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ABSTRACT

Global greenhouse gas emissions should be reduced in the short term, and increas-
ing efficiency in energy and material conversion is crucial for this. Therefore, novel
conversion processes are required and polygeneration in engines poses a possible
solution. However, these processes must also be competitive with the cost of con-

ventional processes.

The aim of this thesis is to evaluate the efficiency and costs of fuel-rich operated
homogeneous charge compression ignition engines for a simultaneous provision of

work, heat, and base chemicals.

In literature fuel-rich operation of conventional spark-ignition engines have been
proven. However, high fuel-air equivalence ratios are required for high yields of
chemicals such as synthesis gas, but then spark-ignition causes misfires due to a re-
duced flame speed. In a few recent works, homogeneous charge compression igniting
seemed promising for achieving high yields and high exergetic efficiencies. However,
a comprehensive study of kinetically feasible and exergetically reasonable operating

conditions in combination with an economic analysis has not yet been conducted.

Consequently, this thesis draws the question what operating conditions are feasi-
ble and reasonable, considering methane containing fuels, and reactive additives like
dimethyl ether and ozone to decrease the required intake temperature and to control
ignition timing. Furthermore, the exergetic efficiencies at those conditions are eval-
uated and the product costs calculated and compared to conventional production

processes.

For this purpose, single-zone and multi-zone engine models have been developed

in Python, as well as complete process concepts including hydrogen separation.



It was found that ozone is the most suitable additive since if used in small
amounts, it decreases the efficiency only slightly, and can be produced on-site. With
reactive additives, the engine can be operated at fuel-rich conditions, up to fuel-air
equivalence ratios of 2. The exergetic efficiency reaches up to 82 % for the engine only
and up to 68 % for a complete process with hydrogen purification and separation.
The pressure swing adsorption process is suitable for the separation of hydrogen and
the resulting hydrogen costs are found in a range of 2.7 €/kg to 7.2 €/kg, which is
competitive to electrolysis processes. To date, conventional steam reforming costs
less than all alternatives. The electricity is produced at low costs of 44 €/MWh to
98 €/MWh and is thus competitive to conventional and renewable power plants.

Biogas can also be converted, and CO5 emissions are then net negative. At very
fuel-rich fuel-air equivalence ratios of 6 and higher, promising amounts of the base
chemical ethylene are also produced.

In conclusion, homogeneous charge compression ignition engines provide elec-
tricity at low costs and hydrogen at competitive costs. Therefore, it is promising to
replace conventional steam reforming plants partially by engines in the near future.
This could reduce the cost of the necessary COs reduction and ensure base load in
the power sector and chemical industry. The flexible operation of the engine could

also contribute to grid stability as the share of renewable energy increases.
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KURZFASSUNG

Die globalen Treibhausgasemissionen sollten kurzfristig gesenkt werden und ein
entscheidender Faktor hierfiir ist die Steigerung der Effizienz bei der Energie- und
Materialumwandlung. Dazu sind neuartige Umwandlungsverfahren erforderlich und
die Polygeneration in Motoren stellt eine mogliche Losung dar. Allerdings miissen
neue Verfahren auch mit den Kosten der konventionellen Verfahren konkurrenzfihig

sein.

Ziel dieser Arbeit ist es daher, den Wirkungsgrad und die Kosten von brennstof-
freich betriebenen Verbrennungsmotoren mit homogener Kompressionsziindung (ho-
mogeneous charge compression ignition, HCCI) fiir eine gleichzeitige Bereitstellung

von Arbeit, Warme und Basischemikalien zu bewerten.

In der Literatur ist der kraftstoffreiche Betrieb von konventionellen Ottomotoren
bereits erfolgreich nachgewiesen worden. Fiir eine hohe Ausbeute an Chemikalien
wie z.B. Synthesegas sind jedoch hohe Brennstoff-Luft-Aquivalenzverhéltnisse er-
forderlich, die bei fremdgeziindeten Motoren zu Fehlziindungen aufgrund einer re-
duzierten Flammengeschwindigkeit fithren. In einigen neueren Arbeiten schien die
homogene Kompressionsziindung vielversprechend, um bei diesen Bedingungen hohe
Ausbeuten und hohe exergetische Wirkungsgrade zu erzielen. Eine umfassende Un-
tersuchung der kinetisch relaisierbaren und exergetisch sinnvollen Betriebsbedin-
gungen in Kombination mit einer wirtschaftlichen Analyse wurde jedoch noch nicht

durchgefiihrt.

In dieser Arbeit wird daher der Frage nachgegangen, welche Betriebsbedingungen
unter Beriicksichtigung von methanhaltigen Kraftstoffen und reaktiven Additiven,

wie Dimethylether und Ozon zur Senkung der erforderlichen Ansaugtemperatur und
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zur Steuerung des Ziindzeitpunkts, realisierbar und sinnvoll sind. Auflerdem wer-
den die exergetischen Wirkungsgrade unter diesen Bedingungen bewertet und die
Produktkosten berechnet und mit konventionellen Produktionsverfahren verglichen.

Zu diesem Zweck wurden Einzonen- und Mehrzonen-Motormodelle in Python
entwickelt, sowie komplette Prozesskonzepte einschliefilich Wasserstoffabtrennung.

Es zeigte sich, dass Ozon das am besten geeignete Additiv ist, da es in gerin-
gen Mengen eingesetzt den Wirkungsgrad nur geringfiigig verringert und vor Ort
hergestellt werden kann. Mit reaktiven Additiven kann der Motor unter kraftstof-
freichen Bedingungen bis zu einem Brennstoff-Luft-Aquivalenzverhéltnis von 2 be-
trieben werden. Der exergetische Wirkungsgrad erreicht bis zu 82 % fiir den Motor
und bis zu 68 % fiir einen vollstdndigen Prozess mit Wasserstoffreinigung und -
abtrennung. Das Druckwechseladsorptionsverfahren eignet sich fiir die Abtrennung
von Wasserstoff und die resultierenden Wasserstoffkosten liegen in einem Bereich
von 2,7 €/kg bis 7,2 €/kg, was mit Elektrolyseverfahren konkurrenzfahig ist. Bis-
lang ist die konventionelle Dampfreformierung kostengiinstiger als alle Alternativen.
Der Strom wird zu niedrigen Kosten von 44 €/MWh bis 98 €/MWh erzeugt und
ist damit wettbewerbsfiahig zu konventionellen und erneuerbaren Kraftwerken.

Auch Biogas kann umgewandelt werden und die COs-Emissionen sind dann
netto negativ. Bei sehr brennstoffreichen Brennstoff-Luft-Aquivalenzverhéltnissen
von 6 und mehr werden auch vielversprechende Mengen der Basischemikalie Ethylen
erzeugt.

Zusammenfassend ldsst sich sagen, dass Motoren mit homogener Kompressionsziindung
Strom zu niedrigen Kosten und Wasserstoff zu wettbewerbsfahigen Kosten liefern
konnen. Daher ist es vielversprechend, konventionelle Dampfreformierungsanlagen
in naher Zukunft teilweise durch Motoren zu ersetzen. Dies konnte die Kosten
der notwendigen COs-Reduktion senken und die Grundlast im Stromsektor und der
chemischen Industrie sicherstellen. Der flexible Betrieb des Motors konnte aulerdem

zur Netzstabilitat beitragen, wenn der Anteil der erneuerbaren Energien steigt.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

The reduction of greenhouse gas emissions has become one of the most important
tasks in the field of engineering in recent decades and thus, in the literature, many
researches have addressed this topic. Some works cited more frequently than average
are those of Nakicenovic et al. in 1993 [!], Yamasaki in 2003 [?], and Rogelj et al.
in 2016 [}]. Motivated by scientific findings, policymakers have concluded several
contracts to counteract the emissions-induced climate change. The first contracts
were signed in the 1990s, such as the United Nations Framework Convention on
Climate Change (UNFCCC) in 1992 [!] and the Kyoto protocol in 1997 [7], which
set greenhouse gas emission reduction goals and established systems for emission
trading between the participating countries. Until now, these agreements formed the
basis for the further development of emission reduction targets. In 2015, the United
Nations defined 17 sustainable development goals to address the most important
challenges of human society [(]. One of these goals was defined as climate action
[7], which includes the implementation of the UNFCCC in country policies.

In contrast to the increasingly restrictive emission targets, the global primary
energy consumption has risen since then and with it greenhouse gas emissions [*].
The usage of fossil fuels increased from 71.4 TWh in 1980 by 94.4 % to 138.8 TWh
in 2021 [¢]. This includes mainly coal, oil, natural gas, and nuclear fuels. At the
same time, the total primary energy consumption increased from 83.2 to 159.0 TWh
(+91.1 %). The share of coal, oil, gas, and nuclear fuels consistently decreased, but
they were still high in 2021 with a total of 87.3 %.

This ongoing development leads to increasing COs emissions as well, which in-
creased from 19.5 Gt in 1980 to 36.7 Gt in 2019 (+88.2%) [J]. The total greenhouse
gas emission were 49.8 Gt (COg-equivalent) in 2019 [10]. According to the United
Nations Environment Programme (UNEP) this number has to decrease at least to
39 Gt until 2030 to limit the global warming below 2.0 °C, while stating that without
further countermeasures an increase to 55.0 Gt is expected until 2030 [ 1].

Consequently, greater efforts are needed to achieve a significant reduction. Ac-
cording to the Institute of Environmental Management and Assessment (IEMA)

[12], the following steps should be conducted regarding greenhouse gas emissions, in
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1.1. Motivation

an hierarchical order: avoid, reduce, substitute, compensate. Avoidance of green-
house gas emission means that, whenever possible, alternative or new operation
methods or products should be developed. Moreover, the emissions should be re-
duced by increasing the efficiency of energy usage, and also technologies using fossil
energy carriers should be substituted by renewable or low-carbon technologies. Fi-
nally, if these three measures are applied, residual or unavoidable emissions should
be compensated, for instance by investing in projects which reduce greenhouse gas

emissions equivalently.

Where avoidance is impossible, conventional processes should be improved in
efficiency or replaced by novel low-carbon technologies. Hence, the expansion of
technologies with so-called renewable sources, which utilizes energy sources such as
solar radiation, wind energy, and biomass, is an ongoing process. However, according
to the data previously presented, it is not expected that a large proportion of fossil
fuels can be replaced by renewables in the short term. The global share of renewable
energy sources (RES) in primary energy consumption was 5.7 % in 2021, up only
slightly from 2.2 % in 1980. The highest rate of worldwide RES increase per year
was recently in 2020 with an increase of 1.22%-pts [13]. With this rate, a 50 % share
could be expected in 2032.

However, even in a very ambitious scenario in which global emissions are reduced
by two-thirds in 2050 compared to 2020, full coverage by renewables is not feasible
[11]. According to the International Renewable Energy Agency, in this scenario,
52 % of the emission reduction would be achieved through the expansion of renew-
able energies, but the authors also forecast a 27 % share through energy efficiency
improvements in the energy, industry, transportation, and buildings sectors, and by
switching fuels in the transport sector to electric power and blue and green hydro-
gen. Therefore, solutions must be found in the short term to increase the conversion

efficiency of primary energy carriers.

As a countermeasure to reduce greenhouse gas emissions, improving energy ef-
ficiency has been studied for decades and significant progress has been made. For
instance, the average efficiency of thermal power plants in the European Union im-
proved by 7.5 %-points to 49.7 % from 1990 to 2016 [15]. Furthermore, cogeneration
of heat and power increases energy efficiency, either in coal and natural gas power
plants or by using stationary internal combustion (IC) engines. In this comparison,
the advantages of IC engines are low costs and high flexibility, in terms of load
change, and their on-site applicability. They also achieve energy efficiencies of more
than 90 % [10]. Therefore, disused gas or oil boilers are often replaced by IC en-

gines for combined heat and power generation, with the investment being amortized
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within a few years [ 7].

To evaluate the potential of increasing conversion efficiency, the end energy usage
of fossil fuels has to be known. According to the International Energy Agency (IAE)
[1%], five major end energies exist. In 2019, 40.4 % of the end energy were oil products
like gasoline and diesel, 19.7 % electricity, 16.3 % natural gas, 10.4 % biomass and
biofuels, and 9.5 % coal. The oil and natural gas share in the end energy use is
significant with 56.7 %. However, oil and natural gas cannot be completely replaced
by carbon-free sources since they are not only used for energy conversion to work and
heat, but also for chemical conversion. In 2019 the chemical industry required 14 %,
8 %, and 2 % of the global oil, natural gas, and coal to produce base chemicals such
as synthesis gas (a mixture of hydrogen and carbon monoxide), ethylene, propylene,
methanol, and ammonia [/9]. From that, plastics, resins, solvents, fertilizers, and
most of all other chemicals for modern life are produced. Moreover, about 6.8 %
of the global green house gas emission can be attributed to non-energy use [!3].
Therefore, it seems reasonable to not only increase energy conversion efficiency,
but also chemical conversion efficiency, since power-to-liquid technologies are not

expected to replace fossil fuel feedstocks in the near future.

1.2 Polygeneration in fuel-rich operated engines

A promising approach to increase the conversion efficiency from primary energy
carriers to end products, like electricity and chemicals, is to produce multiple prod-
ucts simultaneously, which can include different energy and material streams at the
same time. This is in general called polygeneration and presents an emerging re-
search field. Since 2005 publications including the keyword ”polygeneration” rose

consistently from 11 per year to a maximum of 302 per year in 2021 [20].

Dincer et al. state that the energy efficiency increases with the number of product
outputs, e.g. a cogeneration of heat and power can be enhanced to a trigeneration

system by producing hydrogen in an additional process step [21].

A comprehensive review about polygeneration was published by Calise et al. [27]
in 2022. According to the authors, polygeneration systems discussed in the literature
are mostly a combination of at least two energy or chemical conversion systems,
in which one conversion system is the main component. Often, a combination of
renewable technologies and conventional technologies is investigated, for instance
using solar power to reduce the amount of fossil fuels needed. They also state that
the most widely used components for small- and medium-scale energy conversion

are internal combustion (IC) engines, since they are cheap, robust, and run with
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various fuels (biogas, biodiesel, and different compositions of biogas). Additionally,
for high energy efficiency, the heat must be utilized on-site, e.g. for heating or for

driving adsorption chillers for cooling.

It must be noted that IC engines convert chemical exergy into exergy of heat
and therefore lead to significant exergy losses. Sala et al. conducted an exergy
analysis of a medium-scale diesel engine cogeneration plant with a power output of
903 kW in 2006 and found an exergetic efficiency of up to 47.3 % [23], which is a
difference of up to 42.7 %-points to the energy efficiency. For a large-scale diesel
engine with 5.76 MW power output Yildirim et al. found an even lower exergetic
efficiency below 40 % [21].

Consequently, the chemical exergy of methane-based fuels should be converted
more efficiently, e.g. by producing base chemicals like synthesis gas as an addi-
tional product of the IC engine process. Typically, steam reforming (SMR) is used
for converting natural gas to synthesis gas, but also partial oxidation (POX) and
autothermal reforming (ATR) is feasible [20]. In the case of steam reforming the

exergetic efficiency reaches values of up to 63 % [20].

In 1956 Szeszich et al. proved that partial oxidation of methane for synthesis
gas production in spark-ignition (SI) engines is feasible [27]. Over the years there
have been a few other works showing that in principle synthesis gas can be produced

from methane-containing fuels in SI engines [2%, 29].

However, SI operation is limited by reduced flame propagation at high fuel-air
equivalence ratios (¢). Wiemann et al. [30] found that SI engines engines work at
equivalence ratios of up to 1.56, but a further increase in the equivalence ratio leads
to misfires. Since homogeneous charge compression ignition (HCCI) engines were
already well known from fuel-lean operation [}!], it was assumed that they might
present an alternative for fuel-rich processes, since they are not dependent on flame
propagation, but on chemical kinetics. Therefore, Wiemann et al. investigated the
engine in HCCI mode experimentally and achieved stable operation at equivalence
ratios of up to 2.4. A comprehensive review about recent progress in fuel-reforming
in IC engines was provided by Tartakovsky et al. in 2018 [32].

It must be considered that HCCI operation also poses challenges. The operation
of spark-ignition engines is limited by flame propagation and thus controlled by
the ignition timing of the spark-plug. On the contrary, HCCI depends solely on
the chemical kinetics for autoignition of the fuel-air mixture. Therefore, achieving
ignition and controlling ignition timing was investigated thoroughly in the literature,
especially for fuel-lean operated HCCI engines. Several solutions exist: exhaust gas

recirculation, preheating, pilot injection, turbocharging, fast thermal management,
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variable compression ratio, and the usage of reactive additives [33]. Wiemann et al.
used a preheating of the intake gas at 120 °C and n-heptane as reactive additive
and Hegner et al. [31] investigated exhaust gas recirculation theoretically. These
measures can be easily implemented and investigated experimentally. Therefore,
exhaust gas recirculation, preheating, and reactive additives were also investigated

in this work.

1.3 Exergoeconomic analysis

As discussed before, it has been known for decades that polygeneration in IC
engines is generally feasible. Moreover, first studies demonstrated that the HCCI
mode is promising for operation in fuel-rich conditions. However, only if polygen-
eration in HCCI engines is competitive in terms of both efficiency and costs, it
can be considered as a viable solution for reducing greenhouse gas emissions in the
short to medium term. Consequently, relying only on kinetic and thermodynamic
investigations is questionable, and exergetic and economic evaluations should also

be performed.

In this context, Oh et al. compared steam reforming, autothermal reforming, and
partial oxidation for producing hydrogen for fuel-cell applications in 2018 theoreti-
cally [35]. The partial oxidation was conducted in an reactor and, for comparison,
in a fuel-rich operated HCCI engine. In this comparison the engine increased the
exergetic efficiency of the overall system by up to 6.0 %-pts, achieving a value of
51.9 %. These results indicate that fuel-rich operated HCCI engines are promising

alternatives to conventional reforming processes.

Nevertheless, until the writing of this thesis, there was no thorough analysis
considering exergetic efficiency and economics of an HCCI engine polygeneration
process. To make meaningful statements about the competitiveness of the polygen-
eration process using HCCI engines, a separation of the products from the product
gas mixture of the engine must also be considered. Therefore, two process flow con-
cepts were developed in this work, including water-gas shift reactors for hydrogen
enrichment and two different separation technologies. The separation of hydrogen
by a palladium membrane was compared with a standard technology, pressure swing

adsorption.

The two process concepts were analyzed by applying the Specific Exergy Costing
Method (SPECO) [20], which associates each exergy stream with its specific costs.
Although the SPECO approach is the most commonly used, there are several others.

For a brief comparison it is referred to the work of Lazzaretto and Tsatsaronis [0].
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The authors emphasize that the definition of fuel and product streams, which is im-
portant for the following analysis, is unambiguous in the SPECO method compared
to the other methods.

By applying the SPECO approach, each component of a system is analyzed by
solving a cost balance based on the costs of the exergy and the component costs; in-
stead of an energy balance. This procedure is called exergoeconomic analysis and is
primarily aimed at identifying the components with the highest exergy destruction
costs and the highest investments. The analysis also indicates which improvements
in terms of efficiency increases or investment cost reductions are promising. It fur-
thermore enables the calculation of the specific costs of the products of the system,
for instance electricity, heat, and hydrogen in this work. Exergoeconomic analyses
have been applied for a variety of processes in the last decades. Some examples
are cogeneration plants [17], combined Brayton/organic rankine cycles [3%], solar-

geothermal polygeneration systems [9], and fuel cell systems [10].

1.4 Research questions and structure of this work

This thesis is a cumulative thesis, meaning that each chapter represents a pub-
lished work. At the beginning of each chapter, an introduction is given that sets each
publication in the overall context of the thesis. In addition, my own contributions
to each publication are highlighted.

As discussed above, no exergetic or exergoeconomic analysis of fuel-rich poly-
generation in HCCI engines has been performed to date. Therefore, this thesis aims

to answer the following research questions:

1. Are there promising and feasible operating conditions for polygeneration of

work, heat, and chemicals?

2. What are the most important underlying kinetic mechanisms of the methane

ignition considering additive interactions?

3. What is the resulting exergetic efficiency and how does it compare to conven-

tional processes such as steam reforming and cogeneration?

4. Under what conditions is an overall process concept for the provision of work,
heat, and chemicals feasible and favorable, taking into account exergetic effi-

ciency and product costs?

5. What are the main parameters that determine the exergoeconomic results of

the overall process?
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1.4. Research questions and structure of this work

The first two research questions are addressed in chapters 2, 3, and 4, as pre-
sented in figure 1.1. In chapter 2, dimethyl ether (DME) as an additive for fuel-rich
combustion of methane is investigated experimentally and theoretically. In chap-
ter 3, the work is expanded towards using ozone as additive and replacing DME
partially. To understand the effect of ozone on the ignition kinetics in fuel-rich op-
eration, reaction pathways are analyzed. Chapter 4 bridges the gap between research
question two and three: the exergetic efficiency of DME and ozone production are
considered and their influence on the overall efficiency is evaluated.

Subsequently, to answer the last two research questions, process concepts were
developed and exergoeconomically evaluated. In chapter 5, a first approach with a
small-scale engine and a palladium membrane for hydrogen separation is presented.
Afterwards, chapter 6 focuses on an improved process concept with a large-scale,
industrial-sized engine and a comparison between palladium membrane and pressure
swing adsorption (PSA). Moreover, the influence of the input parameters on the
exergoeconomic results are discussed, and the specific product costs are compared to
conventional processes, including their uncertainty by performing global sensitivity
analyses.

In chapters 7 and 8, two alternative approaches are investigated: biogas as fuel
and very fuel-rich natural gas mixtures. In chapter 7, biogas is used as fuel and
compared to neat methane, to evaluate the feasibility and the exergetic efficiency of
the process. In chapter 8, the investigation is expanded to very fuel-rich mixtures
of ¢ up to 10 to evaluate the production of higher hydrocarbons such as acetylene,
ethylene, and benzene.

Finally, conclusions are drawn for all results presented in this thesis, limitations

are discussed, and an outlook for future research is given.

Note

Since I got married in 2020 and my name changed from Schrdder to Freund, the
name Schroder appears in the chapters that contain my work written before that
date.



CHAPTER 2

PARTIAL OXIDATION OF FUEL-RICH METHANE/DME
MIXTURES IN AN HCCI ENGINE

This chapter was originally published in:

K. Banke, R. Hegner, D. Schréder, C. Schulz, B. Atakan, S. A. Kaiser. Power and
syngas production from partial oxidation of fuel-rich methane/DME mixtures in an
HCCI engine. Fuel 243 (2019) 97-103. DOI: 10.1016/j.fuel.2019.01.076.

Introduction to the first paper

The fuel-rich operation of methane in an internal combustion (IC) engine to
provide work, heat, and synthesis gas was proven experimentally by Wiemann et al.
in 2018 [20]. The authors initially used the spark-ignition (SI) mode and observed
misfires if the fuel-air equivalence ratio was increased to 1.6 and higher. Therefore,
they changed the combustion mode to HCCI and achieved stable operation. To
achieve ignition, n-heptane was successfully utilized as a reactive additive.

In this chapter, dimethyl ether (DME) is firstly used experimentally to achieve
ignition of methane in an HCCI engine at fuel rich conditions (¢ = 1.55-2.38). DME
was chosen, since in contrast to n-heptane, it can be produced from biomass and
thus reduce the CO2 emissions associated with the engine operation. The engine
was also modelled using a zero-dimensional single-zone engine model, which was
developed in Python to evaluate the product yields and the exergetic efficiency.
The key contributions of this work to the state of the art can be summarized as

follows:

— DME was confirmed as a suitable additive for fuel-rich methane ignition.

— In methane/DME mixtures, methane acts as an inert gas until a certain tem-
perature is achieved. Therefore, evaluation of the DME equivalence ratio is

crucial for correct ignition timing predictions.

— High synthesis gas selectivities of up to 78 % (Hz) and 79 % (CO) are achieved
at ¢ = 2.34.


https://doi.org/10.1016/j.fuel.2019.01.076

2.1. Abstract

— A method is presented to identify stable operation conditions in fuel-rich HCCI

experiments.

Author contributions to the first paper

The experiments were conducted by Kai Banke, who also wrote most of the
manuscript. Robert Hegner developed the single-zone engine model in Python and
initially performed the simulations. My contribution was the recalculation of all
simulated results during the revision of the paper and reworking all figures containing
simulated data. Furthermore, I investigated the sensitivity of the intake temperature
on the outcomes and wrote the according section of the manuscript. Sebastian Kaiser
and Burak Atakan were involved in the analysis of the data and the revision of the

manuscript. They were also responsible for the supervision of the project.

Table 2.1: Author contributions for chapter 2 following the CRediT author state-
ment methodology [!1].

Author Banke Hegner Freund Atakan Kaiser
Conceptualization v v v
Methodology v v v

Software v v

Validation v v v

Formal analysis v v v

Investigation (simulation) v v

Investigation (experiments) v

Resources v v
Data curation v v v

Writing - Original draft v v v

Writing - Review & editing v v
Visualization v v v

Supervision v v
Project administration v v
Funding acquisition v v

2.1 Abstract

Polygeneration is the coupling of energy conversion and conversion towards use-
ful chemicals, providing a route towards more flexible and efficient energy systems.
In this work, we explore a particular concept of polygeneration using an internal
combustion engine as a reactor for partial oxidation to generate synthesis gas in vari-
able combinations with mechanical work and heat. Experiments were performed in a

single-cylinder engine operated in homogeneous charge compression ignition (HCCT)
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mode on a mixture of methane and air with dimethyl ether (DME) as a reactivity-
enhancing additive. For intake temperature from 100 to 190 °C, the range of stable,
non-sooting operation with acceptable pressure-rise rates was determined in terms
of equivalence ratio and DME mole fraction in the fuel. At 150 °C intake temper-
ature, 8.7 to 9.5 % DME were needed to stabilize operation at equivalence ratios
between about 1.3 and 2.7.

