;;x =Y X; - R;

Set coefficients of polynomial functions of ¢, ; (k) per constituent. Data set is provided by Stapersma, for
more information see: [84].
T )<k—1)

Determine isobaric heat per constituent: cp,; = leg:l cp,i(k)- (m

. Cpmix =L Xi- Cp,i

Cv,mix = Cp,mix — Rmix
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ICE model validation

Three parameter sets (table 5.3) are loaded in the developed MVFP engine model to validate performance.
The model results are compared with results from experiments and detailed engine modeling [20]. It can be
concluded that the MVFP model is predicting accurate engine performance, the maximum deviation is 1.5 %.

The validation is done in three ways: performance calculations, p-V diagram comparison (the model results
are indicated with a "*’, the reference model results are indicated with a '0’), and a comparison of temperature
and pressure at specific points (indicated in bar charts).

For operating natural gas only, see table G.1, figure G.1 and G.2. The results are within 1 % accuracy.

Table G.1: ICE MVFP mode results, operating NG.

Parameter MVFP model Detailed model unit
P, 375.6 375.0 kw
Ne 33.73 33.68 %
6 5
£ 1500 2719
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Figure G.1: p-V diagram, MVFP model (star) and detailed

model (0), operating NG.

Figure G.2: Gas exchange pressure, MVFP model (model) and
measured (red), operating NG.

For operating 10 % hydrogen, 90 % natural gas, see table G.2, figure G.3 and G.4 The results are within 1 %

accuracy.
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Table G.2: ICE MVFP mode results, operating 10HNG.

Parameter MVFP model Detailed model unit
P, 376.8 375.0 kw
Ne 34.43 34.26 %
6 P
70 1500 Pt
ol 3 4 . s
700 18
57 14
2 1000 600
w 2 E w
% “r E IEsoo £
; & § § R
$at g 2 200 ﬁ
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Figure G.3: p-V diagram, MVFP model (star) and detailed

model (0), operating 10HNG.

Figure G.4: Gas exchange pressure, MVFP model (model) and
measured (red), operating 10HNG.

For operating 20 % hydrogen, 80 % natural gas, see table G.3, figure G.5 and G.6. The results are within 1.5

% accuracy.

Table G.3: ICE MVFP mode results, operating 20HNG.

Parameter MVFP model Detailed model unit
P, 380.1 375.0 kw
MNe 35.25 34.77 %
%108 2 10°
7 3 4 1500 2
sk 800 18
700 18
5T 14
2 1000 800
w = E =
% M E g Esoo £1z
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Figure G.5: p-V diagram, MVFP model (star) and detailed

model (0), operating 20HNG.

Figure G.6: Gas exchange pressure, MVFP model (model) and
measured (red), operating 20HNG.
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