Experimental results from fuel-rich conditions with equivalence ratios ranging
from 1.65 to 2.34 were compared to simulations with a homogeneous, single-zone
engine model. The concept of exergy was used to investigate the thermodynamic
performance of the polygeneration engine. The effect of the equivalence ratio on
work and heat output, thermal and exergetic efficiency, and selectivity towards
useful product species was investigated. In the experiments a work output of up to
160 J (¢ = 1.65) per cycle (IMEP = 4.82 bar) and exergetic efficiencies of up to
81.5 % (¢ = 2.34) were achieved. The simultaneous generation of synthesis gas had
a selectivity of up to 72 % for hydrogen and 79 % for carbon monoxide (both at
¢ = 2.34).

2.2 Introduction

Fossil fuels are still an essential part of today’s energy supply, in particular con-
tributing most of the base load. The limited availability of these resources and
efforts to reduce CO2 emissions encourage the development of flexible and efficient
energy conversion schemes. In the case of internal combustion (IC) engines, flex-
ibility means varying the engine load, which is usually associated with decreasing
efficiency. Alternatively, the part-load efficiency could be increased by only partially
oxidizing the fuel, thus simultaneously generating a reduced amount of work while

producing useful chemicals.

Such processes, coupling energy conversion and chemical conversion, are usually
called “polygeneration”. Common polygeneration processes couple power cycles or
another means of power generation with chemical conversion or thermal separation
process, e.g., steel or methanol production [12—11]. In contrast, it is also possible to
modify a single, integral process — e.g., IC-engine combustion — to obtain variable
ratios of mechanical work, process heat, and chemicals. Operating an engine with
partial oxidation allows to quickly reduce its work output in favor of generating

chemicals that maintain a part of the fuel exergy.

In initial studies on synthesis-gas generation in engines, Karim et al. [15] used

Diesel-fuel pilot injection to achieve ignition. They demonstrated syngas (sum of
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Hs and CO) production with dry-gas mole fractions of up to 80 % at ¢ = 2.4.

Yang et al. [10] operated an HCCI engine at 3.1 < ¢ < 9.1 and achieved
syngas mole fractions of 27 %, while Szeszich investigated spark ignition (SI) of
CHy4 resulting in up to 90 % syngas [27]. While these experiments demonstrated
the feasibility of syngas generation in engines, some relied on highly (up to 90 %
Og-enriched air to prevent misfires. High pressure-rise rates limited the range of
operating conditions and none of the studies discussed how the additional oxygen
could be provided.

Experiments with air were conducted by McMillian and Lawson, who investi-
gated a fuel-rich natural-gas SI process, but also modeled an HCCI process [2%].
With SI, they successfully produced syngas (up to 21 % at ¢ = 1.62).

In investigations with the more conventional goal of reducing emissions from
vehicle engines, it was shown that in SI multi-cylinder engines operating one engine
cylinder fuel-rich and transferring the generated syngas to the other, stoichiometri-
cally operated cylinders can improve combustion characteristics [29].

A recent review discusses a broad range of in-cylinder fuel-reforming processes
[52].

In previous work, we theoretically investigated HCCI engine operation over a
wide range of equivalence ratios (0.5 < ¢ < 10), supported by experiments in a
rapid compression machine (RCM) [17] with 10 mol% DME as a reactivity-enhancing
additive. Besides synthesis gas, up to 1 % CoHy was formed at ¢ = 7. A poly-
generation concept was developed based on fuel-rich HCCI combustion, including
product-gas treatment [21]. This process provides flexible amounts of power and Hy
by varying the amount of recirculated product (exhaust) gas.

In experiment and simulation, Wiemann et al. compared fuel-rich SI and HCCI
operation to fuel-lean combustion [20]. To achieve autoignition of methane, 5 mol%
n-heptane was used as additive. An exergetic efficiency of 45 % was achieved at
¢ = 0.72 and 81 % at ¢ = 2.42. While SI led to misfires at ¢ > 1.5, HCCI enabled
operation up to ¢ = 2.42, where soot formation became the limiting factor. Because
of the potential for stable and efficient fuel-rich operation, we focus on HCCI in the
current work. As a reactive additive, DME is used here, representing a class of fuel
compounds that can be derived from biomass [1%, 19].

Expanding on our previous work, we determine the limits of stable HCCI oper-
ation with a systematic variation of the additive concentration and intake temper-
ature. Within the stable operating range, we evaluate product yields and exergetic
efficiencies of the engine process. Experimental results are compared to those from

simulations using a single-zone engine model in terms of work and heat output,
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thermal and exergetic efficiency, and selectivity towards useful product species.

2.3 Experiment and model
Engine instrumentation and operation

The experiment is similar to that in Ref. [20]. Thus, only a brief summary
is given here (Fig. 2.1). A single-cylinder BASF-type octane-number test en-
gine was modified to run on gaseous fuels. The in-cylinder pressure was recorded
as a function of the crank angle (°CA). Except for water, which is condensed
at 3 °C and removed before analysis, and N2, the major product-stream species
(Hz, CO, CHy, COg9, 02, CoHy) were detected with an exhaust-gas analyzer (ABB,
Type Advance Optima 2020). Soot was monitored with a filter smoke meter (AVL
415S).

Gaseous CHy and DME were metered by mass-flow controllers (MFC), electri-
cally heated from 100 to 190 °C, and continuously injected into the intake manifold.
The overall equivalence ratio ¢ is calculated from Eq. 2.1 with all volume flows at

standard conditions.

B 0.21Vyr
2V0H4,m + 3VDME,m

¢

(2.1)

The engine was operated at 1.2 < ¢ < 2.8 under the conditions listed in Table
2.2. DME was added to the methane fuel at 5.9-11.2 mol%. Before recording data,
the engine was run in SI mode on CH4 until the coolant reached 100 °C. HCCI was
then initiated by adding DME to the mixture. Data recording was started once the
measured product-gas composition was stable. For each experiment, the intake flow
rates, product-gas mole fractions, temperatures, and 140 cycles of pressure data were
recorded. The indicated mean effective pressure (IMEP) and the maximum pressure-
rise rate (PRRq.) were calculated for each cycle and averaged over all cycles. The
coefficient of variation (CoV) is usually calculated as the standard deviation of
IMEP divided by its mean over a series of cycles. Here, instead of using IMEP, the
difference of IMEP of a single cycle and IMEP of a motored cycle was used. This
yields a metric that is more closely correlated with combustion instability. The
apparent heat release rate was calculated from the averaged pressure trace without
taking into account heat losses. From this, the center of combustion (CA50) was
determined, i.e., the crank angle at which the cumulative heat release reaches 50 %

of its eventual total.
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Figure 2.1: Instrumentation and fuel supply of the single-cylinder engine.

Table 2.2: Engine properties and operating conditions.

Engine parameter Value

Engine type 4-stroke 2-valve single cylinder
Fuel CH4 + CH30CHj3
Displacement 332 cm?

Bore/stroke 65/100 mm

Connecting rod length 200 mm

Compression ratio 10

Engine speed 600 min~*

Intake temperature 100-190 °C

Intake pressure 1 bar

Coolant temperature 100 °C

Engine model

The in-cylinder processes were simulated with spatially-homogeneous time-dependent
chemical kinetics considering the compression and expansion strokes, starting at bot-
tom dead center with closed valves. The reactor model in Cantera within Python
[00] was used for modeling with a detailed reaction mechanism from Yasunaga
et al. (214 species, 1216 reactions) [51, 52]. For this mechanism, experiments
in shock tubes, RCMs, and flow reactors showed good agreement between sim-
ulation and experiment in terms of ignition delay time and product gas species
(CH4, DME, Ha, HyO, CO4, CO) for DME/CH, mixtures at ¢ = 2 [53-506]. The en-
gine model developed here, described in more detail in [20], is based on solving
the time-dependent differential equations for conservation of species and energy. It
includes wall heat transfer and residual-gas content and is comparable to the single-
zone model by Caton and Zheng [77]. Engine parameters and intake conditions were
taken from the experiment.

Heat transfer was estimated using Woschni’s formulae (Egs. (2.2) and (2.3)) for
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Table 2.3: Parameters for the heat-transfer estimate according to Woschni [55].

Woschni-parameter Value

C 127.9
r 0.53
Cq 2.557
Cs 0.4354
the convective heat transfer coefficient o [7%] as a function of temperature 7' and

pressure p in the combustion chamber.

o = Cd—0.2p0.8,w0.8T—7‘ (22)

The values of the constants used here are listed in Table 2.3. In Eq. (2.2), d is
the diameter of the cylinder and w is a corrected velocity accounting for turbulence

during combustion, calculated as

(p — pa) (2.3)

where Vp is the cylinder displacement, Ty, Vj, po are the temperature, volume
(in SI base units), and pressure at the beginning of compression, py is the motored
pressure (both in bar) and w is the mean piston speed. The factor Cy was adjusted
to match the total heat transfer derived from the energy balance of the experiment
at ¢ = 1.65. This set of constants was then used for all other simulations. Even
though in general the Woschni model is known to be inaccurate for predicting heat
transfer for HCCI modeling [59—(1], here, it yielded total heat losses matching the
experimentally determined ones, possibly because a does not vary much across our
experiments.

The mass of residual gas remaining in the cylinder mprc was estimated as that
of the product gas (temperature, pressure, and composition at bottom-dead center
of the expansion stroke) filling the clearance volume of the cylinder (i.e., the volume
at top-dead center). This mass is then subsequently adiabatically mixed with the
experimentally determined fresh-gas mass mpg with the intake temperature T,,;.
This simple “empty-and-fill” model is considered sufficient here since the engine does
not have valve overlap and the exhaust valve closes near top-dead center. By this
estimate, about 10 % (by mass) of gas from the previous cycle remain in the cylinder
and mix with the fresh charge of the next cycle. In other words, multiple cycles were
simulated transferring 10 % of the product gas to the next cycle. For each cycle, the
initial temperature for the simulation was the adiabatic mixing temperature of fresh

charge and residual gas. The product-gas composition, work and heat output, and
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exergetic and thermal efficiencies were then averaged over 20 simulated cycles. The
total heat transferred to the coolant was calculated by summing over the incremental

heat transfer estimated via Woschni’s approach at each step of the simulation.

Exergy balance and selectivity

Conventionally, the exhaust gas of ICEs mainly contains the products of com-
plete combustion. The product gas in polygeneration in contrast contains useful
species and thus remaining chemical and internal energy that is evaluated by cal-
culating the exergy flows entering and leaving the system. Unlike energy, exergy
can be destroyed. The corresponding exergy losses, caused by irreversibilities, were
used to evaluate how well the fuel exergy is converted to work or conserved in the
product gas. The losses in exergy F; are calculated based on the Gouy-Stodola
theorem (E; = TgurSirr) [02] from the ambient temperature Ty, (298 K) and the
entropy generation S;,.. over the engine cycle. The corresponding exergetic efficiency
Nex 18 determined by Eq. (4) under the assumption that exergetically valuable out-
puts (work, heat, product gas) are used outside the engine and not lost to the
environment. The exhaust enthalpy is included among the useful outputs assuming
that in the envisioned stationary applications the product gas also provides process
heat. The specific chemical exergies of methane ecp, = 52.3 MJ/kg and DME
epme = 30.9 MJ/kg were taken from [063].

E;
New = 1 — (2.4)
MCH,€CH, T MDMEEDME

The experimental data were used to calculate the work output, the heat trans-
ferred to the cooling water, and the exergetic efficiency using the thermodynamic
data available through the Cantera modules together with the first and second laws
of thermodynamics, as detailed in [30].

Selectivity is a useful metric to compare chemical conversion in simulation and
experiment. However, the present gas analysis cannot determine the fractions of
water, nitrogen, and higher hydrocarbons (other than ethylene) in the product gas,
thus, the outgoing molar product flow 7" cannot be calculated. Some assumptions
where made to calculate conversions and selectivities. The first assumption is that
the additive’s conversion is equal to the methane conversion. Combustion quenching
near walls and in particular in crevices results in low temperatures that stop both
the conversion of methane and DME. This assumption is supported by preliminary
gas chromatography measurements in the product gas that in fact show similar

methane and DME conversion. These measurements also showed that at ¢ = 1.9 the
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mole fraction of higher hydrocarbons (except for DME and CoHy) in the product
gas was negligible, which we then assumed to be true for all of the current data
evaluation. This may lead to increasing uncertainties for ¢ > 2, because soot
production increases, which also implies increased formation of acetylene, benzene,
and other soot precursors.

The remaining unknown mole fractions in the product stream are that of nitro-
gen, x/]/vQ, and water, x;bo. These were calculated based on the species balance for
hydrogen, Eq. (2.5), and condition that all product mole fractions add to unity Eq.
(2.6). Only the hydrogen balance is used here because the oxygen measurement has

lower accuracy.
n (2zop, +3rpyup) =1 2zcy, +3TpyE + 220y, + Thy0) (2.5)

" 1" " " " 4 1 17 " 11
1= Z T = TN, t T, tTop, +Toum, Yoo, T oo+ 120, +Th0 tTpyp (2-6)

2

The outgoing molar flow 7" can be calculated from the known mass flow 7

through the engine and the mean molar mass of the product flow M,,.,,,, which is
again a function of the mole fractions x;/.
" m
n =-— (2.7)
Mmean

For convenience, this system of equations was solved numerically. Then n s
used to determine conversions X;, yields Y;, and selectivities S; as defined in Egs.
(8)—(10) with v; being the number of molecules of species i formed by theoretical
total conversion of the fuel towards this species and the incoming and outgoing

. . i R .
molar flow of species i, ri; and 7i; , respectively.

L 7z

S; (2.10)

B Xfuel

This procedure results in conversions, yields, and selectivities that include the

error of the hydrogen measurement.
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2.4. Results and discussion

2.4 Results and discussion
Operating envelope and mixture reactivity

Since HCCI combustion is controlled kinetically, engine operation mainly de-
pends on equivalence ratio, fuel composition, and the temperature-pressure his-
tory. With CHy4 as the base fuel, some DME is needed for autoignition, but too
much of it may over-advance combustion phasing, leading to excessive pressure-
rise rates that potentially damage the engine. For determining DME concentra-
tions for “acceptable” engine operation, two criteria were set: CoV < 5%, and
PRRyae < 10 bar/°CA. The dependence of the engine operation on the DME
mole fraction was evaluated in an experiment with 8.17 standard liters per minute
(slm) CH4. The DME flow was increased stepwise from 0.5 to 1.0 slm in 0.05-slm
increments, corresponding to 5.9-11.2 mol% DME in the fuel. This also led to a
change of ¢ from 1.66 to 1.84, however, as we will see, ¢ has much less influence on
the engine operation than the DME concentration. The results for IMEP, CoV, and
PRR,, .. are shown in Fig. 2.2a as a function of DME mole fraction while Fig. 2.2b
shows the combustion phasing as CA50 in °CA after top dead center. For negative

IMEP, CA50 was not considered meaningful and is suppressed in the plot.

Error bars are calculated from the specification of the MFCs, the pressure sensor,
and the air-flow meter. At low DME concentrations, no ignition occurs, resulting
in a negative IMEP. Increasing xpyp to ~7 % leads to sporadically firing cycles
and high CoV. Further increase in xpysg results in a higher number of firing cycles
and increasing IMEP. The xpy g at the exact operating limits was determined
by interpolation. The lower limit (CoV = 5 %) is reached at xpyrp = 8.6 %.
At zpyr = 9.1 %, the first data point within the limits for acceptable engine
operation was recorded. Increasing xppsg even further leads to higher pressure-rise
rates, because ignition shifts to earlier crank angles. At about xpy g = 9.8 %, the
pressure-rise rate exceeds the limit of 10 bar/°CA. As expected, adding more DME
advances the combustion phasing, with stable operation concurring with a CA50
around 15 °CA.

For further investigation, this operability scan was abbreviated and performed
for different CH4 flows just until a CoV < 5 % could be established before recording
was started. Using higher xpjsgp was not beneficial, because it led to lower IMEP
and higher PRR,,,,. This results in the choice of the lowest xpyrr (in this exam-
ple 9.1 %) within the operating limits. This scan in the DME mole fraction was
performed for methane flows from 6.17 to 11.67 slm in 0.5 slm increments and four
intake temperatures (100, 130, 150, and 190 °C, see Fig. 2.3).
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Figure 2.2: a) IMEP, CoV, and PRR,qz, and b) CA50, all for varying xpag at a
constant methane flow of 8.17 slm and an intake temperature of 150 °C. The white
region in the graph marks acceptable engine operation, dashed lines mark the limits
for acceptable CoV and PRR 4z

The lower limit of the investigated equivalence ratios is given by excessive PRR.
At this limit, adding sufficient amounts of additive to fulfil the CoV criterion resulted
in exceeding the PRR limit. The upper limit is given by excessive soot formation at
high equivalence ratios. The required amount of DME is highest for the lowest intake
temperature, 100 °C, which is expected because the mixture reactivity is lowest
here. At higher temperatures, no systematic correlation between required zpyg
and intake temperature was found. Considering error bars, for intake temperatures
higher than 100 °C and at equivalence ratios around 2, the required DME mole
fraction does not significantly depend on temperature. At all temperatures, less
DME is needed both at low and at high ¢. The decrease for low ¢ is steep and results
from the increasing sensitivity of the PRR to xpjy/p and increasing energy content

closer to stoichiometric conditions. Somewhat counter-intuitive is the decrease of
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Figure 2.3: a) DME mole fraction xpasg required for stable engine operation at
different intake temperatures as a function of equivalence ratio ¢. b) Soot concen-
tration in the product stream for 150 °C intake temperature.

the required zpyrg for increasing ¢ above 2, discussed in more detail below. Finally,
since for an intake temperature of 150 °C the required zpasg is nearly constant at
~9.3 % in the range of ¢ = 1.6-2.3, this range and intake temperature were selected
for further analysis. A slightly higher zpysg of 9.5 % was chosen to ensure operation
within the stability limits.

Fig. 2.4a shows experimental traces of the cylinder pressure for operation at
three different equivalence ratios. Dashed lines represent experimental data and
solid lines the simulation results. Additionally, the simulated conversion of CHy and
DME as a function of the crank angle is shown. Fig. 2.4b shows the temperature
from the simulation.

The most noticeable feature is the early-shift in combustion phasing with in-
creasing ¢, in experiment and simulation. One might expect the contrary, because
¢ > 1 generally suggests lower mixture reactivity. A possible explanation is that
the overall equivalence ratio is indeed further from ¢ = 1, but the equivalence ratio
¢pymE based on the additive DME alone is closer to stoichiometric.

The simulation results in Fig. 2.4a show that significant CH4 conversion starts
when already about half of the DME is converted. If CHy is considered inert at
the start of combustion, which is a reasonable approximation compared to DME

[01], ¢pamE is very lean for all cases, as the values in the legend of Fig. 2.4a show.
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Figure 2.4: a) Pressure traces from experiment and simulation as well as simulated
CH,4 and DME conversion. b) Temperature traces from the simulation. All at 150 °C
intake temperature, xpyg of 9.5 %, and for three equivalence ratios.

Increasing this equivalence ratio enhances reactivity. This explanation is supported
by the simulations showing that the DME conversion shifts towards earlier crank
angles with increasing ¢ (Fig. 2.4a), suggesting an increased reactivity.

In the experiments, the lower heat-release rate of richer mixtures is compensated
by the heat release taking place at smaller cylinder volumes, leading to increased
peak pressures. In the simulations, ignition takes place closer to TDC, where the
change in volume per degree CA is small and cannot compensate the reduced heat
release rate, resulting in decreasing peak pressures for richer mixtures.

As expected, the maximum temperatures (Fig. 2.4b) decrease with increasing
equivalence ratio due to lower heat release. At ¢ = 2.34, the peak temperature
is 2050 K, and Fig. 2.3b shows increased soot formation. This is consistent with

previous findings that soot formation is especially strong at temperatures between
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1500 and 2000 K and equivalence ratios above ¢ = 2 [(5].

Another unexpected result is that the pressure traces obtained from the simu-
lation predict much earlier ignition than the experimental data (in addition to the
overly fast combustion that is due to the single-zone model not capturing thermal
stratification [(00]). This may be due to differences between the initial conditions in

experiment and simulation.

In the simulation, the temperature of the fresh charge in the cylinder (to which
the residual gas is then added) is assumed to be the same as the intake temperature.
The actual temperature in the experiment is likely to be lower due to heat loss to
the walls before the intake valve closes, reducing both the fresh-gas and residual
product-gas temperatures. Temporally inaccurate modeling of heat transfer may
also induce differences in the pressure traces between simulation and experiment.
Since HCCI ignition is highly sensitive to temperature, higher temperatures in the

simulation would lead to earlier ignition.

To evaluate the impact of this uncertainty, the mixing temperature (the temper-
ature at the start of compression) and the residual gas content were varied in the
simulation. As shown in Fig. 2.5, at ¢ = 1.65, reducing the mixing temperature
by AT = 8 and 15 K delays ignition by 4° and 11° crank angle, respectively. The
pressure traces at these two reduced temperatures roughly bracket the experimental

trace. Similar results are found for other equivalence ratios.

At ¢ = 1.65, increasing the residual gas content in the simulation by 50 % ad-
vances the peak pressure by only 2 °CA, while there is no significant change for
¢ = 2.34. This low sensitivity may be due to the fact that intake and product-gas
temperatures are similar, differing only by 141 K and 56 K for ¢ = 1.65 and 2.34,
respectively. From this sensitivity study we conclude that the systematic difference
in combustion phasing between experiment and simulation is likely due to inaccura-
cies in the simulation’s starting temperature that are well within the uncertainty of
estimating that temperature and could be accounted for by an adjustment of about
10 K.

Increasing the residual gas mass by 50 % in the simulation changes the synthesis
gas mole fractions insignificantly, but the CH4 conversion decreases. For example,
at ¢ = 2.34 the Ho and CO mole fractions decrease by 2.6 % and 1.7 % respectively
while the CHy slip increases by 61 %.
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Figure 2.5: Pressure traces from experiment and simulation with a variation of the
initial temperature T;,;, at the start of compression.

Fuel conversion and product-gas composition

Simulated and measured CH,4 conversion is compared in Fig. 2.6. The exper-
imental uncertainties for the conversion and selectivities were calculated from the
specifications of the gas analyzer.

The methane conversion decreases with increasing ¢ in both experiment and
simulation. This effect can be attributed to the lower maximum temperatures and
lower oxygen content at fuel-rich conditions, both impeding fuel conversion. Maxi-
mum simulated temperatures at ¢ = 1.65 are about 2430 K, but at ¢ = 2.34 only
2080 K. It is a well-known problem that HCCI single-zone models tend to over-
estimate the fuel conversion [0, (0, (7], in this case by about 9 percent points
at ¢ = 1.65 and increasing with ¢, because in the engine, the lower temperatures
near the cylinder walls and higher temperatures in the core gas lead to reduced fuel
conversion in the wall-near regions. Single-zone models however, consist of only one
zone of comparably hot gas, where most of the fuel is converted.

We discuss the selectivity in this work since we can qualitatively compare results
from experiment and model despite the difference in fuel conversion. The results for
the product species Ho, CO, CO9, and CoHy are shown in Fig. 2.7.

Generally, the selectivity of the potentially valuable species Hy, CO, and CyHy
is increasing with increasing ¢. While the selectivities of CO, COs, and CoHy
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Figure 2.6: Methane conversion and maximum (simulated) temperatures as a func-
tion of equivalence ratio. Symbols: experiment, lines: simulation
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Figure 2.7: Selectivities of product-gas species. Symbols: experiment, lines: simu-
lation
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add up to 100 % in the simulation, a sum of 117-122 % was obtained from the
measurement. This indicates that the experimentally-obtained carbon balance is
inaccurate, probably due to uncertainties in the product-gas analysis and mass-flow
controllers. Here, we account for the carbon excess of about 17-22 % by dividing
the selectivities of the carbon-containing species by their corresponding sum at each
equivalence ratio. Experimentally, as ¢ increases from 1.65 to 2.34, Ho selectivity
increases from 50 to 72 %, CO from 71 to 79 %, and ethylene from 1.5 to 4 %, while
the COq selectivity decreases from 27 to 16 %. The decreasing O2 content and the
consequently lower maximum temperature can explain these trends. The formation
of HoO and COs from Hy and CO at high ¢ is limited by the low O2 concentration,
thus a significant fraction of CO and Hj is not converted and remains in the product
gas. The H/C ratio in the product gas varies between 1.1 and 1.4. Experiment and
simulation are in good agreement with a mean deviation of 10 % for CO, Hs, and
COg2, which is within the experimental uncertainty. The CoHy selectivity shows the
highest deviation between simulation and experiment, with almost no CoH,4 formed
in the simulation. A possible explanation is that CoH4 mostly forms in colder regions
of the cylinder, like crevices and boundary layers that are not included in single-zone
models. Again, the use of a multi-zone model could improve the agreement between
model and experiment with respect to hydrocarbon species [(7, (5]. The selectivity
seems to be an appropriate means to compare experimental and modeling results

with deviating fuel conversion.

Work and heat output

Polygeneration processes are designed to not only provide base chemicals but
also work and heat. The latter two outputs are shown in Fig. 2.8 as a function of
¢. As expected, these outputs decrease with increasing equivalence ratios, ranging
between 314 and 245 J per cycle for heat and 160 and 135 J for work. The decrease is
a result of the decreasing maximum temperatures with increasing ¢, which reduces
heat transfer to the coolant, but also fuel conversion (see Section 4.2) and reaction
enthalpies (less CO2 and HoO formed). This consequently reduces the work output
of the engine in favor of the generation of valuable product species. Simulation and
experiment are in very good agreement for the heat output, while the work output of
the engine is slightly over-predicted. The deviation can be explained by the higher
fuel conversion and the fact that the gas exchange strokes are not included in the
model. Experimental data suggest that the gas exchange strokes reduce the work
output by about 11 J.
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Figure 2.8: Work and heat output per cycle and exergetic and thermal efficiencies.
Symbols: experiment, lines: simulation.

Efficiencies

In order to assess polygeneration in the engine on a thermodynamic basis, at
least two efficiency metrics are available: thermal and exergetic efficiency. Both
are shown in Fig. 2.8. The thermal efficiency is comparably low and decreases
from 13 to 8 % in the range of investigated equivalence ratios. However, the ther-
mal efficiency alone is not a suitable parameter to assess polygeneration processes,
since the heat output and energy content of the chemical products are neglected.
The exergetic efficiency, which includes all three forms of available energy, increases
from 71 to 82 % as ¢ increases from 1.65 to 2.34, exceeding those for common
syngas-production processes like methane steam reforming, which has an exergetic
efficiency of ~63 % [20]. In addition, the resulting efficiencies are also exceeding
those for other polygeneration processes: Polygeneration based on solar collectors,
providing electricity, heat, cooling, and desalinated water yield exergetic efficiencies
up to 32 % [09]. Other systems combining power cycles with methanol production
or desalinization reach efficiencies up to 60 % [39, !]. For both metrics (thermal
and exergetic efficiencies), simulation and experiments are in very good agreement.
Compared to our previous work with n-heptane as additive [10], the exergetic ef-
ficiency slightly increases with DME, by about 1 percent point. This is consistent
with the fact that heat losses with DME as an additive are about 8 % lower than
with n-heptane, while the work output is only 3 % higher. This may be due to
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differences in combustion phasing with the two additives. Nearly the same mass
fractions of both n-heptane and DME are needed for HCCI.

2.5 Conclusions

An IC engine operating in HCCI mode at fuel-rich equivalence ratios with
methane/DME as reactants was considered as a device for a polygeneration pro-
cess that simultaneously produces synthesis gas, work, and heat. Experiments were
compared with simulations based on a homogeneous engine model. Work, heat,

selectivities, and thermal as well as exergetic efficiencies were evaluated.

A method to experimentally identify stable operating points was introduced.
For an intake temperature of 150 °C, the mole fraction of DME that was needed
for stable operation was mostly constant at 9.3 % in a range from ¢ = 1.6 to 2.3,
however, significant soot production starts at ¢ = 2. Below this limit the soot
concentration in the product gas was less than 10 mg/m?® . Within the envelope
of stable engine operation increasing the equivalence ratio shifted the combustion
phasing towards earlier crank angles. Results from the simulation suggest that this
is because during ignition, initially methane is almost inert and the equivalence ratio

of DME alone shifts closer to stoichiometric conditions for increasing overall ¢.

The trends observed in the experiments were well reproduced by the simulations.
However, the combustion phasing differs, probably because of the high sensitivity to
uncertainty in the experimental temperature at the start of compression. Adjusting
the starting temperature by about 10 K brings the simulated phasing in line with
the experiments. In the experiment, CoHy is measured with selectivities up to
5 %, while the single-zone model predicts almost no output of that species, likely
because in the experiment it is formed at low temperatures in crevices and near the
wall. The thermal efficiency, work, and heat output were decreasing with increasing
equivalence ratios, while selectivities towards CO and COq as well as the exergetic

efficiency were increasing.

The results show that the engine can be used for polygeneration in a flexible
manner. When less work (likely to be converted to electricity) is required, the
work output can be reduced by 20 % by increasing the equivalence ratio, while
the exergetic efficiency increases from 71 to 82 %, exceeding efficiencies of other
polygeneration processes. Simultaneously, the fuel is converted to synthesis gas by
partial oxidation, with selectivities of up to 72 % for Hy and 79 % for CO. The
resulting H/C ratios range from 1.1 to 1.4 and could be increased to the desired

value, which is usually 2, by the water-gas shift reaction [3!]. A complete shift from
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the production of chemicals to that of power would be possible by operating the
engine on a stoichiometric mixture.

In conclusion, polygeneration in internal combustion engines may provide an
advantage in terms of exergetic efficiency and flexibility, and DME is a promising
additive for methane. Since the amount of DME needed is not negligible, further
autoignition-supporting additives should be evaluated. Based on the results pre-
sented here, future work will also include the development of a multi-zone model
to further improve the simulations, and improvements in the product-gas analysis
to close the carbon balance more accurately. Also, we expect an increase of the
ethylene yields by increasing the equivalence ratios to even higher values, beyond

the upper sooting limit.
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CHAPTER 3

KINETICS OF METHANE IGNITION: DME REPLACEMENT BY
OZONE

This chapter was originally published in:

D. Schroder, K. Banke, S. A. Kaiser, B. Atakan. The kinetics of methane ignition in
fuel-rich HCCI engines: DME replacement by ozone. Proceedings of the Combustion
Institute (2020). DOI: 10.1016/j. proci.2020.05.046.

Introduction to the second paper

The previous study on methane/DME combustion in fuel-rich HCCI mode proved
on the one hand the suitability of DME as a potentially COs-neutral additive, but
on the other hand it pointed out an issue: 8.6 % to 9.8 % of the fuel-additive mixture
consisted of DME, and therefore a lot of chemical exergy was added to the system
by the additive. Moreover, DME is a typical by-product of methanol synthesis,
which itself uses synthesis gas as feedstock. Consequently, the engine would be par-
tially fueled with its own product, reducing the efficiency due to multiple additional
conversion steps.

Subsequently, a comprehensive comparison between n-heptane, DME, and DEE
as ignition promoter was published by Banke et al. in 2023 [70]. Although the
three hydrocarbon-additives showed different low-temperature kinetics and opera-
tion stability limits, high energy fractions of 15 % to 17 % were needed for DME
and DEE, whereas n-heptane was responsible for 23 % to 26 % of the energy input.
However, using n-heptane, DME, or DEE as additive made ignition controllable and
reduced the intake temperature requirements to a practically feasible level of 150 °C.
Therefore, omitting additives for fuel-rich HCCI operation presents a challenge.

To overcome this, an additive is required which is not needed in such large quan-
tities. From fuel-lean HCCI research it has been known since the 2000s that ozone
is a suitable hydrocarbon-free alternative additive for HCCI of methane containing
fuels [71, 72]. Therefore, we investigated the ignition enhancing properties of ozone
in fuel-rich methane mixtures and conducted experiments, in which DME was suc-

cessively replaced by ozone. Using the single-zone engine model and the elemental
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reaction mechanism of Burke [7], the reaction pathways were investigated to un-
derstand the benefits of ozone in fuel-rich mixtures. To our knowledge, ozone in
fuel-rich HCCI engines has not been studied before.

The key contributions of this work to the state of the art can be summarized as

follows:
— Ozone was confirmed as a suitable additive for fuel-rich methane ignition.

— Comparatively to fuel-lean mixtures, ozone is very effective and only needed

in small amounts (ppm).

— Ogzone decomposes at low temperatures of 200 °C and full decomposition is
reached early in the compression stroke, it does therefore not interact directly

when methane ignites.

— Ogzone decomposition provides O radicals for H abstraction of methane and
leads to CH3OOH formation.

— CH30OOH remains stable for a short time and then decomposes, releasing OH

radicals.

— Several advantages of ozone were found: an early heat release, no increase
of the fuel-air mixture’s heat capacity, and on-demand, on-site, potentially

COg-neutral production.

Table 3.1: Author contributions for chapter 3 following the CRediT author state-
ment methodology [11].

Author Freund Banke Atakan Kaiser
Conceptualization v v v v
Methodology v v

Software v

Validation v v

Formal analysis v v

Investigation (simulation) v

Investigation (experiments) v

Resources v v
Data curation v v

Writing - Original draft v v

Writing - Review & editing v v
Visualization v

Supervision

Project administration
Funding acquisition

SNENEN
SNENEN
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Author contributions to the second paper

The experiments that lay the basis for this work were carried out by Kai Banke.
My contribution was the validation of the engine model and the evaluation of the
reaction pathways. Furthermore, I wrote the manuscript, except for the section
on experimental setup, which was written by Kai Banke. All co-authors were in-
volved in the review and revision process. Sebastian Kaiser and Burak Atakan were

responsible for the supervision of the project.

3.1 Abstract

Fuel-rich combustion of methane in a homogeneous-charge compression-ignition
(HCCI) engine can be used as a polygeneration process producing work, heat, and
useful chemicals like syngas. Due to the inertness of methane, additives such as
dimethyl ether (DME) are needed to achieve ignition at moderate inlet temperatures
and to control combustion phasing. Because significant concentrations of DME are
then needed, a considerable part of the fuel energy comes from DME. An alternative

ignition promotor known from fuel-lean HCCI is ozone (O3).

Here, a combined experimental and modelling study on the ignition of fuel-
rich partial oxidation of methane/air mixtures at ¢ = 1.9 with ozone and DME as
additives in an HCCI engine is conducted. Experimental results show that ozone is
a suitable additive for fuel-rich HCCI, with only 75 ppm ozone reducing the fuel-
fraction of DME needed from 11.0 % to 5.3 %. Since ozone does not survive until
the end of the compression stroke, the reaction paths are analyzed in a single-zone

model.

The simulation shows that different ignition precursors or buffer molecules are
formed, depending on the additives. If only DME is added, hydrogen peroxide
(H202) and formaldehyde (CH20) are the most important intermediates, leading
to OH formation and ignition around top dead center (TDC). With ozone addition,
methyl hydroperoxide (CH3OOH) becomes very important earlier in the compres-
sion stroke under these fuel-rich conditions. It is then later converted to CH>O and
H20,.

Thus, ozone is a very effective additive not only for fuel-lean, but also for fuel-
rich combustion. However, the mechanism differs between both regimes. Because
less of the expensive additives are needed, ozone could help improving the economics

of a polygeneration process with fuel-rich operated HCCI engines.

31



3.2. Introduction

3.2 Introduction

Flexibility in energy conversion is a task of growing importance. A possible
way to achieve more flexibility combined with high efficiency is the use of so-called
polygeneration processes. These concepts combine the production of mechanical
power (or electricity), heat, and useful chemicals in one single process. An example
is the oxidation of methane in a stationary internal combustion engine (ICE). For
power production only, the engine would typically be run lean to stoichiometric.
However, in times of electric energy excess the power output could be reduced by
operating the engine fuel-rich (as part of a chemical plant), partially oxidizing the

fuel and producing syngas (Ha + CO) or hydrocarbons like ethylene.
This concept was first investigated by Szeszich [27] who produced syngas by

partial oxidation of methane/oxygen mixtures in a heavy-duty spark ignition engine.
Ignition and flame speed in the fuel-rich regime limit stable ICE operation. Several
approaches dealt with this problem [2%, 15 7/=77]. Karim et al. used a dual-
fuel concept with diesel pilot injection and oxygen enrichment. They found stable
operation for syngas production at equivalence ratios up to ¢ = 2.4 depending on
the level of oxygen enrichment [15]. McMillian and Lawson investigated the partial
oxidation of natural gas in a spark ignition (SI) engine. Equivalence ratios between
¢ = 1.3 and 1.6 at a compression ratio of r. = 13.3 yielded product gas with up to
11 % Hs. A slightly different approach using SI of methane with preheating up to
480 °C and the addition of hydrogen and ethane was investigated by Lim et al. [77]

at equivalence ratios from ¢ = 1.8 to 2.8 and r. = 13.8.

In our own previous work [3(]] we showed that with homogeneous-charge compression-
ignition (HCCI) the partial oxidation of methane in an ICE can reach exergetic
efficiencies of 81.5 %. This is 18.5 %-points higher than methane steam reforming
[20]. Since methane is relatively difficult to ignite, more reactive additives like n-
heptane [0] or dimethyl ether (DME) [7%] were used to achieve and control ignition
at moderate compression ratios and intake temperatures. However, it was found
that for these experimental conditions a relatively high fraction of the fuel energy
(about 1520 %) was then provided by the valuable additives. This runs counter
the idea of using methane, i.e., natural gas, as an inexpensive and easily available
base fuel. In fact, DME is typically produced from syngas via methanol. Thus, on

a systems level, adding DME to the reactants would lower the overall yield.

This then motivates the search for an ignition promoter that could substitute
more expensive ones like n-heptane, DME, or other reactive hydrocarbons while still

providing some control over combustion phasing. Nitrogen oxide (NO) or on-site
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produced ozone could be a possible solution. In lean HCCI combustion, follow-
ing the pioneering work of Flynn [79], several researchers investigated ozone as an
ignition-promoting additive [71, 20-57]. Work at the University of Orleans (France)
investigated various aspects of ozone addition in lean HCCI combustion. It was

found that at ¢ = 0.3 only 50 ppm of ozone in n-heptane shifted the combustion

phasing by 10 °CA [=%]. Enhanced reactivity was also found for ozone addition to
other fuels, for example isooctane [#!] and several alcohols [¢5]. NO is a suitable
additive as well, but less effective [29]. Dubreuil et al. [90] showed that 100 ppm

NO promote the ignition of n-heptane and isooctane in lean HCCI by only 2 *CA.
Contino et al. [J1] achieved a shift of 15 *CA for isooctane, but needed 500 ppm
NO for that. Given these encouraging results in lean HCCI it seemed obvious to ask
whether ozone may also promote ignition in fuel-rich methane HCCI. Thus, we con-
ducted experiments with a range of ozone fractions in fuel-rich methane/DME /air
mixtures at ¢ = 1.9 and investigated the ignition kinetics with a single-zone en-
gine model to understand the effect of ozone on auto-ignition. Some DME was still
needed because the experiments were performed at the rather low compression ratio
of 10 [73].

It is well known from literature on the oxidation in fuel-lean mixtures that ozone
decomposes already at temperatures below 300 °C to Os and O radicals. That
means that in an engine’s compression stroke, ozone itself probably does not survive
long enough to still be present when the auto-ignition temperatures of methane
are reached. Masurier et al. [29] showed that typical intermediate species in fuel-
lean methane/propane/air mixtures are formaldehyde (CH20), hydrogen peroxide
(H202), hydroperoxyl radicals (HO3), and hydroxyl radicals (OH), and that those
species are formed earlier when 10 ppm of ozone were added. Basevich et al. [97]
investigated the auto-ignition of fuel-lean methane/air mixtures and the occurrence
of a blue-luminescent preflame zone in which partial oxidation takes place before
ignition. According to their work methyl hydroperoxide (CH3OOH) and HyO9 are
formed simultaneously. Subsequently they decompose and yield OH that accelerates
the oxidation. In a plug-flow reactor, Kaczmarek et al. [93] showed that the reaction
of methane with OH radicals is the most important one for methane consumption
in fuel-rich mixtures (¢ = 2-20). They also demonstrated that for methane/air
mixtures at ¢ = 8 OH is formed along different paths depending on temperature:
below 800 K this occurs mainly by the decomposition of CH30OH, while above
800 K HyO3 is the main precursor. Wang et al. [0!] simulated the reforming of
an isooctane/n-heptane mixture in an HCCI engine at ¢ = 1.4. They found that
CH30O0H, H302, and 1-hydroperoxyl propionaldehyde (C3HgOgs) were formed at
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temperatures below 740 K and therefore regarded them as important intermediates
in low-temperature reactions. Adding these species individually in their engine

model, they found that each shortens the ignition delay time.

To summarize the relevant previous work, it is established that ozone strongly
accelerates lean HCCI auto-ignition, but there appears to be a number of impor-
tant intermediate species in the oxidation of alkanes that are directly or indirectly
influenced by the interaction of ozone with the various fuels. The objective of this
work is to establish if ozone is an effective ignition promoter also in fuel-rich HCCI
of methane, and — since we found that this is the case — to understand the ignition

kinetics and the importance of different intermediate species.

3.3 Methods
Experiment

The experiments are performed in a four-stroke single-cylinder octane-number
test engine modified to also operate with gaseous fuels. The experimental arrange-
ment is basically that used in our previous work [7%]. In addition, here, ozone is
produced via corona discharge in two different ozone generators (Innotec OGuA
5000 for fractions up to 250 ppm, Ozone Solutions TG-40 for up to 1700 ppm). The
generators are fed with 2 slm pure oxygen and 7.6 slm Ng are fed to the engine’s
intake to keep the Oy/Nj ratio of air. The intake air pressure is controlled to 1 bar
with the flow measured by a mass flow meter, while the other gases are metered
by mass flow controllers and ad-mixed to the air flow upstream of the preheater.
There, the mixture is preheated to 150 °C before entering the intake. The cylinder
pressure traces for each operating point were recorded and then averaged over 140
consecutive cycles. Table 3.2 shows the engine properties and operation conditions

and Fig. 3.1 illustrates the instrumentation.

Simulation

The model consists of a zero-dimensional single-zone reactor representing the
reaction volume inside the cylinder including one inlet and one outlet valve for gas
exchange. The engine is simulated in Python using the library Cantera [70] for de-
scribing the thermodynamics and reaction kinetics. We chose the engine parameters
according to those of the engine experiments as shown in Table 3.2 with the piston
movement given by the piston velocity equation of Heywood [)7]. The crank angle

convention in this paper assigns 0 “CA to compression TDC, i.e., crank angles before
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Table 3.2: Engine properties and operating conditions.

Description Symbol Value Unit
Rotational speed rpm 595 1/min
Compression ratio Te 10
Bore d 65 mm
Stroke s 100 mm
Displacement D 332 cm?
Fuel/air equivalence ratio ¢ 1.9
Intake temperature Tin, 150 °C
Intake pressure Din 1 bar
Coolant temperature T, 100 °C
intake spark plug with product
heating pressure transducer analysis

=

exhaust
temperature

fuel gas intake
supply temperature

Figure 3.1: Schematic of the instrumentation (see also [7%]).

compression TDC are negative.

For the thermodynamics and reaction kinetics two reaction mechanisms are com-
bined: the mechanism of Burke et al. [72] that includes 116 species and 710 reactions
for methane/DME mixtures is expanded with the ozone mechanism of Zhao et al.
[96]. Although the latter is validated for ambient pressure and our simulation shows
ozone decomposition at below 7 bar, we think that the reaction paths for decomposi-

tion do not differ qualitatively. After decomposition, the O-radical kinetics covered

by the Burke mechanism are more important, and Zhao et al. [J0] and Halter
et al. [97] showed that direct interactions of O3 + DME or Oz + CHy are then
insignificant.

For each pre-determined step of 0.2 °CA, with the reactor volume changing due to
the piston movement, Cantera solves the species and energy conservation equations.
For each step, as many integrator timesteps are taken as needed for convergence.
With smaller step size, the results do not change significantly. The heat transfer
through the walls is modeled by the Woschni correlation [5%] as in our previous

work [75]. The gas-exchange strokes are now included, and this leads to additional
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Figure 3.2: Change of CA20 (dC A20) and temperature at top dead center (TDC)
as a function of the change in initial temperature (d7T'), illustrating the sensitivity
of the combustion phasing on the initial temperature.

heat transfer through the walls during gas-exchange. The Woschni parameters were
adjusted to reflect this. The residual gas leads to small changes in the simulation
results for each cycle. In stable operating conditions the results converge within
three cycles. For the analysis we simulate 10 cycles after convergence and average
the results.

Since the aim of this work is to investigate ignition, the start of combustion
in the experiment should be matched by the simulation. Here, CA20 (the crank
angle at which 20 % of the heat release has taken place) was chosen as a metric
for ignition timing. Eq. (3.1) defines the heat release rate (HRR) in the engine

simulation, which is then accumulated and peak-normalized to calculate CA20.

dho’i '
HRR(t) = V()RT(¢) Z ( RTfEt) wi> (3.1)

The HRR depends on the volume V and temperature T of the mixture, the ideal
gas constant R, and the net production rates of each species w; and their correspond-
ing standard enthalpies of formation dh%i. The simulation is adjusted to match the
experiment in two steps. First, we adjust the compression ratio to 10.35, which
is within the experimental uncertainty, such that the motored pressure trace from
the simulation matches the experimental one. Then, for a methane/DME/ozone
mixture at ¢ = 1.9 with 5.3 mol% DME and 75 ppm ozone we adjust the Woschni
parameters and the initial temperature at the inlet such that CA20 matches that
in the experiment. Fig. 3.2 shows the sensitivity of the simulation’s CA20 and
temperature at TDC on the initial temperature.

Temperature changes of +10 K result in CA20 changes of —2.1 and +5.3 °CA,
while the temperature at TDC changes by +37 K and —24 K, respectively. In
the experiment, the in-cylinder temperature after intake valve closing cannot be

measured and the simulation cannot accurately account for the temperature change
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Oylinder pressure / bar

°CA

Figure 3.3: Cylinder pressure as a function of crank angle for a constant DME mole
fraction of 5.3 % (in methane/DME) and ozone mole fractions of 75, 47, and 37 ppm
(in methane/DME/air). Solid lines: experiments, dashed lines: simulation. Labels
mark CA20 (except for unstable operation with 34 ppm).

during the intake stroke, so there is a small uncertainty in the initial temperature.
Reflecting this uncertainty, we thus adjusted the main parameters affecting the TDC

temperature to match CA20 in experiment and simulation.

3.4 Results and discussion
Effect of ozone on the combustion phasing

Our experiments showed that the product-gas composition does not significantly
change when the additive is replaced. Therefore, we focus here on reaction-path
analysis to understand the effect of ozone on combustion phasing. Fig. 3.3 compares
the cylinder pressure traces in experiment and simulation for three different ozone
fractions (34, 47, 75 ppm) in the intake mixture at a DME fraction of 5.3 % of the
fuel and ¢ = 1.9.

In the simulation, the Woschni parameters and the intake temperature had been
adjusted to match experimental and simulated CA20 for 75 ppm ozone to within
1 °CA. For 47 ppm, only a slight increase in the intake temperature (by 2 K) was
sufficient to match the experimental CA20. We conclude that the simulation predicts
the net effect of ozone addition on combustion phasing sufficiently well. With 34 ppm

ozone, combustion becomes unstable in both experiment and simulation; in the
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experiment the coefficient of variation of the indicated mean effective pressure is
73 %. The averaged experimental pressure trace shown in Fig. 3.3 contains many
misfires, while for the simulation two different cycles are shown, also demonstrating
the strong cycle-to-cycle variations influenced by the residual gas from each previous

cycle.

The more ozone is added, the earlier ignition occurs, resulting in higher maxi-
mum cylinder pressure in both experiment and simulation. The simulation results
show higher maximum pressures at earlier crank angles and much higher pressure
rise rates, typical for single-zone models [J0, 95, 99]. A single-zone model is used
here because the goal of the simulation is to qualitatively investigate the chemical
pathways during compression and early ignition, rather than accurately predicting
the pressure trace during the main part of fuel conversion. This approach is common
in chemistry investigations, like Schénborn et al. [100] or Amjad et al. [101]. Our
previous work showed that using a single-zone model results in slight overprediction
of the engine’s work output, but has no significant influence on the product-gas com-
position [7%]. The main result here is that in both experiment and simulation small
amounts of ozone influence the ignition also for fuel-rich HCCI, as already known
for lean HCCI [71, 79—25]. The combustion can thus be controlled by adjusting the

ozone content.

The efficacy of DME substitution by ozone was quantified systematically at
¢ = 1.9. DME was substituted by ozone while keeping CA50 at about 15 °CA.
Without ozone, 11 % DME in methane were needed for stable ignition. The DME
content of the fuel needed for stable operation in experiment and simulation was

systematically reduced by ozone addition. The results are shown in Fig. 3.4.

The trends in experiment and simulation agree well: small amounts of ozone
substitute large amounts of DME, but the effect exponentially decreases with in-
creasing Og fraction. The simulation predicts a stronger effect of ozone addition
so that more DME may be substituted by less ozone than in the experiment while
holding the combustion phasing constant. This deviation may be explained by the
over-prediction of DME oxidation when ozone kinetics are included in the Burke
mechanism [7]. Our research group is developing a reaction mechanism specifically
designed for fuel-rich conditions [!(2]. Preliminary results with this mechanism in-
cluding ozone kinetics indicate that the same reaction-paths are important as with
the Burke mechanism, but with about three times more ozone needed, which would
match the experimental results better. The fuel energy (lower heating value) pro-
vided by DME to the overall fuel energy (CHy + DME) is 17 % for the case with
11 % DME without O3. By adding just 64 ppm Os, the energy contribution of DME
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Figure 3.4: Ozone mole fraction in ppm (of methane/DME/air mixture) as a func-
tion of DME mole fraction (in mol% of methane/DME mixture) needed for a con-
stant CA50 in simulation and experiment.

is reduced to 12 %, while the ozone generator needs less than 1 % of the overall fuel

energy.

Buffer intermediates and reaction-path analysis

To understand the mechanism of this DME substitution by ozone, we first inves-
tigate the mole fractions of the major intermediates before ignition. Then reaction-
path analyses at certain important crank angles are carried out to gain further
mechanistic insight. We start with pure ozone addition to methane, which was
not studied experimentally, because at the compression ratio of the current study
(ro = 10) the necessary ozone concentrations exceeded the capacity of our ozone gen-
erator. Then, further cases both with only DME addition and with both additives

will be compared.

Fig. 3.5 shows the mole fractions for 2380 ppm O3 as the sole additive (corre-
sponding to the simulated 0 % DME case in Fig. 3.4).

Significant decomposition of ozone into oxygen molecules and oxygen radicals
starts at —100 °CA and a temperature of 220 °C. At —60 °CA around 30 % of the
initial ozone amount is consumed. At this time the formation of reactive interme-

diates begins, but larger amounts are not present. At —40 *CA ozone is completely
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Figure 3.5: (a) Temperature and (b) mole fractions of the most important interme-

diates, OH radicals and methane as a function of crank angle (for 2380 ppm ozone
as the sole additive).

decomposed. Thus, it is not a reactant at ignition. The mole fractions of the
intermediates O and OH at that crank angle are negligibly small. The effect of
ozone on ignition must therefore be an indirect effect of the oxygen radicals gen-
erated from ozone decomposition. The main intermediate species that are formed
and subsequently consumed again between the start of the ozone decomposition
and the ignition of the mixture are in decreasing order of their maximum mole
fractions: formaldehyde (CH20), hydrogen peroxide (H203), methyl hydroperoxide
(CH300H), formic acid (HOCHO), and methanol (CH3OH). CH3OOH is the only
intermediate species that is formed in larger quantities and does not remain in the
mixture until ignition. The CH50O and H2O5 mole fractions increase in three distinct
steps until the temperature is high enough for ignition (about 1050 K in this case).
The three steps are at —50 °CA, —30 °CA, and —11 °CA as labeled in Fig. 3.5.
Reaction-path analyses were carried out for these crank angles. They are illustrated
in Fig. 3.6.
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Step 1: ozone decomposition. Fig. 3.6a illustrates the most important reac-
tion pathways for H atoms at —50 °CA. Oxygen radicals abstract hydrogen from
methane, forming CH3 and OH radicals. CHs and its oxidation products undergo
several reactions with molecular and atomic oxygen, which end in the formation
of CH50, HO5, and CH3OOH. CH5O and CH30OOH do not react further in this
temperature range, and HOs forms H2Os, then CH3OOH, and then OH radicals.
The OH radicals also abstract hydrogen from methane, yielding water.

These reactions take place as long as ozone is present and provides oxygen radi-
cals. This explains the first strong increase in CH2O, HoO2, and CH300OH concen-
trations. As the concentration of ozone in the mixture is low, methane conversion
and temperature increase due to exothermal reactions are both very low at this

time.

Step 2: methyl hydroperoxide decomposition. Fig. 3.6b shows the most important
reaction pathways for H atoms at —30 °CA and thus the importance of the CH3OOH
decomposition. Due to ongoing compression and the heat release of the reaction, the
temperature of the mixture is increasing. At approximately 440 °C and —40 °CA a
threshold is reached at which CH3OOH decomposes to CH3O and OH radicals.

Consistent with the findings of Kaczmarek et al. [93] this is the main source for
OH radicals under such conditions. Molecular oxygen reacts with CH3O and forms
HO3 (and then HyO2) and CH20. Additionally, OH radicals abstract hydrogen from
methane and this also leads to the formation of CH>O and Hy0O5 via CH30OH.

The latter is therefore a key species for the ongoing conversion of methane and
the formation of CH2O and H30Os. The increase of CHyO and HyO4 formation is
thus higher if CH3OOH is present, which explains the second step in the species
profiles.

Step 3: reaction of formaldehyde and hydrogen peroxide. The most important
reaction pathways for H atoms at —11 °CA are shown in Fig. 3.6¢c. The conversion
of HyOo starts earlier than the conversion of CH30, as can be seen in Fig. 3.5.
With the additional OH radicals the hydrogen abstraction from methane, similarly
to step 2, is accelerated further, leading to more CH3OOH that decomposes as well.
The additional CHj radicals increase the conversion of CH5O via HO5 to HyO5 and
thereby yield further OH radicals.

With increasing temperature, CH2O is increasingly converted with H radicals to
HCO and Hs, or with OH radicals to HyO and HCO. HCO increases the formation
of HyO9 via HO9 and then of OH radicals as well. At 5 °CA a temperature of 780 °C
is reached and H2O2 decomposes to OH radicals. This finally leads to conditions

in which the OH concentration is high enough to convert a considerable amount of
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methane whereby the temperature quickly rises, and ignition occurs.

The ozone decomposition indirectly accelerates the formation of OH radicals and
thus increases the temperature during the late compression stroke. The effectiveness
as an additive for ignition depends on a chain of buffer molecules, CH30O0OH, CH->O,
and HoOo, all with different thermal stability.

3

In the simulation, also other “virtual additives” were tested: If instead of ozone
the intermediate species CHoO, H20O9, and CH3OOH are added separately with
initial mole fractions according to their maximum mole fractions before ignition in
the case with 2380 ppm ozone, ignition does not occur. The reason is that although
CH30O0H decomposes and OH radicals are present, the temperature increase in the
first step (ozone decomposition and CH3OOH formation) is missing. The tempera-
ture necessary for the decomposition of CH3OOH is reached much later, at —12 *CA
instead of —40 °CA, and this leads to a temperature at TDC that is about 100 K
lower — too low for ignition.

When more (1775 ppm) CH30O0H is used, the same CA20 as for the case with
2380 ppm ozone is observed and the pressure and temperature traces are nearly
identical, showing the great importance of CH3OOH as a buffer molecule or precur-
sor for ignition in the partial oxidation of methane/air/ozone mixtures. Additional
CH30 or H20O9 are not necessary in this case; these intermediates are formed from
CH3OOH as described above.

Fig. 3.7 shows the mole fractions as a function of crank angle after TDC for
two cases, (a) 12.2 mol% DME and (b) the experimentally investigated mixture of
5.3 mol% DME and 75 ppm ozone.

In case (a) with 12.2 % DME as the only additive the maximum mole fractions
of CH0 and HyO9 are much higher than with ozone as the only additive, and their
formation is delayed. About 59 % of the initial DME is still present at TDC in case
(a). With DME as the only additive, the role of CH3OOH is minor, because it is not
a product of the low-temperature DME chemistry. Now mainly CH20O (and H2O,
from CH20) and OH radicals are formed. Additionally, DME decomposes at higher
temperatures than ozone. A second effect hindering an earlier ignition with DME
is the higher molar heat capacity. With 12.2 mol% of DME in the methane/DME
mixture the molar heat capacity increases by 4.4 % over neat methane, which reduces
the temperature increase during compression and hinders ignition.

If small fractions of ozone, e.g. 75 ppm, are added to the DME as is shown as
case (b), CH30OH is formed at earlier crank angles; also formaldehyde is formed
earlier. Again, the CH3OOH decomposition leads to HoOs formation and both

provide the OH radicals needed for ignition. This is not enough ozone to convert
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Figure 3.7: Mole fractions and temperature as a function of crank angle. (a)

12.2 mol% DME, (b) the experimentally investigated mixture of 5.3 mol% DME
and 75 ppm ozone.

DME completely, but a multi-step reaction appears again.

3.5 Conclusions

Internal combustion engines can be operated fuel-rich for the “polygeneration”
of work, heat and base chemicals, but for homogeneous compression ignition of
methane, reactive additives may be needed. While our previous work used DME as
an ignition promoter, it is an expensive additive that could be a product of syngas
production rather than an input. We showed that as in fuel-lean HCCI [71, 80-29],
also in fuel-rich HCCI ozone is an effective ignition-promoting additive. This was
shown experimentally for the first time here for methane/DME fuel mixtures. At a
compression ratio of 10 with moderate intake heating, it could not totally replace
DME, but reduce the needed DME fraction considerably. Thus, the energy provided

by DME to the fuel mixture can be reduced considerably as well.

Zero-dimensional modelling with detailed kinetics provided insight to the mech-
anism of ignition promotion. From the general kinetics of ozone decomposition,

it was clear that ozone does not survive the compression process. A more detailed

44



Chapter 3

analysis showed that reactions of the decomposition products of ozone with methane
lead to the formation of two buffer molecules early in the compression stroke. Under
the fuel-rich conditions explored here, these are CH3OOH and CH50O. In particular
the former is a key intermediate. It is converted prior to ignition into HoO2 and
more CHsO, which are also the main intermediates from ozone in fuel-lean HCCI.
Without such buffer molecules that survive to relatively high temperatures and then
form reactive radicals, ozone would not affect the ignition process.

The simulation systematically underestimated how much ozone is needed to
substitute a given amount of DME, since the DME oxidation is over-predicted [)0].
Preliminary work with a mechanism developed specifically for fuel-rich conditions
[102] indicate that this discrepancy can be strongly reduced, but further validation
is needed. Experimentally, in future work, higher compression ratios will be inves-
tigated to further reduce the fraction of additives needed for ignition. It may be

feasible to use ozone as the sole additive.
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CHAPTER 4

KINETIC AND EXERGETIC ANALYSIS OF NATURAL GAS
CONVERSION: COMPARISON BETWEEN OZONE AND DME

This chapter was originally published in:

D. Freund, C. Horn, B. Atakan. Fuel-Rich Natural Gas Conversion in HCCI Engines
with Ozone and Dimethyl Ether as Ignition Promoters: A Kinetic and Exergetic
Analysis. R. King, D. Peitsch (Eds.), Active Flow and Combustion Control 2021,
Springer International Publishing, Cham, 2022, pp. 47-65.. DOI: 10.1007/978-3-
030-90727-3 4 .

Introduction to the third paper

In the previous chapter, it was shown that ozone is preferred over DME for igni-
tion of fuel-rich methane in HCCI engines: smaller quantities of ozone are required
and can be produced on-site, while DME is usually a by-product of methanol syn-
thesis and requires synthesis gas as an educt. This raises the question of how the
two additives compare in terms of engine efficiency.

Since pure methane is rarely used as an educt in practice, natural gas, a mixture
of 90 % methane, 9 % ethane, and 1 % propane, was chosen for this investigation.
Furthermore, a multi-zone model was developed and used to account for the inhomo-
geneities in the cylinder and evaluate their influence on the product selectivity and
exergetic efficiency. Therefore, the previous work was extended by multi-zone model
calculations and an ozone generator model with data taken from a manufacturer.

The key contributions of this work to the state of the art can be summarized as

follows:

— The exergetic efficiency of commercially available ozone generators is about

5.5 % and thus very poor.

— Ozone contributes only 0.2 % to the fuel-air mixture’s exergy, whereas DME
contributes 21 %.

— Selectivities of synthesis gas, HoO, and CO2 do not depend on natural gas

composition or inhomogeneities in the cylinder.
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4.1. Abstract

— Exergetic efficiency is strongly dependend on the additive: ozone production
reduces it by 3.3 %-pts. and DME production by 17.0 %-pts.

— The highest exergetic efficiency including ozone production, modelled with the
multi-zone model, is 88.7 % at ¢ = 2.5.

Author contributions to the third paper

My contribution was the conceptualization, the process concept modeling, sim-
ulation, and analysis of the data. I also wrote the first draft of the manuscript. The
extension of the single-zone model by multi-zone model functionality was conducted
by Christoph Horn during his master thesis in 2020, which I supervised. In his the-
sis, he validated the multi-zone model using experimental data for methane/DME
mixtures at ¢ = 1.9 provided by Kai Banke. Christoph Horn and Burak Atakan
were engaged in the review and reworking of the manuscript and Burak Atakan was

responsible for the supervision of the project.

Table 4.1: Author contributions for chapter 4 following the CRediT author state-
ment methodology [!1].

Author Freund Horn Atakan
v

Conceptualization
Methodology
Software
Validation
Formal analysis
Investigation
Resources v
Data curation

Writing - Original draft
Writing - Review & editing
Visualization

Supervision

Project administration
Funding acquisition
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4.1 Abstract

Fuel-rich operated HCCI engines are suitable for the polygeneration of work,
heat, and base chemicals like synthesis gas (CO and Hs). Under favorable condi-
tions, these engines are exergetically more efficient than separate steam reformer

and cogeneration gas engines. However, to achieve ignition, reactive fuel additives
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like dimethyl ether or ozone must be supplied, which have some, probably negative

and not yet quantified, impacts on the exergetic efficiency.

Therefore, the aim of this work is to compute and evaluate the effect of DME
and ozone on the exergy input and exergetic efficiency of fuel-rich operated HCCI

engines, which convert natural gas at equivalence ratios of 1.5 to 2.5.

Results of a single-zone-model (SZM) and a multi-zone model (MZM) are com-
pared to analyze the influence of inhomogeneities in the cylinder on the system’s
exergetic efficiency. Natural gas as fuel is compared with previous neat methane

results.

The single-zone model results show that natural gas is much more reactive than
methane. Ethane and propane convert partially in the compression stroke and lead
to ethene, propene, and OH radicals. However, the ethane and propane conversions
do not favor but slightly reduce the formation of methyl hydroperoxide, which is an
important buffer molecule for fuel-rich methane ignition. But in addition, further
buffer molecules like ethene or ethyl hydroperoxide are intermediately formed. The
product selectivities are neither influenced by the natural gas composition, nor by
the chosen additive.

Compared to ozone, the DME molar and mass fractions needed for ignition are
up to 11 times higher, and its exergy contribution to the total mixture is even 95
times higher. Therefore, the system’s exergetic efficiency is much higher when ozone
is chosen as additive: reasonable values of up to 82.8 % are possible, compared
to 67.7 % with DME. The multi-zone model results show that the efficiency is
strongly dependent on the fuel conversion and thus unconverted fuel should be
recycled within the polygeneration system to maintain high efficiencies. Comparing
the total exergetic efficiency, ozone is a favorable additive for fuel-rich operated

HCCI polygeneration.

4.2 Introduction

Fossil resource usage can be reduced by more efficient and flexible energy and
chemical compound conversion technologies. A promising approach is the polygen-
eration of work, heat, and synthesis gas in fuel-rich operated internal combustion
(IC) engines which is a mid-term alternative to separate cogeneration gas engines
and steam reforming processes.

Several works in the 2000s and 2010s showed that partial oxidation of methane
or natural gas is feasible in spark-ignition (SI), compression ignition (CI), and ho-

mogeneous charge compression ignition (HCCI) engines. Each ignition type has its
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own challenges for stable operation, though.

CI engines typically need an additional fuel injection, e.g. diesel or n-heptane,
leading to stratification within the cylinder. Karim et al. [!7] investigated the
partial oxidation of methane with highly oxygenated air in a dual-fuel CI engine
experimentally in 2008 for equivalence ratios of 2.0 to 3.5 and found that this process
is feasible and yields up to 80 % synthesis gas in the dry exhaust gas. However, a

diesel injection was still needed for ignition and combustion control.

Ignition in SI engines is dependent on the flame speed and thus limited to lower
equivalence ratios. However, Lim et al. [75] modified a CI engine to perform spark
ignition and achieved stable operation of methane/air-mixtures for equivalence ratios
up to 2. For ignition, high intake temperatures of up to 450 °C were needed and the
spark ignition timing was adjusted between 45 and 30° crank angle (°CA) before top
dead center. This operation range could be extended by adding 5 % hydrogen and
10 % ethane to the fuel mixture — to represent natural gas. Then, a stable operation

at an equivalence ratio (¢) of up to 2.8 was possible.

A very high flexibility can be achieved with HCCI engines, which are kinetically
controlled and thus do not depend on fuel injection timing or flame speed. Our
previous experimental work has shown that polygeneration with methane fueled
HCCI engines is feasible and exergetic efficiencies of up to 81.5 % are achieved [0,

]. However, methane containing fuels (such as biogas or natural gas) represent a
challenge for achieving HCCI due to their inertness leading to high octane-numbers
and relatively high specific heat capacities. Ignition can be promoted with reactive
additives such as ethers [75] or higher alkanes [02]. In our previous work we found
that high additive mass fractions of up to 28 % in the fuel mixture are needed when
dimethyl ether (DME) [17, 7%], diethyl ether (DEE), or n-heptane [30] are used.

The production of these additives leads to additional, yet partially unknown,
exergy losses, and the added DME is typically produced from synthesis gas, and
thus, is a product of the polygeneration system. Therefore, from a holistic viewpoint,
alternatives are preferable. Ozone may be a much more suitable additive, since
it is produced on demand via corona discharge [103] using surrounding air and
much smaller amounts are needed to ignite methane (typically, less than 5000 ppm).
Keum et al. [101] investigated the effect of ozone as an ignition promoter under
stoichiometric conditions in 2018 and found that 100 ppm ozone provide a significant
promotion effect in HCCI engines, whereas SI engines benefit from an increased flame
speed only from an addition of 3000 to 6000 ppm. Sayyosouk et al. [%7] modelled
a zero-dimensional HCCI engine fueled with iso-octane at lean conditions (¢ = 0.3)

and found that even 4 ppm ozone promote ignition effectively.
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These results encouraged us to investigate the effect of ozone in fuel-rich oper-
ated HCCI engines [105]. There, the influence of ozone on the kinetics of methane
in fuel-rich HCCI engines has been investigated in comparison to DME [105]. We
have found that ozone is a much more effective additive than DME. Ozone decom-
poses very early in the compression stroke, does not noticeably increase the heat
capacity of the mixture, and it leads to the formation of methyl hydroperoxide
(CH300H), which leads to OH radical formation near the end of the compression
stroke via formaldehyde (CH20) and hydrogen peroxide (H2O3) formation. For a
practical application, the HCCI engine is likely fueled with natural gas instead of
neat methane. Therefore, in the present work the kinetic investigation is extended

towards natural gas.

As discussed before, Lim et al. found that the addition of hydrogen and ethane
extended the operation stability of fuel rich operated SI engines from ¢ = 2 to
¢ = 2.8. Duan et al. [100] compared neat methane with natural gas experimentally
in a fuel lean operated HCCI engine. With 2.88 % ethane and 0.41 % propane in the
natural gas mixture, the in-cylinder pressure increased by up to 4 bar, compared
to neat methane. Although the combustion phasing (CA50) was shifted slightly
towards earlier crank angles, this effect was not significant. Kaczmarek et al. [107]
measured ignition delay times of natural gas/DME /air mixtures in a shock tube at
fuel rich mixtures (¢ = 2, 10) and concluded that under those conditions, natural gas
is much more reactive compared to methane due to its ethane and propane contents
(which were set to 9 % and 1 %, respectively). As the natural gas composition may
vary during the operation of a fuel-rich HCCI engine, the evaluation of the effect
of ozone on the ignition is analyzed here and compared to the operation with neat

methane.

Additionally, a comparison between ozone and DME, based on exergy methods,
is carried out here. This comparison includes a comparative modelling study on
the influence of DME and ozone on the engine’s exergy input and their influences
on the exergetic efficiency of the polygeneration system. The exergetic efficiency of
the ozone generator is calculated with a Python model and the exergetic efficiency
of the DME production is taken from the work of Zhang et al. [10%]. Zhang et
al. conducted a profound exergy analysis on the steam gasification of biomass and

determined an exergetic efficiency of 43.5 %.

This paper aims to answer the question, whether ozone is an exergetically favor-
able additive compared to DME, representative for other oxygenated hydrocarbons,
when natural gas fueled HCCI engine are operated at equivalence ratios of 1.5 to

2.5. Our previous work [105] showed that trends are well reproduced with a single
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zone model, while the fuel conversion is overestimated for fuel-rich conditions. Thus,
a comparison with a multi-zone model is included here, and the importance of the

colder zones on the outcome is analyzed.

4.3 Methodology

The engine model is written in Python and the thermodynamics and reaction
kinetics are computed by using the module Cantera [50]. A four-stroke single-zone
model (SZM) and recently a two-stroke multi-zone model (MZM) were developed.
The multi-zone model contains seven zones (numbered as subscript i) with inter-
zonal heat and mass transfer and a non-reactive crevice zone of 1.5 vol % of the
dead volume. The heat transfer between the zones ¢;—11 Eq. (4.1) is modelled
as heat conduction according to the approach of Komninos et al. [(1], which was
developed for HCCI engines [109].

or T, —Ti

Gi—1—1 = —ktot 57— = —kior

87“n (ti —I—ti_l)/Q (4'1)

The temperature gradient gTTn between two zones is discretized to a temperature
difference, whereas —k;o, T;, and t; are denoted as the total thermal conductivity,
the zone temperature, and the zone thickness, respectively. The total thermal con-
ductivity consists of a laminar and a turbulent part, which are calculated by estimat-
ing laminar and turbulent Prandtl numbers and gas mixture viscosities. Kominos
et al. adapted this approach from Yang and Martin [ 10] and described it in more
detail in [01, 109].

To assure a uniform pressure within all zones, each zone is connected to its
adjacent zones within Cantera as valves, allowing a pressure difference dependent
mass flow from one zone to another. The crevice zone and the outermost zone
also transfer heat and mass to their adjacent zones, but also to the cylinder wall
as a global heat transfer. The gas mixture in each zone of the single-zone and the
multi-zone model is homogeneous and the piston movement induces volume changes.

For each timestep, the energy and species conservation equations are solved.
For the single-zone model, the global heat transfer coefficient is calculated with the
semi-empirical Woschni correlation [7%] and the coefficients are taken from our recent
work [105]. For the multi-zone model, a slightly modified version of the Woschni
equation was used, according to Chang et al. [00], who measured the in-cylinder
heat fluxes in an HCCI engine experimentally.

Our multi-zone model was then validated against our own measurements with

methane/DME mixtures at ¢ = 1.9 from [ (5] by using a zone distribution which led
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to a good agreement between the simulated fuel conversion, work, and heat output
and the experimental data.

At TDC, the core zone and the crevice zone are set at 30 % and 1.5 % of the
dead volume, respectively. The remaining volume is distributed between the five
other zones so that the volume decreases from the inner to the outermost zone. The
bore d and the height of the dead volume hppc of the cylinder are thus divided
into the thickness of the outer zones t; and the thickness of the core zone tcope . Eq.
(4.2) and tcore,y, respectively Eq. (4.3).

d=2 (i + 2tcorea) (4.2)

hTDC =2 Z(tl + thore,y) (43)

The core zone thickness in direction of the piston movement t.or¢, is given by
the cylinder height at top dead center hrpco and the sum of the thickness of the
outer zones Eq. (4.4). The thickness tcore,, corresponds to the half diameter of the
core zone and is kept constant.

hrpc —2) t;
tcore,y = TDQZZ (44)

The thickness ¢; of each outer zone is calculated according to Eq. (4.5).

t; = LRN-(+1) (4.5)

Here, N = 7 is the number of zones, R is set to 0.45 and L is solved within the
model to assure that Eq. (4.3) is fulfilled. The zone volumes change with height
changes due to the piston movement. The resulting volume distribution is visualized
in Fig. 1.

It was also proven that the MZM reproduced the methane conversion found
experimentally in our previous work [105] within £1.9 %.

A representative natural gas is the fuel in this work, and it consist of 90 %
methane (CHy), 9 % ethane (CoHg), and 1 % propane (C3Hg). To compute the
chemical kinetics of DME (CH3OCH3) and ozone (O3), the Burke mechanism [77]
for C1-C3 species is extended by the Zhao sub-mechanism [0] for ozone kinetics.

Table 4.2 presents the investigated engine properties and operation parameters.
The equivalence ratio is varied between 1.5 and 2.5 and all other conditions remain
constant. For the calculation of the equivalence ratio the additives are considered,

and the amount of air is adjusted accordingly.
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Figure 4.1: Volumes of the seven zones of the multi-zone model as a function of
crank angle and volume distribution at TDC (pie chart). At TDC, the core zone
accounts for 30 % of the dead volume, whereas the crevice zone accounts for 1.5 %.

Table 4.2: Engine properties and operating conditions.

Description Symbol Value  Unit
Rotational speed rpm 1500 1/min
Compression ratio Te 20

Bore d 65 mm
Stroke S 100 mm
Number of cylinders Nz 4

Displacement D 1.327 dm?3
Equivalence ratio ¢ 1.5-2.5

Intake temperature Tin 50 °C
Intake pressure pin 1 bar
Coolant temperature T, 100 °C
Thermal conductivity wall Aw 53 W/m?/K
Convection coefficient coolant — «. 3000  W/m?/K

54



Chapter 4

The fuel conversion X;, product yields Y;, and product selectivities S; are eval-
uated to assess the influence of the additive choice on the chemical output of the
polygeneration system. In the corresponding definitions Eqgs. (4.6), (4.9), and (4.10),
the stoichiometric coefficient, the entering molar flows, and the exiting molar flows
are denoted as v;, fz;, and h;/, respectively. The total fuel conversion X; in Eq. (4.8)
considers the conversion of all fuel and additive species, weighted according to their

entering mole fractions z; Eq. (4.7) in the fuel-additive mixture.

X;=1- (”) (4.6)
n,

n,T,V;
Y;
S; = Z (4.10)

To evaluate the influence of the additive production on the exergetic efficiency,
the HCCI engine is embedded in a system which also includes the additive produc-
tion: the ozone generator and a black box model of the DME production process.
Figure 4.2 displays a flow diagram of those three systems add, eng, and sys, their
interconnections, and their corresponding exergy flows.

The exergetic efficiency e,4q of the DME production process epysg is estimated
as 43.5 % according to Zhang et al. [10%] and the exergetic efficiency of the ozone
generator £,,0ne is calculated within the Python model Eq. (4.11).

E
Eadd = (4.11)

Ein,add add=DME o0zone

The ozone generator is supplied with air and power and provides a mixture
of air and ozone. The power supply, the incoming air mass flow, and the ozone
concentration in the output gas are taken from the data sheets of the Fujian Newland
Entech Company [I11] to calculate the exergy flows E.

To compare the exergy-share of DME and ozone, the exergy input ratio re; is
defined as the ratio of the exergy flow of the additive to the total exergy flow of the
engine input Eq. (4.12).
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Figure 4.2: Process flow diagram of the system sys, divided into two subsystems
add and eng. The HCCI engine is supplied with either ozone or DME as additive.

E
Teg = 24 (4.12)
Ein,eng + Eadd

Furthermore, the exergetic efficiency of the HCCI engine eﬁng and of the overall

system esAys are defined according to Eqgs. (4.13) and (4.14).
E
Elg =1 — 2 (4.13)

Ein,eng + Eadd

E E
A _q_ DDengt BD.add (4.14)

. Egdd
E’m,eng + Cadd

The exergy destruction Ep in the HCCI engine is estimated with the Gouy-

Stodola theorem Eq. (4.15), the irreversible entropy production rate (Sireng) is

calculated using the second law of thermodynamics.

ED,eng = Tenvsirr,eng (415)

Without full fuel conversion, the aforementioned efficiencies must be evaluated
critically, since, as an extreme, the evaluated efficiency would be 100 %, if no con-
version takes place, which is not aimed. To assess the conversion to the wanted
products only, a second definition for the exergetic efficiency is introduced for eng
Eq. (4.16) and for sys Eq. (4.17), denoted with the superscript B.

5 _ By + Edo+ Peng + Eqeng

- : : (4.16)
o Ein,eng + Eadd
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5 B4+ Edo 4 Peng + EQeng

sys E
E. add
in,eng + Cadd

3

(4.17)

Here, only useful exergy stream outputs are considered: the chemical exergy
flow of synthesis gas Ef}; and Ef};, the power output P4, and the exergy flow of
the heat transferred to the cooling water Eg cn4. Species that are not converted
towards synthesis gas are thus neglected. Both definitions have advantages and
disadvantages, since the second definition now neglects the possibility to re-use the

unconverted educts in a following cycle. As a compromise, both will be shown.

4.4 Results and discussion

First, the necessary amounts of ozone and DME for a stable combustion phasing
of 7.4 +0.2 °CA after top dead center (°CA aTDC), using the SZM, are evaluated
and compared. An ignition shortly after reaching top dead center is most favorable,
the sensitivity of the combustion phasing on the exact amount of additive was in-
vestigated systematically by varying the additive amounts by £20 % at ¢ = 1.9.
The reference case for ozone represents the amount of ozone that was needed in the
work of Schroder et al. [105] to substitute DME completely by ozone.

Second, these amounts are reduced or increased when reducing or increasing ¢,
respectively, and the equivalence ratio dependent product selectivities and exergetic
efficiencies are discussed. All single-zone model results shown in this chapter are an
average of four consecutive engine cycles. The multi-zone model results are taken
from the fourth cycle.

Figure 4.3 illustrates the pressure traces for the DME and the ozone case at
¢ = 1.9. The relatively high compression ratio of 20 leads to maximum pressures of
53 bar and 59 bar before, and 174 bar and 167 bar after ignition, for DME and ozone,
respectively. A similar CA50 is obtained with about 11 times less ozone compared
to DME in the total mixture. In contrast to DME, ozone does not increase the
molar heat capacity of the mixture and supplies radicals at lower temperatures and
thus earlier crank angles. Because of the lower heat capacity, the temperature and
pressure increase during the compression stroke is higher and less additive is needed.
Figure 4.3 also indicates that small amounts of ozone shift the combustion phasing
noticeably stronger, although the relative increase is stronger for DME: to shift
the combustion phasing by one crank angle degree (considering the black cases as
reference), additional 1.3 % or rather 283 ppm DME must be added, whereas 2.5 %

or 50 ppm additional ozone is needed.
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Figure 4.3: Averaged pressure traces (SZM, four consecutive cycles) as a function
of crank angle and additive amount in the total mixture for a) DME and b) ozone
at ¢ = 1.9. The reference additive amount (black line) is varied by +£20 % (blue
lines). For DME, an unstable ignition is found for the second lowest DME amount
(red line).

For DME, a small combustion phasing range is found, in which the ignition is
unstable and only every second cycle ignites after intermediate species, such as
formaldehyde and hydrogen peroxide, from the previous cycle are accumulated,
which will be discussed later in this chapter. This effect is seen for the condi-
tion where the DME amount of the reference case is reduced by 4.5 % or 950 ppm,
marked in red in Fig. 4.3a. A pressure increase is noticeable, but the combustion
phasing is very late, and the averaged pressure trace is not smooth, because every
cycle differs.

The kinetic effects of ozone and DME on fuel-rich HCCI engine operated with
neat methane was analyzed in our previous work [105]. We found that ozone de-
composes very early and is completely converted at —40 °CA. Its decomposition
yields atomic and molecular oxygen, the atoms react with methane, initiating the
conversion. Furthermore, a buffer molecule was found to be important, previously:

methyl hydroperoxid (CH3OOH). This relatively unstable molecule is formed for a
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Figure 4.4: Intermediate species mole fractions and in-cylinder temperature as a
function of crank angle at ¢ = 1.9 (SZM). Solid lines: 1970 ppm ozone cause ignition;
dashed lines: 1570 ppm ozone (—20 %) is insufficient for ignition. a) Illustrates ozone
and the most important intermediate species, b) shows the in-cylinder temperature
and OH radical formation.

brief period and increases the OH radical concentration later, due to decomposition
at higher temperatures after further compression. Thus, it promotes the conver-
sion of methane and the formation of formaldehyde (CH20) and hydrogen peroxide

(H202), which are crucial precursors for methane ignition.

On the basis of these findings, the following section deals with the influence of the
additional ethane and propane in natural gas mixtures on the intermediate species
and the interaction with ozone. In this work, the engine is operated at higher
rotational speed (+905 1/min), higher compression ratio (+10) and lower intake
temperature (—100 °C) compared to [105] in order to investigate conditions for the
subsequent exergetic analysis, which are nearer to nowadays’ engine parameters.
This leads to a higher cylinder charge and shorter residence times.

In Fig. 4.4 two operating conditions are compared: the ozone reference case
with 1970 ppm ozone in the total mixture (black line in Fig. 4.4b) and the ozone
mixture with 1570 ppm ozone (—20 %, dashed lines), the latter condition does not
ignite (flat line in Fig. 4.4b).

Due to the 2.5 times shorter residence time and the lower intake temperature
compared to the work of Schroder et al. [105], ozone is barely decomposed at
—40 °CA. However, the higher compression ratio leads to a steeper temperature

increase and thus ozone decomposition starts shortly after —40 °CA and is complete
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Figure 4.5: Intermediate species mole fractions as a function of crank angle at
¢ = 1.9 (SZM). Solid lines: natural gas; dashed lines: methane. a) Illustrates ozone
and the most important intermediate species, b) shows the fuel conversion and OH
radical formation.

at —25 °CA. This applies for both cases and thus both ozone amounts. As a result,
CH300H, CH20 and HyO4 are formed as described for the methane case before, but
also ethyl hydroperoxide (CoHsOOH). If the ozone amount is too low (dashed lines),
CH>0 and Hs0O4 are accumulated in each cycle, the OH formation is increased, and
the formation of CH3OOH is comparable. OH radicals are formed in this first step
by H-abstraction from the natural gas components, which react with oxygen atoms
from the ozone decomposition. The OH radicals are then mainly reacting with the
natural gas constituents, leading to a peak. Nevertheless, the second OH peak,
which results from CH3OOH decomposition to CH30 and OH, is shifted by 2 °CA,
because the temperature increases slightly slower. This leads to the effect that the
expansion after reaching top dead center quenches the reactions and prevents the
ignition of the mixture, illustrated by low OH radical amounts and no CH2O or
H304 conversion. However, the OH radical mole fraction is slightly higher in the
non-igniting case, since CH,O and HyO9 are accumulated, which lead to additional
OH radical formation. Nevertheless, this effect is not sufficient for achieving ignition.

In Fig. 4.5, the case with 1970 ppm ozone which leads to ignition for natural
gas, is compared to a methane case with the same ozone amount.

It is seen that the natural gas mixture starts to ignite, while methane is not
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converted yet. In the methane case the CH30OH formation shows a distinctive
maximum at —22 °CA, whereas in the natural gas case, the formation is reduced
at that point, and the maximum is found later at —14.4 °CA. In addition, ethene
and propene are formed from twostep H abstractions from ethane and propane by
OH radicals and ethyl hydroperoxide, as well as ethene and propene are formed as
further buffer molecules. Kaczmarek et al. [107] showed that ethene and propene
are typical intermediate species for the fuel-rich combustion of natural gas and
that ethane and propane do not influence the CH3OOH formation. This leads to
a lower CH300H mole fraction compared to the methane case, but due to the
exothermal H-abstraction of ethane and propane, which leads to an intermediate
CoH500H formation, the in-cylinder temperature and OH radical concentration
are high enough for ignition. The initial ethane and propane mole fractions in the
mixture correspond to 14,180 ppm and 1,580 ppm, respectively. If neat methane is
to be ignited instead, these additives have to be replaced by only 640 ppm ozone,
which emphasizes the effectiveness of ozone as an ignition promoter. The product
yields are not affected by combustion phasing and are thus not further discussed

here.

In the subsequent section, the necessary ozone and DME amounts for the equiv-
alence ratio range of 1.5 to 2.5, to achieve ignition at CA50 = 6.5 +0.6 °CA, and the
influence on the exergetic efficiencies are discussed. Figure 4.6a shows the necessary
mole and mass fractions of DME and ozone as a function of equivalence ratio. Fig-
ure 4.6b illustrates the resulting exergy contribution of the additive to the exergy

entering the engine r., and the efficiency of the additive production €444.

With increasing equivalence ratio, the additive mole and mass fractions needed
for ignition increase for both additives. However, the DME-related gradients are
larger: 1.0 mol%/¢ for DME and only 0.065 mol%/¢ for ozone. Up to 2.7 mol%
and 4.5 mass% of DME in the total mixture are needed. This is about 9.9 to 11.6
times more compared to the ozone case, increasing with ¢. The difference of the
exergy ratios re, are even higher, as Fig. 4.6b illustrates. DME contributes 21 %
to the exergy input, whereas ozone is only accountable for a negligible contribution
of 0.2 %. On the contrary, the calculated exergetic efficiency of the ozone generator
is poor with a rather constant value of 5.5 %. At ¢ = 2.5, for instance, 4.28 kW
of electrical energy must be supplied to generate an ozone mass flow of 0.26 kg/h.
The multi-zone model predicts similar figures for the DME case, for which it was
validated. On the contrary, when the additive is switched from DME to ozone,
much higher ozone amounts or higher intake temperatures are needed compared to

the single-zone model. In Fig. 4.6, the multi-zone model results with ozone are
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Figure 4.6: a) Intake additive mole fractions x; in black and mass fractions y; in red,
and b) intake exergy ratio re, and exergetic efficiency of the additive production £,4q
as a function of equivalence ratio at CA50 = 6.5 £0.6 °CA (solid lines: ozone, dashed
lines: DME; filled symbols: ozone multi-zone model with T;,, = 100 °C (+50 °C),
semi-filled symbols: DME multi-zone model).

obtained with an intake temperature of 100 °C, which is 50 °C higher than in the
SZM case; this leads to an ignition with the same amount of ozone as in the single-
zone model. Although ozone decomposes early in the compression stroke, it needs
about 38 °CA for full decomposition in the core zone (¢ = 1.9, T},, = 50 °C). This
leads to a relatively late CH3OOH formation and decomposition compared to the
single-zone model. In the single-zone model, as shown in Fig. 4.4a and Fig. 4.5a,
CH30OO0H is completely converted at —8 *CA. By contrast, in the multi-zone model,
CH3OOH is converted in the four innermost zones until +2 °CA, and no ignition is
achieved. With an increased intake temperature of 100 °C, CH3OOH is converted
again at —8 °CA, comparable to the single-zone model, and the mixture ignites.
This is illustrated in Fig. 4.7.

In contrast to ozone, DME converts late in the compression stroke and in the
core zone: it is converted nearly twice as fast, which makes DME less sensitive on
the heat and mass transfer from the core zone to its adjacent zones. This shows that
due the complexity of the heat and mass transfer within the multi-zone model, this

model must be validated against ozone measurements explicitly and investigated
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Figure 4.7: Methyl hydroperoxide (CH3OOH) mole fraction as a function of crank
angle for all seven zones of the multi-zone model (¢ = 1.9). Solid lines: intake
temperature of 50 °C, no ignition. Dashed lines: intake temperature of 100 °C,
ignition.

further in future work.

However, as seen from Fig. 4.8, the system’s resulting exergetic efficiency de-
crease is minor compared to the DME case. In the figure, a comparison of the

single-zone and multi-zone model is also included.

The exergetic efficiency of the HCCI engine (eng) reaches a value of 87.5 %,
regardless of which additive is used. Figure 4.8a also indicates that when the con-
version is not considered in the efficiency definition, there is no distinctive difference
between the SZM and MZM results. If the whole system is regarded, including the
production efficiency of the additive, and not only the engine, further differences
are recognized. The strong efficiency reduction by the DME production by up to
17.3 percentage points at ¢ = 2.5 (Fig. 4.8b, blue arrow) is remarkable, whereas
the ozone production with the quite inefficient generator only leads to a reduction

by 2.7 percentage points.

When the efficiency is defined only with the intended products, as done in def-
inition B, Fig. 4.8b results from it. The efficiencies of ozone and DME still reach
high values of 86.1 % and 86.3 %, respectively, but at lower equivalence ratios. At
higher equivalence ratios, methane remains in the product gases, leading to a drop.

The maximum efficiency for DME addition is slightly shifted to higher equivalence
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Figure 4.8: Exergetic efficiency of the HCCI engine (eng, grey) and the entire system
(sys, blue) as a function of equivalence ratio ¢ at CA50 = 6.5 +0.6 *CA (solid lines:
ozone, dashed lines: DME; filled symbols: ozone multi-zone model with 73, = 100 °C
(450 °C), semi-filled symbols: DME multi-zone model). Top: definition A, bottom:
definition B.

ratios compared to ozone addition: 2.2 compared to 2.15 in the ozone case.

The efficiency reduction, when the efficiency of additive production is considered
(sys), is noticeable as well. In the DME case, the maximum efficiency decreases by
18.6 percentage points to 67.7 %. With ozone there is a smaller reduction by 3.3
percentage points to 82.8 %.

At ¢ = 2.2 the conversion starts decreasing with decreasing amount of oxygen
and thus the efficiency decreases as well. At ¢ = 2.3, the efficiency of the HCCI
engine (eng) calculated with the multi-zone model is up to 10.8 percentage points
lower than those predicted by the single zone model (Fig. 4.8b, grey arrow). This
is mainly an effect of the reduced conversion due to colder regions in the cylinder,
e.g. crevice zones and zones adjoining the cylinder walls. With reduced conversion,
the efficiency decreases since less chemical exergy of the fuel is converted to work,
heat, and synthesis gas.

In Fig. 4.9, the conversions predicted by the single-zone model and multi-zone
model are compared.

In the single-zone model, propane and DME are always completely converted,

whereas the ethane conversion decreases slightly at equivalence ratios above 2.2. The
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Figure 4.9: Fuel and DME conversions as a function of equivalence ratio at
CA50 = 6.5 £0.6 °CA (solid lines: ozone, dashed lines: DME, filled symbols: ozone
multi-zone model with Tj, = 100 °C (450 °C), semi-filled symbols: DME multi-zone
model).

methane conversion is the lowest, so that the total conversion is 90.0 % for DME
and 87.2 % for ozone at ¢ = 2.5. The natural gas/DME mixture is more reactive
at TDC, since DME is not fully converted until ignition occurs. This leads to a
slightly higher overall fuel conversion compared to ozone and thus higher exergetic
efficiencies at higher equivalence ratios, as seen in Fig. 4.8b.

The results of the multi-zone model shall be compared further to the single-
zone model. The multi-zone model predicts up to 12 percentage points smaller
total conversions; values of 80.6 % to 90.1 % are estimated and thus the efficiencies
are reduced. DME is converted by 94.3 % to 92.4 %, decreasing with ¢ — mainly
because of the unreactive crevice zone, which, for example at ¢ = 1.9, contains 3.5 %
to 9 % of the total cylinder mass during combustion. This mass stems from mass
transfers from outer, cooler zones when the inner zones ignite and induce a pressure
increase. On the contrary, ozone is always converted completely, as emphasized
before. The MZM calculations with ozone provide no additional insights since the
outcome does not differ significantly from the single zone model results and are not
further discussed in the following.

The efficiency reduction for DME addition at ¢ = 2.5 is illustrated in more detail
in Fig. 4.10, where the exergy stream outputs for the SZM and MZM are compared.
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Figure 4.10: Segmentation of the system’s exergy stream outputs; comparison of
the single zone model on the left and the multi-zone model on the right at ¢ = 2.5
in the DME case.

The lower conversion in the MZM leads correspondingly to lower heat, work,
and synthesis gas exergy streams in the system output. Nevertheless, the changes
are quite uniform for the different useful outputs.

To determine promising operating conditions, it is also imperative to evaluate
the equivalence ratio dependent product selectivities and compare them for both
additives. In Fig. 4.11, the equivalence ratio dependence of the selectivities of CO,
CO2, Ho, H2O, CoHs and CoHy are shown, again from both models. The main
finding is that the predicted selectivities mainly depend on the equivalence ratio
but only to a minor extent on the additive or the model used.

The acetylene (CoHz) and ethene (CoHy) selectivities reach 1.4 % and 2.6 %
at the maximum investigated equivalence ratio of 2.5. Higher selectivites are ex-
pected at equivalence ratios of 5 and higher [112], but since synthesis gas is the
target chemical here, these regions are not further examined. The synthesis gas
selectivites increase with increasing equivalence ratio and reach a maximum at the
equivalence ratio, where the highest efficiencies were found. Again, the maximum
selectivities in the DME case are shifted slightly to higher equivalence ratios, com-
pared to ozone. The maximum achievable selectivities of CO and Hy are 88.4 %
and 66.5 %, respectively. The MZM predicts slightly smaller synthesis gas selec-
tivities and instead a small increase of the water selectivity. In comparison with

methane, the natural gas selectivities do not differ noticeably for any investigated
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Figure 4.11: Selectivities of the most important product gas species as a function
of equivalence ratio ¢ at CA50 = 6.5 £0.6 "CA (solid lines: ozone, dashed lines:
DME, filled symbols: ozone multi-zone model with 7}, = 100 °C (450 °C), semi-
filled symbols: DME multi-zone model).

case. In practice, the natural gas composition does thus not influence the outcome
of the process and must not be considered, when at least 90 % of the natural gas
consists of methane. However, for combustion control it is surely important to con-
sider natural gas composition changes, since ignition is sensitive on this composition.
Therefore, for combustion control, the additive mass flow must be adjusted on the
same time-scale as the natural gas composition varies.

Finally, the decision about the most favorable additive for polygeneration in
fuel-rich HCCI engines is not based on the product gas composition, but on the

effort in producing the additive and its fuel conversion enhancement properties.

4.5 Conclusions

Fuel-rich HCCI engines for polygeneration of work, heat, and synthesis gas can
be operated with natural gas with the help of additives such as ozone or DME.

In this work, the influence of ozone on natural gas ignition and the exergy input
of DME and ozone were investigated theoretically, and the influence of the additive

production on the exergetic efficiency was evaluated.
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The single-zone model results showed that natural gas is much more reactive
than methane. Ethane and propane convert partially in the compression stroke
and lead to ethene, propene, and OH radicals. However, the ethane and propane
conversions do not favor, but slightly reduce the formation of methyl hydroperoxide,
which is an important buffer molecule for fuel-rich methane ignition. Instead, ethyl
hydroperoxide is intermediately formed as a second buffer molecule. If the same
ignition timing shall be achieved with neat methane, ethane and propane can be
substituted by only 640 ppm additional ozone, which emphasizes the efficiency of

the ozone decomposition.

Compared to ozone, the necessary DME molar and mass fractions are up to
11 times higher, and its exergy contribution to the total mixture is even 95 times
higher: DME contributes 21 % to the exergy input of the engine, whereas 1700 ppm

ozone only contribute 0.2 %.

The exergetic efficiency of the ozone generator was determined and reached small
values of 5.5 %, but since ozone is used in small quantities the system’s efficiency
declines by only 3.3 percentage points and reasonable values of 82.8 % are possible.
The DME production reduces the system’s efficiency by unfavorable 17 percentage
points. The multi-zone model results show that the efficiency is strongly dependent
on the fuel conversion and thus non-converted fuel should be recycled within the
polygeneration system to maintain high efficiencies — especially at very fuel rich

conditions.

The single-zone model predicted the product selectivities accurately and pro-
vided helpful species profiles for kinetic analyses. Additionally, if the exergetic
efficiency is calculated with the Gouy-Stodola theorem, the resulting exergetic ef-
ficiencies only differed about 1 percentage point from the ones calculated with the
multi-zone model. If the fuel conversion and the exergetic efficiency considering
the conversion must be predicted accurately, the multi-zone model is much more
suitable. The fuel conversion calculated by the multi-zone model matched our ex-
perimental values by +1.9 % and the exergetic efficiency was found to be 10.8
percentage points lower in the DME case. Since the multi-zone model has not been
validated against ozone experiments so far, these results were obtained with a 50 °C
higher intake temperature. Therefore, those conditions will be used for validation
of the multi-zone model against natural gas/ozone experiments in a future work.

To conclude, ozone is a more favorable additive compared to DME — not only
based on the necessary mass flows but on exergetic efficiency as well. These re-
sults encourage profound investigations of ozone kinetics for fuel-rich combustion

technologies that require reactive fuel additives.
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CHAPTER 5

EXERGOECONOMIC ANALYSIS OF AN HCCI ENGINE
POLYGENERATION PROCESS

This chapter is an updated version of the paper originally published in:

D. Schroder, R. Hegner, A. Giingér, B. Atakan. Exergoeconomic analysis of an
HCCI engine polygeneration process. FEnergy Conversion and Management 203
(2020) 112085. DOI: 10.1016/j. enconman.2019.112085.

Introduction to the fourth paper

As it was shown in the previous chapters, the efficiency of the engine only is not
sufficient for evaluating the polygeneration process; at least the additive production
must be considered as well.

To compare the polygeneration with conventional processes like cogeneration
and steam reforming, the HCCI engine should provide the chemical products at a
demanded purity. Therefore, the exhaust gas must be further treated and the chem-
icals separated. This reduces the exergetic efficiency further and a more appropriate
comparison with conventional processes is possible.

Additionally, high exergetic efficiency is not the only argument for favoring novel
systems over conventional processes; profitability and product costs are at least
equally important. Therefore, thermodynamic and economic analyses are often
combined to evaluate processes using thermoeconomic approaches, e.g. Ghaebi et
al. [113]. If exergy-based methods are used the term exergoeconomics is more
appropriate. The method of exergoeconomics originates back to the year 1949 and
the historical development was instructively described by Tsatsaronis in 1996 [ 1].

As discussed before, exergy-based methods are more meaningful for the evalua-
tion of the polygeneration process, since energy-based methods would omit most of
the exergy stored in the chemicals.

Consequently, in this chapter, a process concept was developed which provides
work, heat, steam, and purified hydrogen. This process was then evaluated by
applying exergoeconomic methods. All cost data input used in this chapter dates

back to the year 2018; no time-value corrections had been made by the time this
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thesis was written.
The key contributions of this work to the state of the art can be summarized as

follows:

— For the first time, an exergoeconomic method was applied for fuel-rich operated

engine processes.

— The most crucial input parameters that influence the hydrogen costs are inter-
est rate, lifetime, operating hours, but also membrane and engine investment

costs and fuel costs.
— Exhaust gas recirculation should be avoided or reduced to a minimum.

— An high exergetic efficiency of 65 % is achieved, which is comparable to steam
reforming, and 17 %-pts. better than cogeneration of power and heat in con-

ventional engines.
— Hydrogen costs are found at a range of 3.2-4.0 €/kg (at low EGR ratios).
— An economic evaluation should always be paired with a sensitivity analysis.

— A global sensitivity analysis is an easy to use and very helpful method for the

cost analysis of processes.

In the original publication [!17], the feed and retentate pressures of the pal-
ladium membrane were incorrectly reported and calculated as absolute pressures
instead of hydrogen partial pressures. However, the main findings and conclusions
did not change. This chapter presents a corrected version of the publication and a
documentation of the corrections can be found in the electronic supplementary of
this thesis.

Author contributions to the fourth paper

This work resulted from a collaboration with our dear friend Prof. Ali Giingor,
who visited us in Duisburg for two months in 2018. Together, we carried out the
first exergoeconomic work on the proposed polygeneration system.

The process concept results, including the single-zone engine model, were initially
provided by Robert Hegner. On the basis of this data, Burak Atakan and me
developed a Python script which solves the process concept exergoeconomically,

and validated it together with Ali Giingor.
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My further contribution was the data analysis, visualization, and the writing
of the original manuscript. Ali Gilingér and Burak Atakan were also engaged in

reviewing the manuscript and Burak Atakan was the supervisor of this project.

Table 5.1: Author contributions for chapter 5 following the CRediT author state-
ment methodology [!1].

Author Freund Hegner Giingér Atakan
Conceptualization v v v v
Methodology v v v v
Software v v v v
Validation v v

Formal analysis v v
Investigation v v

Resources v

Data curation
Writing - Original draft

ESENENEN

Writing - Review & editing v v
Visualization

Supervision v
Project administration v
Funding acquisition v

5.1 Abstract

A polygeneration system producing hydrogen, electricity, process steam, and
heating water is modeled and studied by conducting an exergoeconomic analysis.
This system includes a homogeneous charge compression ignition (HCCI) engine
burning a rich methane-air mixture, a water-gas shift reactor (WGSR) and a palla-
dium membrane for hydrogen separation. Different cost-apportioning methods were
considered in the present work in order to assess their suitability for the studied
system. Furthermore, a global sensitivity analysis was used to identify the relevant
system parameters as well as to quantify the influence that the input data uncer-
tainty causes on the costs of the system products. It is shown that these costs are
sensitive to the investment costs of only few system components and that the highest
exergy destruction rates and costs occur in the engine. With the predicted cost of
hydrogen ranging from 3.23 to 4.05 €/kg at EGR ratios of up to 25 %, the studied

process is promising.

73



5.2. Introduction

5.2 Introduction

High efforts are made nowadays to reduce the emissions of carbon dioxide and
the consumption of fossil fuels. Internal combustion (IC) engines operated as de-
centralized cogeneration of heat and power (CHP) plants play an important role for
achieving these objectives and are therefore widely used. IC engines are favorable
since they are technically mature, require reasonable installation space, and have
low investment and operation costs [I 10, ]. Nevertheless, the improvement of
such CHP plants in terms of exergetic efficiency is more and more reaching its limit.
Therefore, an integration of separate processes to a polygeneration system that pro-
vides energy and chemical products could lead to a significant improvement with
reasonable efforts in research and development [!1%]. The polygeneration system
investigated in this work provides power, heat, and hydrogen by operating an 1C
engine in HCCI mode under fuel-rich conditions. We use methane as the fuel as it
is the main part of natural gas and biogas which are fuels that may later be used in
industrial applications. The fuel is partially oxidized in the HCCI engine and this
results in high amounts of carbon monoxide and hydrogen in the exhaust gas which
can be subsequently separated and used in downstream processes. Hydrogen is an
important product since it is one of the main chemicals for the chemical industry
and the majority of hydrogen used is currently produced by the steam reforming of

natural gas [| 19].

In a previous work [21], a fuel-rich operated test HCCI engine for polygeneration
of work, heat and hydrogen was investigated by means of an exergy analysis. It was
found that the exergetic efficiency of such a system reaches values of up to 80 %.
The polygeneration is therefore favorable compared to separate production as the
overall exergetic efficiency of an engine for lean conditions in CHP operation is
below 48 % for a medium-scale engine (903 kW power output) [23] and below 40 %
for a large-scale engine (5.76 MW power output) [?1]. The exergetic efficiency of
steam methane reforming (SMR) to provide carbon monoxide and hydrogen does not
exceed 63 % [20]. In addition to the theoretical work, it was shown experimentally
that such a polygeneration process using HCCI engines is feasible and that it is
exergetically favorable [30, 75]. This was accomplished using methane as a fuel,
which requires high temperatures or alternatively the employment of some additives
in order to ignite it through a compression. Syngas was produced in such engines

with additional output of power and heat.

In this work we expand the investigation of the proposed process concept by

Hegner et al. [31] towards an exergoeconomic analysis since not only the efficiency
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of a novel energy system is crucial to evaluate but the economics as well. This kind
of analysis helps to determine the cases in which an improvement of the exergetic ef-
ficiency is economically reasonable and whether non-exergy-related parameters, e.g.
investment costs, are limiting. Therefore, this work aimed at determining the costs
of the system products and comparing them with those of conventional systems.
Literature reports applications to the study of combined-cycle power plants [ 20,

|, steam power plants [122], CHP plants [/ 23] or geothermal plants [121], with
the purpose of identifying components with the highest costs of exergy destruction

and assessing the cost of power production.

To our knowledge, an exergoeconomic analysis of a fuel-rich operated HCCI en-
gine for polygeneration has not been conducted before. In this first application
we follow the standard exergoeconomic approach as described by Bejan, Tsatsaro-
nis, and Moran [!125]. There are different approaches using auxiliary equations to
solve the cost balances in exergoeconomic analyses. Therefore, we investigate the
methodology itself to identify the suitability of different methods when applied to
polygeneration systems using engines. After finding a suitable method, we will iden-
tify the system components that should be improved in order to reduce the costs
associated to exergy destruction. Due to the uncertainty in the costs and further
used model parameters we carry out a global sensitivity analysis of these values on
the estimated hydrogen costs and present the results. This also helps us to identify

the most important parameters for process improvements.

5.3 Process concept

The polygeneration system is modeled in Python using the library Cantera to
describe the thermodynamics and kinetics [70]. The system consists of an HCCI
engine (IV) operated with neat methane as fuel, a water—gas shift reactor (WGSR;
VIII), a palladium membrane for hydrogen separation (H2M; IX), several shell and
tube heat exchangers (HE; V, X, XII, X1V, XVII), and hydrogen compressors (H2C;
XI, XIII) to produce four different product streams: hydrogen, power, heating water,

and process steam. Fig. 5.1 shows the flow diagram of the process.

To auto-ignite neat, relatively inert methane as fuel in the engine the tempera-
ture level must be increased at the engine entrance 3 as previously shown by Hegner
and Atakan [71] and Wiemann et al. [20]. This also increases the radical concentra-
tions after compression so that autoignition takes place after compression. We use
a combination of two measures for this purpose: a preheater (II) heats the air—fuel

mixture 1 using the exergy from the exhaust gas 18, and an external exhaust gas re-
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Figure 5.1: Process flow diagram of the polygeneration process.

circulation (EGR) increases the initial temperature. The EGR ratio zggr is defined
as the molar ratio of recirculated exhaust gas ngg to the total amount of mixed gas

(fresh gas npg and exhaust gas ngg) flowing into the engine (5.1).

Uae
TEGR= —————— 5.1
nFG + NEG (5-1)
An expansion valve (XV) decreases the pressure of the exhaust gas to the pres-
sure of the air fuel mixture before mixing both flows. We model one cylinder of the
HCCI engine, which is part of a four-cylinder four-stroke engine, as a single zone
reactor including the compression and combustion stroke but without gas exchange.

Table 5.2 shows the engine’s parameters.

We choose these parameters according to typical parameters of automotive en-
gines [71]. The high rotational speed of 3000 1/min achieves high power and hy-
drogen outputs, thus lower specific product costs and lower heat losses. A detailed

description of the engine model can be found in the previous work of Hegner et al.

[34, 47].
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Table 5.2: HCCI engine parameters used for the calculations.

Description Symbol Value Unit
Rotational speed rpm 3000 1/min
Compression ratio Te 16.5

Bore d 79.5 mm
Stroke S 80.5 mm
Number of cylinders Ny 4
Displacement D 1.598 dm?
Fuel-air equivalence ratio ¢ 2.38
Mechanical power output! P 18.54 kW

I The maximum mechanical power output for the
lowest investigated xpgr = 0.05.

Heat exchanger V (Cooler 1) and heat exchanger VI (Steam generator) produce
steam and the high-pressure steam from Cooler 1 (p = 50 bar) is used as a system
output and therefore as a product. The steam from the steam generator is used
internally to provide the necessary amount of water vapor for the water—gas shift
reaction. At EGR ratios above 40 % the steam generator VI and the mixing chamber
VII are bypassed due to the higher concentrations of water vapor in the exhaust gas.
We use a water—gas shift reaction (5.2) to increase the amount of hydrogen in the
exhaust gas and to prevent CO molecules from inhibiting the permeation of hydrogen
molecules. The latter is an important issue with palladium membranes [120]. The
exothermal reaction proceeds at a constant temperature of 723 K. The produced

heat increases the temperature of the heating water.

CO + H0 +— COs + Hy (5.2)

For the hydrogen separation we assume that the hydrogen membrane IX is de-
signed for an effectiveness of 0.9, meaning that 90 % of the hydrogen initially in
the feed gas stream 8 (which is the exhaust gas) permeates through the membrane
[127].

We utilize the permeation law (5.3) from the work of Spallina et al. [125] to
describe the mole flow of hydrogen through the membrane and we use the membrane
parameters from experimental studies of Fernandez et al. [129—131] who investigate

Pd-Ag alloy membranes, see Table 5.3.

. Py -k
NH, = — exXp ( a> Am (p(l){le,lret - poﬂ"?;}pe”'m) (53)
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Table 5.3: Permeation law parameters used for membrane area calculation for cost

estimation [/ 29]. Membrane area and partial pressures are given for xggr = 0.05.
Description Symbol  Value Unit
Permeability Py 1-1078 mol /s/m /Pal ™
Membrane thickness dm 5.00-1076 m
Activation energy E, 5.81-10>  J/mol
Universal gas constant R 8.314 J/mol/K
Reaction temperature T 723 K
Membrane exponent n 0.74 -

Membrane area A, 1.24 m?2
Hy partial pressure retentate  pp, ret 6.89 kPa
Hy partial pressure permeate D, perm 3.3 kPa

We utilize the permeation law to calculate the membrane area A, which we
need for the cost estimation. The system and its components do not contain the
calculation of pressure drops. By performing the sensitivity analysis, we show in the
discussion section that this is justified in terms of the influence on the prices. For
further information on the system and its components see Tables 5.12, 5.13, and the

previous work of Hegner et al. [31].

5.4 Methodology

The main principle of exergoeconomic analyses is defining the costs of an exergy
flow i as the product of the specific exergy costs ¢; and the total exergy flow E;

according to (5.4) using the Specific Exergy Costing approach (SPECO) [3(].

C; = ¢ E; (5.4)

According to SPECO the exergy flows entering and exiting a component must

be defined as fuel, product, or exergy loss. The fuel is defined as a stream whose
exergy is decreased by flowing through the device. The exergy of a product is thus
increased by flowing through a device. If an exergy stream exiting the component is
not used it is defined as exergy loss (which is in this work the exhaust gas exiting the
system into the environment). To calculate the specific exergy costs of the products
cost balances (5.5) for each component k are carried out that lead to a system of

linear equations [125, 132].

Z Cri+ Zy, = Z Cpi+Cr (5.5)
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In this equation Cpl, and Cp’l', are the cost rates associated with the fuel and
product, respectively and C k- is the cost rate of the exergy loss flow. The cost rates
associated with the total device costs Z; of component k are defined as the sum of
the total capital investment (CI) costs Z,CCI and the total operating and maintenance
(OM) costs ZPM allocated to the time units [12:3]. For these costs we consider the
time value of money and the salvage value (SV) of the devices, see (5.6), (5.7), and

Zy = 25T+ Z29M = (z91(1 — Q- PVF)CRF)r ' + z5Tp (5.6)
i(144)F
CRF = —— "~ 5.7
(i+1)E -1 (5.7)
1
PVF = — 5.8
(1+44)L (58)

In this calculation C'RF denotes the capital recovery factor and PV F denotes
the present value factor. The component cost rates depend on the interest rate i,
the operating hours per year 7, the lifetime 7', the salvage value factor 2 at the end
of the lifetime, and the operating and maintenance costs factor .

We establish the device investment costs Zkol by using the purchased equipment
costs method (5.9) from Turton et al. and Bejan et al. for known device costs, also
known as the sixth-tenth rule [127, ], and the Chemical Engineering Plant Cost
Index (CEPCI) to take inflation into account (5.10) [133—135].

N
78" = 78 ( B ) (5.9)
Bref
Cost index 2018
22%118 _ 501 ost index (5.10)

el Cost index reference year

The estimated component costs Z,? I the basis costs Zfef , the components’ basis
properties B,.r, the cost exponents N, and the cost indexes can be found in the
appendix in Tables 5.14, 5.15, and Fig. 5.11. Subsequently, as a worst-case scenario,
we use the maximum device costs of all EGR ratios for the calculations. Table
5.4 shows the financial parameters for the exergoeconomic analysis including the
uncertainty range that we use for the sensitivity analysis.

For devices with n exiting flows n — 1 auxiliary relations are required to solve
the cost balances [121].

There are many different approaches in the literature, but it is not clear which

of them is well suited for such a polygeneration system. We consider three different
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Table 5.4: Financial parameters used for the calculations.

Description Symbol Value Unit Uncertainty Min. Max.
Lifetime L 15 a +30 % 10.5  19.5
Operating hours 7 7920 h/a +30 % 9544 8760
Interest rate i 0.10 - +30 % 0.07 0.13
SV-factor Q 0.05 - +30 % 0.035 0.065
OM-factor ® 0.03 - +30 % 0.021 0.039
Air exergy costs Caiir 0.00 €/MWh £30 % 0.00 0.00
CH, exergy costs ccm, 1790 €/MWh +30 % 12.53  23.27
Electricity costs Cel 42.00 €/MWh =£30 % 29.40 54.60

methods for defining those auxiliary equations for the important components of the
investigated polygeneration system: the Fuel and Product Principle (FP) [20], the
Extraction Method (Extr), and the Equality Method (Eq) [130].

For components with more than two product streams and mainly chemical con-
version, i.e. HCCI engine and WGSR, the apportionment of the specific exergy costs
plays a significant role. For example, for the WGSR the exergy flow of the exhaust
stream is reduced during the process while the exergy flow of the heating water is
increased. This suggests that the heating water should be its main product.

On the contrary, the reactor’s main purpose is to increase the hydrogen concen-
tration in the exhaust gas and the chemical exergy represents a major part of the
total exergy. Therefore, the costs can be charged equally on both the heating water
and the exhausted gas (FP/Eq) or only on the exhaust gas (Extr). The same consid-
erations hold for the HCCI engine. Table 5.5 presents the equations corresponding

to the three investigated approaches.
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—

%
b a Operator
N (VI
N 4 Customer
2 1

Figure 5.2: Process flow diagram of a subsystem showing the coupling of the oper-
ator’s component (reactor) and the customers component (consumer device).

The specific exergy cost of (cooling) water flowing into the system ¢, is set to
zero. We do that because an external customer shall pay for all component costs
incurred by the operator of the polygeneration system to provide the product (here:
heating water). Fig. 5.2 illustrates exemplarily a subsystem with a cooled reactor
on the operator’s side and a consumer on the customer’s side and eq. (5.11) shows

the cost balance of the customer’s device k.

0
Co=C1+Cy— ot 2 (5.11)

If C, is zero, this will lead to the highest costs for the customer’s product which
is the heated stream 2. This is a worst-case scenario for the costs of the heating
water and therefore used in this analysis. By setting the costs of the inflowing water
to zero the Equality Method is identical to the Fuel and Product Principle and
neglected in the following investigation.

We vary the evaluation methods of the engine and the water—gas shift reactor for
the method comparison. In addition, we apportion the exergy-loss cost rate Cap to
all products weighted by their relative exergy flow according to Eq. (5.12) because

the exhaust gas is not used further but is released into the environment [125].

Ep,
Y. Ep;
To distinguish the different method combinations, we introduce an abbreviated
nomenclature. The first method stands for the WGSR and the second one for the
HCCI engine leading to the following four combinations: FP-FP, FP-Extr, Extr-FP,

Extr-Extr. Then, we compare the evaluated production costs to the mean reference

C'P,i = OP,Z’ +Cy

(5.12)

production costs shown in Table 5.6. We calculate the steam costs by only taking
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Table 5.6: Reference production costs for the products of the polygeneration system.

Product Min. Mean Max. Unit Ref. systems Ref.
Electricity 38.0 69.0 100.0 €/MWh Power plants? [137]
Hydrogen 147 243 390 €/kg SMR? [119]
Steam 14.40 - - €/t Steam boiler!

Heating water 0.956 1.368 1.780 <€/t District heating [13¢]

I Calculated for high pressure steam p = 50 bar, Treeq = 10 °C with a boiler
efficiency of ng = 0.95 considering fuel costs only.

2 Small and large scale SMR providing hydrogen mass flows from 72 kg/h
to 9,000 kg/h.

3 Coal power plants, as well as gas and steam power plants in Germany
(2018).

the fuel costs ccp, into account as the boiler costs depend on the application. This
leads to minimal steam production costs which we use for the comparison.

The cost balance Eq. (5.5) does not consider exergy destruction even though
this is very important when correlating exergy flows with cost flows. Therefore, we
calculate the cost rates of exergy destruction C’D’k, following [125] (p. 426) with
the assumption that the exergy destruction ED’;C, is independent of the specific fuel

costs cpy (5.13).

CD,k = CF,kED,k (5.13)

We calculate the exergoeconomic factor fi (5.14) for each component k. This
figure helps us to distinguish between the causes of the specific product costs [127,

]. If the value is low, the cost increase is mainly caused by exergy-loss-related
costs and therefore the exergetic efficiency of the device should be improved even if
it increases the device costs. On the contrary, the device costs should be lowered
if the factor has a high value, even at some expense of the exergetic efficiency.
Furthermore, we use the relative cost difference 7, (5.15) that is helpful to determine
the components in which the product costs increase strongly. These components

should thus be optimized on an exergetic or economic basis [127].

Z
fr= = - : (5.14)
Zr+crr(Epr + Erg)
e = CPk — CFk (5.15)
CFk
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We calculate the exergetic efficiency e (5.16) of each component k to provide
further information on where crucial exergy destructions in the polygeneration sys-
tem occur [127, ]. To compare the exergetic efficiency of this process concept to

conventional processes we consider the system’s exergetic efficiency egys (5.17).

er = <Z EZk)P _q_ Z(Epxt Bry) (5.16)
E), (oA,

Esys = L Biow _\ 2Epsk+ Eri) (5.17)

In addition to the calculations with constant financial parameters we carry out

F

a global sensitivity analysis using the Sobol method [! (] as implemented in SALib
[[11]. A global sensitivity analysis is a variance-based method to identify to what
extent the input parameters of a system influence the output parameters [112]. The
Sobol method utilizes the Monte Carlo method: A defined number of samples with
values with a defined uncertainty range for each input parameter are randomly
selected and used for the calculation of the output parameters. The variance of
the model’s output when a single input parameter is fixed Vx,(Ex_,(Y|X;)) is then
compared to the variance of the model’s output V(Y'). The first order sensitivity
index S; (5.18) is defined as the ratio of these two values as described in [110].
Vx,(Ex_,(Y|X;))

S, = N V(g/) (5.18)

The advantage over local sensitivity analysis, which is derivative-based, is that
it remains reliable even for non-linear models, but they are computationally more
expensive [ 10]. The sensitivity analysis helps to determine the influence of the un-
certainty in model parameters, like device costs, fuel costs, and financial parameters
on the final product costs. In this work we calculate and analyze the first order
sensitivity coefficients S7 and the total sensitivity coefficients Sp. We vary all cost
parameters within +30 % which is the expected accuracy of economic values for
studies [!31]. We choose a base sample of 1024 with 25 parameters. According to
Saltelli’s extension of Sobol’s method this leads to 27,648 model runs for each EGR

ratio.

5.5 Results and discussion

First, we compare the calculated production costs with the four methods for

a typical EGR ratio of 0.05. The production costs from the different auxiliary
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Figure 5.3: Production costs comparison for different auxiliary equation methods
(EGR ratio = 0.05; FP = Fuel/Product Principle; Extr = Extraction Method; in
the colored legend the first value shows the applied method for the WGSR and
the second value shows the applied method for the HCCI engine). a) illustrates
the specific product costs and b) illustrates the deviation from the mean reference
production costs shown in Table 5.6.

equation methods stay below the mean reference costs for electricity but exceed the
mean hydrogen costs, the mean heating water costs, and the minimal steam costs as
shown in Fig. 5.3. The minimal steam costs are exceeded since the same fuel costs,
but no boiler costs are considered for the steam production comparison. At first
sight, some points are recognizable: The differences between all four methods seem
to be minor for each product except the electricity. The change of the method for
the evaluation of the HCCI engine changes the electricity costs significantly. The
engine’s method is thus more important than the reactor’s method. If the Extraction
Method is used for the WGSR, the decrease in heating water costs is below 0.16 %
and the increase in hydrogen costs is below 0.01 %. Thus, there is no significant
dependency on the method.

In contrast to the WGSR, the choice of the HCCI engine method affects the costs
for electricity, hydrogen, and steam substantially: if the Extraction Method (Extr)
is used and all costs are charged on the exhaust gas containing the hydrogen, the
electricity costs deviation decreases by 17.81 %-points. This happens at the expense
of the steam and hydrogen costs; they increase by 13.99 %-points and 3.36 %-points,

respectively. For the heating water costs there are no noticeable dependencies. In
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Figure 5.4: Cost rates of the system’s products as a function of external exhaust
gas recirculation ratio.

general, the electricity costs are lower than the reference costs while all other product
costs are higher for both methods. The deviation of the hydrogen and steam costs
can be reduced when the Fuel and Product Principle is used for the HCCI engine. If
the polygeneration system benefits from scale-up effects, which we will investigate in
the future, this would lead to competitive product costs at lower scales. Therefore,
we use the Fuel and Product Principle for the engine and, for the sake of consistency,
for all components including the WGSR throughout the remaining part of the paper.

Thus, all three useful outputs of the engine are charged with the costs.

Fig. 5.4 shows the cost rates of the products using the Fuel and Product Prin-
ciple for the investigated process concept as a function of the EGR ratio for the
given constant financial parameters of Table 5.4. In general, the cost rates increase
with increasing EGR ratio since, on the one hand the exergy flows decrease by re-
circulating exhaust gas (having a lower specific exergy than the fuel-air mixture) as
illustrated in Fig. 5.5 and, one the other hand the hydrogen mole fractions decrease,
which leads to strongly increasing membrane area and thus investment costs. At
EGR ratios of 0.4 and higher, the hydrogen partial pressure on the permeate side
of the membrane is lower than on the retentate side and thus no hydrogen can be
separated. Therefore, EGR ratios of 0.4 and higher are neglected in the following

analysis.

The hydrogen costs are responsible for 84.4 % up to 89.3 % of the total costs
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Figure 5.5: Exergy flows of the system’s products and exergy losses as a function of
external exhaust gas recirculation ratio.

increasing with the EGR ratio while those of electricity, steam, and water are com-

paratively low (with maximum values of 8.1 %, 1.1 %, and 6.5 %, respectively).

The cost rates do not indicate whether the production costs of the products are
competitive compared to the reference costs shown in Table 5.6. Therefore, they
are converted to specific product costs by dividing the cost rates by the associated
exergy flows for electricity or mass flows for the other product streams, respectively.

Fig. 5.6 compares those specific product costs as a function of the EGR ratio.

The specific product costs strongly increase with increasing EGR ratio as the
exergy flows decrease and the total component costs increase. The costs for hydro-
gen, electricity, and heating water rise from 3.23 €/kg to 10.00 € /kg, 42.57 €/MWh
to 49.12 €/MWh and 1.52 €/t to 2.52 €/t, respectively. The specific steam costs
decrease at low EGR ratios because the mole fraction of water vapor increases with
increasing KGR ratio and thus the steam generator must produce gradually less
steam. This leads to an increasing heat flow through Cooler 1 to ensure the desired
reaction temperature of 723 K for the water—gas shift reaction. At higher EGR ra-
tios the component costs overlay this effect. At low EGR ratios the production costs
of hydrogen, electricity, and heating water are competitive and reasonable although
the mean reference costs of the hydrogen production are exceeded. The maximum
reference value for hydrogen (3.9 €/kg) is exceeded at EGR ratios higher than 0.2

while the costs of heating water and electricity are still competitive. It follows that
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Figure 5.6: Specific production costs of the system’s products as a function of ex-
ternal exhaust gas recirculation ratio. First axis, blue circles: electricity costs in
€/MWh; second axis, red triangles: hydrogen costs in € /kg; third axis, grey squares
and pentagons: steam and water costs in €/t. Horizontal lines illustrate the mean
reference costs taken from Table 5.6.

high EGR ratios should be avoided or only used for short periods per year. The
financial parameters limit the flexibility of the polygeneration system in part, but
this does not seem to be severe because EGR ratios approaching 1 can never be

rational, due to the large dilution.

We perform a global sensitivity analysis for different EGR ratios and vary the
economic parameters shown in Table 5.4 by 430 % as listed in Table 5.14. Fig. 5.7
shows two histograms that give an impression of the calculated hydrogen costs and
total costs from the statistically varying uncertainty of the parameters, resulting
from 27,648 calculations.

Due to the non-linearity of the model the calculated hydrogen costs and total
costs, resulting from the fix values from Table 5.4, deviate from the mean values by
—9.66 % and —9.41 %, respectively. The product costs may therefore be slightly
higher if the actual economic parameters differ from the parameters chosen in this
work.

Fig. 5.8 shows the results of the sensitivity analysis for parameters with first
order sensitivities S; above 0.01 as a function of the EGR ratio. In general, the
dependency on the EGR ratio is minor. Also, the first order sensitivity coefficients

do not deviate strongly from the total sensitivity coefficient which are also plot-
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Figure 5.7: Histograms of the hydrogen and total cost rates resulting from statis-

tically varying the uncertain parameters by +30 %; the parameters are shown in
Table 5.14 (EGR ratio = 0.05).
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Figure 5.8: First order and total order sensitivity indexes as a function of EGR ratio
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lines: total order).
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ted. Thus, the main effects are direct effects. Six parameters have non-negligible
sensitivities: the interest rate, the lifetime, the operating hours, the fuel costs, and
the device costs of the engine and the hydrogen membrane. The membrane has
the highest investment costs of all devices. The compressor work is not among the
sensitive parameters which also holds for the sum of both compressors. Thus, some
pressure drop in the devices should not influence the costs considerably.

Except for the fuel costs and the H2M capital investment, the sensitivities of
these parameters do not depend significantly on the EGR ratio. The dependency
on the fuel costs decreases since the exergy flow of the fuel decreases with increasing
EGR ratio. On the contrary, the first order sensitivity index for the H2M capital
investment increases by 70.3 %. If only the sensitivities were considered it could
be reasoned that the hydrogen and engine investment costs should be reduced to
reduce the product costs. A reduction in investment costs could lead to a reduction
in efficiency as well, which could eventually be more crucial for the product costs.
Therefore, the evaluation of the characteristic numbers of the exergoeconomic anal-
ysis is important to decide whether it is more reasonable to increase the efficiency

of the components or to decrease the investment costs.
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At an EGR ratio of 0.05 the exergetic efficiency of the polygeneration system is
high with a value of 65.2 % but it may be possible to improve it further. Thus, we
regard the exergy destruction in the process for the devices with the highest exergy
destruction and their costs. Table 5.7 shows that the engine and the WGSR cause
the highest exergy destruction rates with about 51.0 % relative exergy destruction
in the engine and 9.4 % in the reactor. Thus, these components produce the highest

exergy destruction costs as well.

We compare the total costs of different components in Fig. 5.9. It shows the sum
of the component costs (grey) and the exergy destruction costs (red). A decrease of
the engine costs, either by reducing the irreversibility or the investment costs, and
a decrease of the membrane costs would have the highest effect on product costs
reductions. The influence of the costs of all other components on the products’ cost

rates are minor.

The hydrogen cost increase from the membrane and the HCCI engine is mainly
caused by their high investment costs and not by their exergy destruction rates as
the exergoeconomic factors f; have high values of 98.3 % and 84.5 %. Due to their
high cost rates these components increase the hydrogen costs the most. This is seen
from their relative cost differences of 64.7 % for the engine and 132.9 % for the
membrane, respectively. In contrast, the expansion valve causes a relatively high
exergy destruction but because of its low investment costs it does not significantly
affect the product costs. All other components influencing the hydrogen costs have
relative cost differences below 9.3 %. As engines are well approved in terms of
thermal efficiency, reliability, and production costs, a larger leverage for lowering the
hydrogen production costs should be a replacement or improvement of the hydrogen
membrane, e.g. reducing the investment costs. This can even be accompanied
with a lower exergetic efficiency of the separation process, since the membranes’
exergoeconomic factor is close to 1. To achieve lower hydrogen costs than the mean
reference costs of 2.43 €/kg for SMR the membrane’s investment costs must be
decreased by 54 % at an EGR ratio of 0.05. The minimal reference costs of 1.47 € /kg
cannot be reached by solely reducing the membrane’s investment costs. Since the
minimal reference costs for an SMR, process lead to a 4540 times higher hydrogen
mass flow rate, scale-up effects for all components may play a significant role. The
exergetic efficiencies range from 26 % to 80 % in the heat exchangers and reach
values of 14.6 % for the WGS-reactor, and 62.0 % for the engine. Therefore, the

exergetic efficiency of the WGS-reactor has the highest potential for improvements.

Finally, the system’s exergetic efficiency should be compared to those of conven-

tional processes as mentioned in the introduction: an engine CHP plant (48 %) and
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Figure 5.10: Exergy flows (left scale) and exergetic efficiency of the system (right
scale) as a function of external exhaust gas recirculation ratio.

steam methane reforming (63 %). Fig. 5.10 illustrates the inflowing and outflowing
exergy flows of the system, the exergy destruction, and the exergetic efficiency as
a function of EGR ratio. The exergetic efficiency of the system decreases slightly
with increasing EGR ratio having a maximum value of 65.2 % and a minimum
value of 62.1 % at EGR ratios of 0.05 and 0.35, respectively. Consequently, higher
EGR ratios are not favorable, even if the membrane would be operable under these
conditions.

Therefore, the system’s exergetic efficiency surpasses engines for cogeneration
by 17 %-points but it is comparable to the efficiency of steam methane reforming
processes. Since a facility using steam methane reforming usually has the need for
electricity and process heat, e.g. in the chemical industry, a conventional reforming
process could be substituted by this polygeneration process and replace a part of the
external electricity supply as well as heat generation, e.g. by boilers, and increase

the system’s overall exergetic efficiency.

5.6 Conclusions

We investigate a process concept using a fuel-rich operated HCCI engine for pro-
viding work, heat, steam, and hydrogen by conducting an exergoeconomic analysis
including a comparison of the Extraction method, the Equality method, and the
Fuel and Product Principle.
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Main results

For such polygeneration systems the SPECO method using the Fuel and Product
Principle is the most suitable method, because it leads to the lowest hydrogen, water
and steam costs. This increases the electricity costs, which stay below the reference
costs. To reduce the product costs — especially the hydrogen costs — of the investi-
gated HCCI polygeneration system the investment costs of the hydrogen membrane
should be reduced or substituted by a different, cheaper hydrogen separation tech-
nology, e.g. pressure swing adsorption. If this reduces the exergetic efficiency of the
hydrogen separation, it should not influence the hydrogen costs significantly, since

the membrane’s exergoeconomic factor is high (98.3 %).

Hydrogen costs and exergetic efficiency

The hydrogen costs per kg for the given financial parameters have a reasonable
range of 3.23-4.05 €/kg for EGR ratios below 25 % compared to about 1.47 to
3.90 €/kg when using steam methane reforming. From the sensitivity analysis we
find that the costs depend only on a few parameters and that the resulting variance
is smaller than the variance or uncertainty of the parameters. The overall exergetic
efficiency is about 65 %. This is 17 %-points higher compared to an engine CHP

plant and it is comparable to the efficiency of steam methane reforming.

Necessary improvements

We show that the proposed polygeneration system is promising and several im-
provements should be made in the future to reduce the overall costs: e.g. finding a

cheaper separation technology for hydrogen or scaling-up of the engine.

Limitations

There are as well some limitations due to the model’s level of detail. For instance,
the gas exchange in the cylinder is not modeled and therefore the heat transfer
during these strokes is neglected. The single zone model does not represent the
reaction kinetics in colder parts of the cylinder, e.g. crevices and cylinder walls.
This reduces the chemical conversion. We do not consider pressure losses in some

of the components as well as the post-treatment of the exhaust gas.
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Outlook

The model’s limitations may be overcome by increasing the level of detail of the
process concept model and including a multi-zone model in the future. Furthermore,
we will compare these results to an exergoeconomic analysis of alternative, separate
processes for energy conversion and hydrogen production. We also plan to extend

this analysis towards further chemical products.
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5.10 Nomenclature

Table 5.8: Abbreviations.

Abbreviation Description

CEPCI Chemical Engineering Plant Cost Index
CHP Cogeneration of heat and power

CI Capital investment

CRF Capital recovery factor

EGR Exhaust gas recirculation

Eq Equality Method

Extr Extraction Method

FP Fuel and Product Principle

H2C Hydrogen compressor

H2M Hydrogen membrane

HCCI Homogeneous charge compression ignition
HE Heat exchanger

MIX Mixing chamber

oM Operating and maintenance

PVF Present value factor

SMR Steam methane reforming

SV Salvage value

WGSR Water-gas shift reactor

Table 5.9: Symbols.

Symbol  Unit

Description

€/s

W

J/mol
mol/(smPa
€/s

mol/s

m2

0.74)

oW I N & EQ

Cost rate associated with exergy flows
Exergy flow

Activation energy

Permeability

Cost rate associated with device costs
Mole flow

Area

Device property (e.g. Area, Power)

Displacement
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SER

N < <9 Yo

S

years Lifetime

Cost exponent

Number of cylinders

W Power
J/mol/K Universal gas constant
Sensitivity index
K Temperature
Variance
Arbitrary input value (sensitivity index definition)
Arbitrary output value (sensitivity index definition)
€ Device costs
€/] Specific exergy costs
m Bore
Exergoeconomic factor
mol Molar amount of fresh gas
mol Molar amount of exhaust gas
Pa Pressure

Compression ration
Relative cost difference
Rotational speed
Membrane exponent
Stroke

Thickness membrane
Mole fraction

Share of exergy destruction

Table 5.10: Greek symbols.

Symbol Unit Description

Operating and maintenance factor
Salvage value factor
Exergetic efficiency
Energetic efficiency
h Operating hours
Fuel-air equivalence ratio

B S 0O D0
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Nomenclature

Table 5.11: Subscripts

Abbreviation Description

1 First order (sensitivity index)
B Boiler

CHy Methane

D Destruction

F Fuel

Feed Feed of hydrogen membrane
Hy, perm Permeate hydrogen membrane
Hy, ret Retentate hydrogen membrane
L Loss

P Product

T Total order (sensitivity index)
a,b,c,1,2,3  Indexes of flows or components
air Ambient air

el Electricity

i Index of flows

mn In

k Index of component

out Out

ref Reference data

sys System (whole process concept)
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5.11 Appendix

Table 5.12: State Data for an EGR ratio of 0.05.

No. P T m Eph Ech Et C

(bar) Q) (kg/h) (kW) (kW) (kW) (€/h)
0 1.013 25.00 8.70 0.00 126.11 126.11 2.26
1 1.013 25.00 71.32 0.00 124.85 124.85 2.27
2 1013 376.85 71.32 3.03 124.85 127.88 2.55
3 1013 380.32 7533 3.23 125.84 129.07 2.61
4 1.774 665.11 7533 1043 8794  98.37 3.28
5 1774 601.01 7533 9.06 87.94 97.00 3.23
6 1774 449.85 7533 6.12 8794 94.06 3.13
7T 1774 44985 81.02 6.75 88.45 95.21 3.30
8§ 1.774 449.85 81.02 6.89 85.80  92.69 3.35
9 0.033 449.85 1.98 -1.03 64.86 63.83 5.37
10  0.033 49.85 1.98 -2.31 64.86 62.55 5.27
11 0.182 301.80 1.98 -0.52 64.86 64.35 5.59
12 0.182  49.85 1.98 -1.16 64.86 63.71 5.53
13 1.013 304.27 1.98 0.66 64.86 65.52 5.86
14  1.013 49.85 1.98 0.01 64.86 64.87 5.80
15 1.774 44985 79.04 522 2219 27.42 0.99
16 1.013 449.85 79.04 4.14 2219 26.33 0.95
17 1.013 449.85 4.01 0.21 1.13 1.34 0.05
18 1.013 44985  75.03 3.93 21.07  25.00 0.90
19 1.013 9085 75.03 0.15 21.07 21.21 0.77
20 1.013 49.85 75.03 0.02 21.07 21.09 0.76
21 - - - 1854 0.00 18.54 0.62
22 - - - 201 0.00 2.01 0.07
23 - - - 203 0.00 2.03 0.07
24 1.013 25.00 62.62 0.00 0.00 0.00 0.00
25 1.013 3985 212 0.00 0.00 0.00 0.00
26 50.000  79.85 212 1.05 0.00 1.05 0.06
27 1.013 39.85 5.69  0.00 0.00 0.00 0.00
28 1.774 449.85 5.69 1.73 0.00 1.73 0.13
29 1.013 398 76.02  0.03 0.00 0.03 0.00
30 1.013 79.85 76.02  0.40 0.00 0.40 0.01
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31
32
33
34
35
36
37
38
39
40

1.013
1.013
1.013
1.013
1.013
1.013
1.013
1.013
1.013
1.013

39.85
79.85
39.85
79.85
39.85
79.85
39.85
79.85
25.00
89.85

68.83
68.83
43.34
43.34
43.76
43.76
20.38
20.38
72.01
72.01

0.03
0.36
0.02
0.23
0.02
0.23
0.01
0.11
0.03
0.52

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.03
0.36
0.02
0.23
0.02
0.23
0.01
0.11
0.03
0.52

0.00
0.15
0.00
0.10
0.00
0.10
0.00
0.09
0.00
0.02

Table 5.13: Mole fractions for an EGR ratio of 0.05.

Z,
o

CHy

O2

Hy

CO

COq

H>O

No

© 00 N O T B W NN O

I i I e N e e
S © 0 N O Ot e W NN = O

1.00
0.20
0.20
0.19
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.17
0.17
0.16
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.22
0.22
0.22
0.20
0.29
1.00
1.00
1.00
1.00
1.00
1.00
0.04
0.04
0.04
0.04
0.04
0.04

0.00
0.00
0.00
0.00
0.15
0.15
0.15
0.13
0.05
0.00
0.00
0.00
0.00
0.00
0.00
0.06
0.06
0.06
0.06
0.06
0.06

0.00
0.00
0.00
0.01
0.02
0.02
0.02
0.02
0.10
0.00
0.00
0.00
0.00
0.00
0.00
0.14
0.14
0.14
0.14
0.14
0.14

0.00
0.00
0.00
0.01
0.10
0.10
0.10
0.18
0.09
0.00
0.00
0.00
0.00
0.00
0.00
0.12
0.12
0.12
0.12
0.12
0.12

0.00
0.63
0.63
0.63
0.52
0.52
0.52
0.48
0.48
0.00
0.00
0.00
0.00
0.00
0.00
0.64
0.64
0.64
0.64
0.64
0.64

100



Chapter 5

‘ovg d |

LEC T

d]

] so1pmjs 10§ sonfeA DIWOUOIS JO £oRINDIOR POJORdX]
| yuetmgsaaur reyrden pexy jo 9, 0¢ = juewudmbe peseypind :uwondwnssy z

"1090RJ 9S00 B 1M 9nfeA ST} SulA[diynur Aq peppe oIe
osor ], ‘sreroydrrod pue woIpe[eIsUI JNOYIM ‘ATu0 jusuodurod oY) I0J 9INYeINHI] WOl 3500 juswudmbe peserpm |

91°099°9 73'98¢°¢ % 0&F 0'€2T'S e 09'195°C G 100D IAX
00°00€'T 00°00L % 0&F 00°000°T C 00°005 uod IAX
00°009°¢ 00°00¥%'T % 0€F 00°000°C e 00°000°T oATeA uotsuedxy  AX
16927 70°G8‘T % 0€F 81°G£9'C e 68°L1€°'T 7 [00)  AIX
80°€08°6T  0T'€99°0T % 0EF VI'€EC'ST ¢ LG°919°2 ¢ Tossaxdwo)y  IITX
09°2e¥'e V6'CV8'T % 0&F LL'TE'T e 8E9TE'T € W[o0) IIX
T6°CL6°6T  GOTGLOT % 0EF 8L°€9E'ST ¢ 68°T89°L [ Tossordwoy  IX
69°02S‘¢e €L'G68'T % 0€F 61°80L°C e 60'7SET G W[00) X
9V ¥RCGEC  €9'169°95T % 0€F 70'886°08T ¢© c0'¥67°06 ouRIqUIdIN  XT
GG'RGE'S L€°G88°C % 0€F 96'12T'¥ e 86°090°c  I1030®AI YOS SeF-ToyeA\  IIA
00°009° 00°00%'T % 0&F 00°000° e 00°000°T  wresys roqureyd SUIXIN  [IA
7G'CLST TG GRE'T % 0€F 88'8L6°T e 77686 I0JRIOUDS WRIS A
8C6EV'T 00°GLL % 0€F T LOT'T ré 167666 [ B.[00) A
I86ST00T TTCE6'ES % 0EF T10°9%70°LL  G69'T QT LG¥ ST oudue [DOH Al
00°00€'T 00°00. % 0&F 00°000°T e 00005 YDHH oqureyd SUXIN ]
€S TPS0T  12°9L9°G % 0€F L8'80T°8 e Y0y wjeaydrd I
00°00€'T 00°002 % 0&F 00°000°T C 00005 [o1g Ioquretd SUIXIN |
(3) xe (3) wN  KQurepeoun  (3) 57 10911500 (3) 52 juouodwio)  "ON

‘spueuoduIod 9} JO $1S0D JUUI)SaAUl [eyide)) F1°G d[qe],

101



Appendix

5.11.

"9INssaId WNWIXRUL Teq ()G ‘[99)s SSAUIR)S .
"9ansso1d WNWIXeW Ieq  T993S SSAUIR)S

[171] PGS0 A 0GTFEST 3 QT LGT'GY T10% 3 L6'€20°'GY outduo [DOH
[521] 280 M 0097 > SV 161°C 1861 3000021 Iossoxduwod g
[sz1] 29°0 M 00°000°090°9%¢°T = L6703 LEL0T  L00T 3 00°000°07G'6 1030001 JIUS SeI-I0JRA\
[821] 09°0 W 0€L5% 3 ¥79°126'928'c  910% > 00°000°070°C oueIqUIDW USFOIPAH
[ 09°0 LW 00°00T 3 9L°€10°6¢ 200z 3 00°00T°9% 10)RIOUOS UIRd}S
[rc1] 09°0 Zw 00°00T 3 L1°600°9C 2002 3 00007 L1 IOSURYOXD 1B
Y N foigr 81087 NWD;N JO IROX wWN jueuoduwo))

"UOTYeWI)Sd 3800) :GT'G d[qe],

102



Chapter 5

V'81¢c 686 7'6L G80°0 100°0 10 9°6¢ G B[00  IIAX

00 000T  000T  AT0°0 0 00 00 UOd  IAX
00 66y 096  €£00 6£0°0 LV €'G80T oafes uomswedxy  AX
8G6E 677G 9TE  FHOO 6£0°0 6T 0°'8€V p 20[00)  AIX
6C TL6  T6S  FSTO L00°0 0T 861C g tossoadwo)  IIX
peor 07 LTE TR0 L€0°0 6T G 0ep ¢ B0  IIX
&3 TL6 168 95T L00°0 0T 9812 [ tossoxdwo) X
I'I0F 298 09¢  SV0°0 80°0 187 F'GT6 g 10[00)) X
6C€T €86  SL6  VIOE 2500 €9 G LVPT oweIqUY  XI
7y 08y  9FT 6900 7200 76 6'OVT'c ~ 1030v01 YIUs seS-109e\\  IIIA
0y '€ 766 €€0°0 610°0 9T 1°G8¢ weo)s quIet SUXIN  ITA
€Ll 6FF LSS €€00 0700 €c 012 T 101e10USS WS [A
928  9€9  69L  SI00 1100 71 0LTE T 19[00)) A
LV9  9¥8 079 €8T 9€2°0 018 G'GG9'TT owtSuo [DDH Al
971 768 666  LTI00 €000 90 9T UDF AUt SUxIy 11
€6 ze 008  GETO L20°0 e 96 10Y0TI] 11
LT 9C¢r 066 LT00 2g0°0 g'g £28e'T o1y Ioqureyd SuXIpy I
(%) 4 (%) (%)%= (4/3) %z (U/3) 1) (%) T (M) 194 ywouodwo)  "oN

*(90UDIOPIP 1S0D DAIJR[OI .. {1010R] DIUIOU0ID0SIOXD :D:ADUSIDYJO D199310X0
13 {89500 Jusuodwiod Jo 8jel S0 QN ‘UOT10NI}SOP A3I9X0 JO 9)el 3500 = QD ‘uoryonaysop £810x0 oArye[eI ¥'dfi {9yer UOIPONIISOP
AS1o%0 ' mv o ¢ < Adfi uoroniysep A8I19X0 SATIR[AI A PAIOPIO ‘GO'() = OIIRI YO)F] I0f SISATRUR DIWIOU0I0SIXG 9T°G d[qR],

103



5.11. Appendix

700
600 -
500 -
400
@ 300 -
200 -

100

0 T T T T T T T T T T T T T
1985 1990 1995 2000 2005 2010 2015 2020
Year

Figure 5.11: Engineering Plant Cost Index (CEPCI) for the years 19872018 [131,
, 145].
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CHAPTER 6

EXERGOECONOMIC ANALYSIS AND COMPARISON BETWEEN
PRESSURE SWING ADSORPTION AND MEMBRANE

This chapter was originally published in:

D. Freund, A. Giingér, B. Atakan. Hydrogen production and separation in fuel-
rich operated HCCI engine polygeneration systems: exergoeconomic analysis and
comparison between pressure swing adsorption and palladium membrane separation.
Applications in Energy and Combustion Science (2022) 100108.

DOI: 10.1016/j. jaecs.2022.100108.

Introduction to the fifth paper

The exergoeconomic analysis of the polygeneration concept discussed in the pre-
vious chapter indicated that the palladium membrane may not be the most suitable
solution for separating hydrogen from gas mixtures originating from fuel-rich oper-
ated HCCI engines. The investment costs of the membrane are high and the partial
pressure of hydrogen in the feed is relatively low compared to typical membrane
applications, due to the nitrogen dilution.

Therefore, in this chapter, the palladium membrane is compared with the most
commonly used hydrogen separation process: the pressure swing adsorption (PSA).
PSA processes are dynamic processes in which impurities of a gas mixture are ad-
sorbed under high pressure on adsorbents such as zeolite or activated carbon and a
purified target gas leaves the adsorption column [116—115].

In this work, we are interested in only a few values which are important for
the comparison of membrane and PSA, namely hydrogen recovery, hydrogen pu-
rity, and investment costs. Therefore, a black box model of the PSA process was
developed based on experimental data from literature, using a random forest regres-
sion algorithm implemented in the machine learning module scikit-learn available
in Python.

Afterwards, two process concepts were developed for hydrogen, work, heating
water, and steam production; comparable to the process discussed in the previous

chapter. Furthermore, an ozone generator as discussed in chapter four was used to
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evaluate the economics of additive addition. The main differences are:

— Instead of fixed process parameters a parameter study on the most impor-
tant process parameters is performed and analyzed by conducting a global

sensitivity analysis.
— The engine is scaled up from lab size to a typical industrial size.

— Two water-gas shift reactors are used instead of one: high-temperature and
low-temperature reactions are combined to increase the hydrogen yield, which

is typically done in conventional steam reforming processes.

— The additive ozone is used instead of exhaust gas recirculation (EGR), since
EGR was too expensive and also dilutes the mixture, making hydrogen sepa-

ration more difficult and inefficient.

To reduce the computational time of the parameter study on the process pa-
rameters, a linear regression algorithm was used to create a black box model of
the engine, trained with data generated by the previously validated single-zone en-
gine model. In this chapter, the two processes with membrane separation and PSA

separation are compared in three steps:

1. Sensitivity analysis for process parameters with constant economic input pa-

rameters.

2. Exergoeconomic analysis at best process parameters, with constant economic

input parameters.

3. Sensitivity analysis for economic input parameters, with fixed process param-

eters.

The key contributions of this work to the state of the art can be summarized as

follows:

— The most suitable engine operating parameters were found at an equivalence
ratio of 2, an intake temperature of 200 °C, a rotational speed of 1500 1/min,

and a compression ratio of 22, which were the upper limits in this study.
— The PSA process yielded a higher efficiency and lower costs.
— An efficiency of up to 68.3 % was achieved.
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— The electricity and hydrogen costs range from 44.2 €/MWh to 97.6 €/MWh
and 2.7 €/kg to 7.2 €/kg, respectively.

— Although being lower scale than conventional power plants, electricity produc-

tion by the polygeneration system is competitive.

— Hydrogen costs are comparable to electrolysis, although the engine process
is small scale. Nevertheless, conventional steam reforming outperforms every
other technology with prices from 1 €/kg to 3 €/kg.

— COgy costs crucially increase electricity and hydrogen costs.

Table 6.1: Author contributions for chapter 6 following the CRediT author state-
ment methodology [!1].

Author Freund Giingér Atakan
v
v

Conceptualization
Methodology
Software
Validation
Formal analysis
Investigation
Resources v
Data curation

Writing - Original draft
Writing - Review & editing v v
Visualization v
Supervision

Project administration

Funding acquisition

v

NN SENEN

<

ENENEN

Author contributions to the fifth paper

In 2021, we again had the opportunity to host Ali Giingér in Duisburg and
further develop our process concept and work on the exergoeconomic analysis. In
constant exchange with Ali Giingor I modified the original process concept and
added the ozone generator, the second water-gas shift reactor, as well as rearranged
the water and steam streams to reduce the exergy destruction and losses of the
system. Afterwards, I developed the black box models of the PSA and the single-
zone engine model and performed the global sensitivity analyses.

Together with Ali Giingér and Burak Atakan, we discussed the outcomes and

constantly improved the process concept as well as the model. I evaluated the data
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6.1. Abstract

and wrote the first draft of the manuscript, which was afterwards revised by Ali
Giingor and Burak Atakan. Burak Atakan was also responsible for the funding

acquisition and the supervision of the project.

6.1 Abstract

Hydrogen is one of the most important base chemicals and discussed as a future
energy carrier for power and heat generation, as well as energy storage. Produc-
ing hydrogen at low costs and low COs2 emissions is thus of increasing importance.
This study addresses the thermodynamics and economics of hydrogen, power, and
heat generation by partial oxidation of methane in fuel-rich operated homogeneous
charge compression ignition (HCCI) engines. Therefore, a Python model of two
different process concepts with different hydrogen separation technologies was de-
veloped and analyzed: pressure swing adsorption (PSA) and palladium membrane
separation. The operating conditions of the engine and the separation were evalu-
ated by conducting a global sensitivity analysis. The most suitable engine operating
parameters were found at an equivalence ratio of 2, an intake temperature of 200 °C,
a rotational speed of 1500 1/min, and a compression ratio of 22. In direct compar-
ison, PSA consistently yielded better results than the palladium membrane, and
low feed pressures were favorable. Subsequently, the uncertainty of economic input
values was investigated and the power and hydrogen costs evaluated. In the PSA
case, the electricity and hydrogen costs were found in a range of 44.2 €/MWh to
97.6 €/MWh and 2.7 €/kg to 7.2 €/kg, respectively, with an overall exergetic effi-
ciency of 68.3 %. Therefore, the proposed polygeneration system provides electricity
at competitive costs and hydrogen at costs similar to a small-scale steam reforming
plant at comparable efficiencies. Further scaling up of the engine could provide hy-
drogen at the cost of large-scale steam reforming, making the proposed concept a

promising alternative.

6.2 Introduction

Hydrogen is discussed as a future energy carrier for transportation, heat genera-
tion, and energy storage [ 10]. Moreover, it is an important feed stock for chemical
industry. Therefore, efficient hydrogen production with low COs9 emissions is gain-
ing importance. A possible solution is the use of conventional internal combustion
engines and modifying them for fuel-rich HCCI operation. If the engine is fueled
with natural gas or biogas, it provides power, heat, and synthesis gas simultaneously

with high exergetic efficiencies of more than 80 % [?1], which is at least 17 points
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higher than conventional steam reforming of natural gas [20]. The concept of a
larger cooperative approach for this polygeneration is summarized in [112]. HCCI
engines can be used as bridging technology for the production of synthesis gas and
substitute conventional processes like steam reforming while increasing efficiency
and flexibility. Using engines is promising because they are cheap, technically ma-
ture, robust, and can swiftly change their operating conditions. The application
possibilities are manifold: if electricity is cheap, e.g. when high amounts of wind
and solar power are available, the HCCI engine could produce chemicals at high
equivalence ratios, e.g. 2, which can then be used or stored. Otherwise, at high
electricity costs, the equivalence ratio could be reduced to produce more electricity
on-site. With increasing installed capacities of renewable energy systems, the abil-
ity of the engine to react quickly to fluctuations could help to accelerate building of
renewable energy systems and stabilize the power grid in the future. Furthermore,
industrial off-gases could be used and converted chemically instead of being burned.
For instance, Rudolph et al. [150] showed that the partial oxidation of industrial
ammonia containing off-gases seems feasible. The advantage of using the HCCI
mode compared to spark ignition (SI) at high equivalence ratios is that due to the
low flame speeds at such conditions, SI often leads to misfires as discussed in [!12].

In the short term, HCCI engines fuelled with biogas or natural gas could help
increase the amount of hydrogen available while reducing COs emissions. HCCI
engines could be combined with water-gas shift reactors to increase the hydrogen
yield, which is typically done in synthesis gas producing facilities which rely on steam
reforming. After separation of the hydrogen from the product gas, neat hydrogen
can be used for fuel cells, chemical energy storage, or as base chemical for chemical

industry. However, important questions arise:

— Which separation technology should be used, considering costs and thermo-

dynamic efficiency?

— What is the cost of hydrogen produced and is it competitive with steam re-

forming of natural gas or water electrolysis?

— What is the overall exergetic efficiency of polygeneration in HCCI engines

when separation is included?

There are several technologies for hydrogen separation from gaseous mixtures,
as summarized by Mao et al. [I71]: cryogenic separation, polymer membrane sep-
aration, palladium membrane separation, metal hydride separation, solid polymer

electrolyte cells, pressure swing adsorption, and catalytic purification. Mao et al.
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pointed out that among these processes, pressure swing adsorption and cryogenic
separation are the main methods used in industrial applications. However, due to
their high energy requirements for compression or cooling, respectively, membranes
have been investigated intensively in the last decades, as an alternative. Two sepa-
ration technologies seem to be specifically suitable for separating hydrogen from the
product gas of HCCI engines: pressure swing adsorption and palladium membrane

separation.

In the pressure swing adsorption process, the impurities of the feed gas mix-
ture are adsorbed on a homogeneous or layered bed, often containing active carbon
and/or zeolites at moderate or high pressures from 5 to 34 bar [152]. The purified
hydrogen is partially used to purge the adsorbent at low pressure. Therefore, the
main energy requirement is the compression of the feed gas mixture to the desired
adsorption pressure. Conveniently, the compressor power could be provided by the
HCCI engine.

Since hydrogen purification is a widely investigated topic, there are several ex-
perimental and theoretical works about hydrogen purification via PSA, e.g. [I73—

]. However, the investigated hydrogen mole fractions in the feed of the PSA
are typically high, with values between 0.38 and 0.89. Since the HCCI engine uses
air as oxidizer, the product gas and thus the hydrogen is highly diluted. Similar
feed gas conditions for the PSA process were investigated by Yu et al. [I70] who
proposed a polygeneration process pilot design in which biogas is reformed and used
in a commercially available fuel cell to produce work, heat, and an anode off-gas
containing Ho, HyO, CO,, and CO. The hydrogen mole fraction was increased in a
water-gas shift reactor from 0.112 to 0.163 and to separate the hydrogen from the
mixture, they proposed a two bed PSA process containing active carbon, zeolite,
and silica gel. They concluded that PSA is feasible for this process, which provides
154 kW power together with 2.58 kg hydrogen per hour.

Metallic membranes for hydrogen separation gain in importance; especially pal-
ladium membranes due to their high selectivity for hydrogen diffusion. Such mem-
branes can be operated with a high-pressure feed or low pressure permeate to achieve
a suitable hydrogen partial pressure difference. Therefore, the main energy require-
ment is, comparable to the PSA process, the compression of the feed gas mixture
and/or the permeate gas. As a disadvantage, unsaturated hydrocarbons, as ethy-
lene, and CO impurities in the feed reduce the permeability [151] and should thus
be avoided. One example for an experimental work on palladium membranes is
the work of Fernandez et al. who developed thin palladium-silver supported mem-

branes and determined important properties like permeability, hydrogen selectivity,
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and hydrogen purity [129, .

Based on the data by Fernandez et al., we previously modelled the coupling of a
small-scale engine with a high temperature water gas-shift reactor and a palladium
membrane for hydrogen purification and separation from the engine’s product gas
[115]. The objective was to determine the hydrogen costs and to identify the most
important components or economic factors that contribute to the overall costs and
the costs of inefficiencies. Therefore, an exergoeconomic analysis was performed:
a combination of exergy analysis and economic analysis [! 15]. The hydrogen costs
were predicted between 3.23 €/kg and 3.99 € /kg and the overall exergetic efficiency
was 66 %. The exergoeconomic analysis revealed that the hydrogen costs mainly
depend on the high costs of the membrane. However, this was only performed
for a small-scale engine and fixed operating conditions, which may not be optimal.
Furthermore, the membrane was designed for low pressure on the permeate side. It
was later found that there was a mistake in the calculation of the pressure difference,
which did not change the overall outcome but required an even lower hydrogen
pressure at the permeate side of 3.3 kPa. Consequently, a high pressure on the feed
side is assumed to be favorable and thus should be investigated.

Since methane and small alkanes are relatively inert and not easily ignited in
HCCI mode, either different additives can enhance the reactivity, like n-heptane [97],
DME [75, ) ], and ozone [105], or higher temperatures of the fuel-air mixture
can be selected. We selected the latter two and investigated the effect of ozone as
a reactive additive by producing it with an ozone generator. The advantages were
discussed in detail in our previous work [157]. We found that the exergetic efficiency
of ozone generation is relatively low with about 5 %, but since the alternative ad-
ditives like dimethyl ether (DME) [7%] must be used in higher amounts, the overall
efficiency with ozone was 15.1 points higher than for DME. However, the influence
on the costs remained unclear. Consequently, the present work aims to answer the

following questions:

— What are the best operating parameters for the engine in terms of low costs

and high efficiency?

— Are the hydrogen costs competitive to conventional processes if an industrial

scale engine is used?

— How do PSA and membrane separation perform in comparison?

Therefore, a process model in Python was developed. With this model an exer-

goeconomic analysis was performed several times with varying process and economic
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Table 6.2: Engine properties and operating conditions.

Description Symbol  Value Unit
Rotational speed rpm 600-1500 1/min
Compression ratio Tc 18-22
Bore d 190.0 mm
Stroke S 220.0 mm
Number of cylinders Nz 20
Displacement D 124.75 dm?3
Fuel-air equivalence ratio 10} 1.5-2.0
Intake temperature T; 50-200 °C
Intake pressure Din 1 bar
Coolant temperature Te 100 °C
Thermal conductivity wall Aw 53 W/m/K
Convection coefficient coolant . 3000 W/m?/K
Woschni coefficients C 127.9 -

4 2.16 -

Cs 0.051 m/s/K

r 0.535 -

parameters and the results were used for a global sensitivity analysis. This work
is divided into four parts: in the second section, the engine model, PSA model,
and the process concepts are described and the fundamentals of the exergoeconomic
analysis and the global sensitivity analysis are explained. Afterwards, the results

are presented and discussed and finally conclusions are drawn.

6.3 Methodology
Engine model

The engine is modelled in Python as a homogeneous single-zone engine. The
thermodynamics and reaction kinetics are calculated with the module Cantera [50].
Four strokes, including intake and exhaust stroke, were modelled to get more ac-
curate results for the work and heat output. The inner convective heat transfer
coeflicient, which determines the heat flow through the cylinder wall and cylinder
head, was modelled by the semi-empirical equation by Woschni [7%]. The Woschni
coeflicients were previously validated for our small-scale test engine and are shown

in Table 6.2, together with the engine properties and operating conditions.

The geometry is taken from a typical cogeneration gas engine with 20 cylinders,

a displacement of 124.8 liters and an electrical power output of 3.35 MW at con-
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ventional, lean conditions. The compression ratio is typically 11 but increased here
to values of 18-22, as typically used in Diesel engines, to reduce the inlet tempera-
ture to 50-200 °C and the amount of ozone to achieve ignition in HCCI mode. The
equivalence ratio investigated in this work ranges from 1.5 to 2.0 and the rotational
speed is varied from 600 to 1500 1/min.

The engine conditions used in this study have been proven in previous experi-
ments. For instance, Banke et al. [7%] operated the engine at equivalence ratios of
1.2 to 2.2 successfully, with inlet temperatures of 100 °C to 190 °C and pressure rise
rates and coefficient of variations within reasonable limits and our engine model was
validated with this engine data. Wiemann et al. [30] and Atakan et al. [112] also
showed recently that SI mode is possible for fuel-rich operation, but at equivalence
ratios of 1.5 and higher, and with air as oxidizer, misfires occur. Therefore, HCCI

mode is chosen here.

Since the purpose of this study is to determine favorable operating conditions,
continuous output of the engine model with changing input parameters at low com-
putation time is required. Therefore, a surrogate model using machine learning
algorithms was developed, which was fed with 128 simulation results within the op-
erating condition ranges given in Table 6.2. The machine learning algorithms are
taken from scikit-learn [155]. A linear regression model was used, since a linear
behavior between two data points was assumed to be sufficient and a sample testing

yielded plausible results.

Pressure swing adsorption machine learning model

The pressure swing adsorption process was modelled with a random forest re-
gression machine learning algorithm from scikit-learn [159], trained and tested with
90 data sets from seven works. The methodology is described in detail in our previ-
ous work [152]. Fig. 6.1 illustrates the input and output parameters of the machine

learning model.

The algorithm was trained with data on adsorption pressure pgqs, hydrogen
purity Py,, number of adsorption beds V., hydrogen mole fraction in the feed zp,,
active carbon to zeolite ratio AC/Z, purge to feed ratio P/F', and adsorption time
tqds- By using this data, the model predicts the according hydrogen recovery Rpy,,
which is defined as the ratio of hydrogen mole flow in the product stream to the
hydrogen mole flow of the feed and thus illustrates the effectiveness of the PSA
process. In this work, the chosen train size is 0.8; meaning 80 % of the data is used

for training and 20 % for testing the model.
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Figure 6.1: The input and output parameters of the machine learning model of the
PSA.
Process concepts

The following process concepts are designed to simultaneously provide power,
hydrogen, heating water, and steam. Those processes could replace conventional

steam reforming in several applications where hydrogen is needed [100]:

— Metallurgical and steel industry

— Petrochemical and refining industry

— Glass and float glass manufacturing

— Chemical and pharmaceutical industry
— Production of hydrogen peroxide (H202)

— Food industry

Electronics industry

Production of technical gases

Therefore, the generated power can be used to reduce the purchase of electricity
from the power grid for the overall facility and a surplus could be sold. The heat-
ing water could be used for heating nearby offices. Another advantage compared
to conventional reforming is that the required high temperature thermal energy for
driving the endothermal reforming process is produced directly within the process.
Typically, the aforementioned facilities have further heat demands at higher temper-
ature levels and thus the steam produced in the proposed polygeneration concepts

should be used internally, e.g. for preheating. Furthermore, surplus hydrogen could
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be supplied to fuel cell vehicles.

Pressure swing adsorption. The process concept model with PSA for hy-
drogen separation consists of 15 components and 48 fluid or energy streams and is
illustrated in Fig. 6.2; PSA-specific streams are indicated by ‘a’. Components are
denoted with Roman numerals, whereas the streams are conventionally numbered.
Firstly, methane and air are mixed (N) and an air/ozone mixture is generated from
air with the use of electrical power (24). The methane/air mixture is preheated by
exhaust gas (IV) and subsequently mixed with the air/ozone mixture (II) so that the
desired fuel-air equivalence ratio is achieved. Due to the expansion of the cylinder
volume and the resulting low pressure in the cylinder, this mixture is sucked into
the engine (III). The engine also includes a generator to convert mechanical work
to electrical energy, as cost data from cogeneration plants are used in the economic
evaluation, as described in the appendix.

The engine produces electrical power (23), heating water (29), and a synthesis
gas containing product gas (7). After preheating the fuel/air mixture, the product
gas is cooled to 300 °C (V), which produces steam at 290 °C and 6 bar. Subsequently,
it is mixed with parts of the steam (VI) to match the conditions for a water-gas
shift reaction, eq. (6.1), in the high temperature reactor (VII). This increases the
hydrogen mole fraction for the sake of decreasing CO and increasing COs mole

fractions. A steam to carbon ratio of 1.3 is fixed.

CO + Hy0 +— CO3 + Hy (6.1)

As preparation for a low temperature water-gas shift reaction (IX), which in-
creases the hydrogen mole fraction further, the product gas is cooled to 200 °C
(VIII). Since the separation of hydrogen in a pressure swing adsorption process
requires feed conditions at high pressures and temperatures near to ambient condi-
tions, the product gas must be treated further. First, it is cooled to 35 °C (X) and
water is condensed. Secondly, it is compressed to the desired adsorption pressure
(XI) which varies between 2 and 20 bar. All compressors in the model have a fixed
isentropic efficiency of 80 %. Due to the temperature increase by compression, the
product gas is cooled again (XII), so that it enters the pressure swing adsorption
(XIIIa) at adsorption pressure and 25 °C. The off-gas of the pressure swing adsorp-
tion is exhausted (17a), whereas the purified hydrogen (18a) is compressed to 50 bar
(XIV) and finally cooled (XV).

Only steam and water flows at moderate temperatures can be used for other

processes as heat source. Here, all exiting steam and water flows are assumed to
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Figure 6.2: Process flow diagram of the polygeneration system with pressure swing
adsorption for hydrogen purification. (Flows are numbered conventionally, compo-
nents as roman numerals. MIX: mixing device, HE: heat exchanger, C: compressor,
HT/LT: high/low-temperature, WGS: water gas shift reactor, PSA: pressure swing
adsorption. Flows indicated by ‘a’ are PSA-specific.)

be products of the system, although states 41, 43, and 49 exit at low temperatures
and could thus be regarded as exergy loss flows. However, their contribution to the
total exergy flow and cost was found to be less than 1 %, so there is no significant

impact on the outcome of the process.

Palladium hydrogen membrane. The process concept model with a palla-
dium membrane for hydrogen separation is basically the same as the one with the
pressure swing adsorption described before. The main difference is the higher feed
pressure, and a permeate pressure of 1 atm, which demands two compression steps
after separation to achieve the desired product pressure of 50 bar. The schematic is
shown in Fig. 6.3; changes to Fig. 6.2 are made visible by the addition ‘b’.

In this study, the membrane’s hydrogen recovery and purity are taken from the

literature. The molar flow of hydrogen through the membrane is calculated with the
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Figure 6.3: Process flow diagram of the polygeneration system with palladium mem-
brane for hydrogen purification. (Flows are numbered conventionally, components as
roman numerals. MIX: mixing device, HE: heat exchanger, C: compressor, HT /LT
high /low-temperature, WGS: water gas shift reactor, H2M: palladium membrane
for hydrogen separation. Flows indicated by ‘b’ are membrane-specific).

permeation law (6.2) which was used to determine the necessary membrane area A,,,

which is the most important parameter for calculating the membrane’s investment

costs.
. Py —F
NHy = ) exp <Ru;> Am(PZ«L,H2 —PQ,HQ) (6.2)
The permeation law and the parameters for the membrane are taken from Fer-
nandez et al., Medrano et al., and Spallina et al. [125—121] and are given in Table
6.3.

The pressure exponent n is 0.5 for ideal membranes, meaning Sievert’s Law can
be applied and the hydrogen flux through the membrane is proportional to the dif-
ference of the square roots of the hydrogen partial pressure on both sides of the
membrane [101]. However, Alraeesi et al. [I01] pointed out that in experiments this

is rarely found. Therefore, they performed experiments and determined a pressure
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Table 6.3: Permeation law parameters for the palladium membrane.

Description Symbol Value Unit
Permeability Py 1.1078 mol/s/m/Pa™
Membrane thickness dm 5.00-1076 m

Activation energy E, 5.81-10>  J/mol

Universal gas constant Ry 8.314 J/mol/K
Reaction temperature T varies K

Membrane area A, varies m
Partial pressure, retentate pj varies Pa

2

Partial pressure, permeate Py, varies Pa

Pressure exponent n 0.5-0.98 -

exponent of 1.0 for their setup, which results in a much higher hydrogen flux com-
pared to the ideal case. Moreover, they compared six different experimental works
which reported exponent values between 0.5 and 1.41. In this work, we investigate
the influence of the exponent on the necessary membrane area and thus investment
costs in a range of 0.5 (ideal behavior) to 0.98, so that the mean value is 0.74; which
is the behavior of the membrane of Fernandez et al. [120, | and Medrano et al.
[131], see Table 2.

Exergoeconomic analysis

The main idea of an exergoeconomic analysis is to define specific exergy costs
ci in €/J for each exergy stream E; (6.3) according to the Specific Exergy Costing
method (SPECO) [30]. The resulting cost rates C; are then used for cost balances

(6.4), which are set up for each component of the system.

Z Cri+ Zy, = Z Cpi+Cry (6.4)

The costs balance also contains the total cost rate of the components Zj, which
is defined in the appendix. C’FZ and Cpﬂ' denote the cost rates of the fuel and
product of a component. The fuel is defined as the exergy stream which provides
exergy, whereas the product stream receives it. In each component, cost rates for
exergy losses C 1k and exergy destruction C D, may occur. The first is defined as the
cost rate of an exergy stream leaving the cost balance boundaries without further

purpose, e.g. exhausting residual gas to the environment. The latter is defined
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as a cost rate of exergy destruction caused by irreversibility and therefore entropy
production. The cost rate of exergy destruction C"D,k is calculated by multiplying
the exergy destruction rate E'D’k. with the mean specific exergy costs of the fuel

streams ¢py, (6.5).

Cpx = criEpy (6.5)

Together, the cost balances build a linear equation system which can be solved
analytically or numerically. However, the product and fuel streams must be defined
first and if a component has more than one output, auxiliary equations are required
which provide relations between the multiple outputs. Table 6.4 summarizes the
fuel and product definitions and the auxiliary equations for each component k.

One of the most important characteristic numbers for exergoeconomic evaluation
is the sum of component costs and costs of exergy destruction. This number can be
calculated for each component and thus gives information about the most important
components which contribute to the systems’ costs; and to what extent costs are
caused by inefficiencies. If these values are totaled for all components, as shown in
equation (6.6), the total cost rate of the overall system can be determined. This value
is used in this work to find promising operating conditions, by finding conditions

with low total cost rates.

Z'+Ch=> Zy+ck> Epy (6.6)
After determining reasonable process conditions, the components can be evalu-

ated with several exergoeconomic figures, namely the exergoeconomic factor fi (6.7)

and the relative cost difference 7 6.8).

Z

fo= : . (6.7)
Ziy+crp(Epg+ Ergk)
ry, = Db CEk (6.8)
CFk

Additionally, the exergetic efficiency of each component ¢; and of the total sys-

tem €4y, are evaluated according to equations (6.9) and (6.10).

(Z EZ'”“)p _,_ X(Epk+Ery) (6.9)

lea), T (e,

Eays = L FBiow _ g 2(Epk+ Ly (6.10)

Z Ez,m Z Ei,in
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Table 6.4: Definition of fuel and product and auxiliary equations for setting up
the cost balances (ENG: HCCI engine, HT /LT high/low-temperature, WGS: water
gas shift reactor, HE: heat exchanger, C: compressor, MIX: mixing device, H2M:
palladium membrane, PSA: pressure swing adsorption, O3G: ozone generator).

Component Schematic Fuel Product Auxiliary equation

Eret)

b S a
— —
i . . B . . . C _Oa B & B Q

ENG ¢ &) Cp—Cyu+Co+ Cy 7]_57:—]_37,1 =5 = E‘z

a Tb

&( k)i
HT/LT-WGSR, C Cyp — Cy + Cs GCe =G
b—La

i@i

HE1-HES by Ta Cy—Cy Cyp—0C, % - %
1

@A

C1-C3 a C. Cy — C4
3
2
MIX1-MIX3 ! Cr+Cy Ch
E

H2M C1—Cy Oy L
PSA C1—Cy Cs & =4
03G v Ci+Cr G
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Sensitivity analysis

To determine process conditions that result in low overall system costs, the
process parameters were varied and the results analyzed. Therefore, we performed
a global sensitivity analysis with the help of the Python module SALib [ 1], which
uses the Sobol method as described by Saltelli et al. [110]. According to the Monte
Carlo method, 2% samples within a defined uncertainty range of the input parameters
were created and used to solve the process model. For the second analysis, in which
only economic parameters are varied, 2'0 samples are used. Afterwards, the first
order sensitivity index S; was evaluated for each input i (11). It is defined as the
ratio of the reduction of the variance of the model’s output if one input parameter
is fixed Vx,(Ex_,(Y|X;)) and the overall variance of the model’s output V(Y).

Vi (Ex..(Y]X3))
V(Y)

The first order sensitivity index is a value in the range zero to one. If it is near to

Si =

(6.11)

one, the variance reduction by fixing input ¢ is nearly as high as the overall variance
of the model’s output. Thus, a high S; value means that the output of the model
depends strongly on this input. Sensitivity indices of higher orders also exist but
are not evaluated here. Instead, the total sensitivity index St;, which summarizes
all higher order indices, is compared to S;.

The global sensitivity analysis helps to identify the most important process pa-
rameters for the product and overall system costs. Moreover, preferable parameter
sets can be identified, comparable to a parameter study but with a randomized ap-
proach. The chosen process parameters and their uncertainty ranges are shown in
Table 6.5.
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The engine parameters equivalence ratio, intake temperature, rotational speed,
and compression ratio were varied in ranges that showed stable operation and sig-
nificant synthesis gas output. It must be noted that at equivalence ratios of 2 and
above, soot formation increased significantly in previous experimental investigations,
which should be avoided [7].

Two of the PSA parameters were chosen to be fixed: the number of adsorption
columns N, and the ratio of active carbon to zeolite AC/Z. The adsorption bed
number strongly influences the investment costs of the PSA process, since with
an increasing number of beds, more housing and adsorbent material is required.
However, no cost function for N, was available, so it was chosen to be a fixed four-
bed PSA process. For the same reason a typical layered bed containing 70 % active
carbon and 30 % zeolite was assumed. The other PSA parameters hydrogen purity
Py, adsorption pressure pgqs, adsorption time t,45, and purge to feed ratio P/F', do
not define the design but the operation of the PSA process and are therefore varied
in this work.

The hydrogen purity was chosen in the range of 98.0 % and 99.999 %, which
covers a wide range of applications according to the ISO standard 14687. The ISO
standard is divided into different grades, depending on the application, as discussed
by Yanez et al. [I71]. For instance, grade A defines the hydrogen purity of conven-
tional combustion engines and sets the minimal purity to 98.0 %. With increasing
grade, the purity increases. The grade D purity is set to 99.97 % and required for
PEM fuel cells [I51]. According to Omoniyi et al. [162], this is also the required
purity for injection of hydrogen into the natural gas network, although grade A is
sufficient for combustion applications.

However, small changes of the hydrogen purity can have a significant influence on
the combustion in internal combustion engines. Gurbuz investigated two hydrogen
gases with different purities in 2020 [16:3]: 99.995 % and 99.998 %. Both purities are
“industrial standard”. The higher purity improved the IMEP, the thermal efficiency,
and the specific fuel consumption in the range of 1.9 % to 2.4 %.

By performing the first sensitivity analysis, promising process parameters shall
be found and fixed. Subsequently, the influence of the uncertainty of the economic
parameters is evaluated according to Table 6.6. The uncertainty is typically in
a range of £30 % if taken from literature. This includes the capital investment
costs of the components, as well as fuel costs and the economic parameters lifetime,

operating hours, interest rate, salvage value, and operation and maintenance costs.
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6.4 Results and discussion
Process conditions

In this section, the results of the sensitivity analysis of the process parameters are
presented, which are the parameters summarized in Table 6.5. The evaluation of the
total sensitivity indices showed no significant differences to the first order indices,
hence interdependencies between the investigated input parameters are minor and
not discussed further. Fig. 6.4 and Fig. 6.5 illustrate the first order sensitivity
indices of the process parameters on important outcomes of the model, for the PSA
and the membrane case. In the figures, each output is defined by a differently colored
bar and Fig. 6.4 illustrates the influence of the input parameters on the totals system
costs per kg fuel, the system’s exergetic efficiency, the PSA’s hydrogen recovery, and
the specific hydrogen costs. Arrows under the bar indicate the dependency of the
output value if the input value increases, e.g. a decreasing arrow for the equivalence
ratio under the first bar, which corresponds to the specific system costs, means that
these costs decrease as the equivalence ratio increases.

Moreover, the size of the bar and thus the sensitivity index imply, how significant
this behavior is, compared to the other input values. Afterwards, it is discussed for
each input value, whether the value should be increased or decreased to improve
the polygeneration system operating conditions. If there was a conflicting goal, e.g.
for reducing costs and increasing efficiency, it was decided in favor of the parameter

with the higher sensitivity index.

System costs per kg fuel (red bars). The total system costs per kg fuel de-
pend mainly on the engine’s fresh gas equivalence ratio, the rotational speed, and
compression ratio. In the PSA case, the adsorption pressure is also important,
whereas for the membrane the exponent in equation (6.2) is the second important
parameter. The rotational speed is the most important parameter since the engine
investment costs do not differ with increasing rotational speed and thus the specific
costs are reduced per output. A higher equivalence ratio is beneficial since it leads
to more synthesis gas output and thus more valuable products at constant engine
costs. This is supported by the specific hydrogen costs being strongly reduced by
increasing equivalence ratio (yellow bar). Therefore, a high equivalence ratio, intake
temperature, rotational speed, compression ratio should be chosen for reducing the

overall costs.
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Figure 6.4: First order sensitivity indices of the process parameters for PSA (top)
and membrane separation (bottom).
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System efficiency (green bars). The exergetic efficiency of the system depends
in both cases mainly on the hydrogen recovery from the product gas of the engine.
In the PSA case the efficiency is influenced by the demanded hydrogen purity, the
adsorption time, and the purge to feed ratio; those parameters influence the hy-
drogen recovery directly. To increase the recovery and thus the efficiency, a low
purity, a high adsorption time, and a low purge to feed ratio are favorable. In the
membrane case, the hydrogen recovery strongly influences the efficiency. The hydro-
gen recovery of the membrane is determined by the pressure difference, geometry,
thickness, and the other parameters of the permeation law as described in equation
(6.2). Increasing the pressure further to values above 30 bar leads to net power input
into the system, which is undesirable. Increasing the area of the membrane further
leads to strongly increasing investment costs. The hydrogen recovery can thus only
be reasonably improved if the permeability can be increased, or the thickness of
the membrane can be decreased without running into mechanical stability issues.
It must be noted that the chosen membrane is already relatively thin. However,
improving the design of palladium membranes is not the scope of this work and is

done extensively by other researchers, as described in the introduction.

Besides the hydrogen recovery, also the engine operating parameters influence
the efficiency, but the effect is minor. A high efficiency is favored at high intake
temperatures and high compression ratios, whereas the rotational speed should be
low. However, the effect of the rotational speed on the total costs is much higher,
thus higher rotational speed seems favorable. An increasing intake temperature
strongly reduces the amount of ozone needed for ignition and reduces the investment

costs of the ozone generator.

The exergetic efficiency of the engine typically increases with increasing equiva-
lence ratio, as described by Wiemann et al. [30]. However, the exergetic efficiency of
the overall process does not follow this trend. In the PSA case, the efficiency slightly
increases but the increase is rather negligible. In the membrane case, the equiva-
lence ratio is clearly reduced: from a mean value of 53.8 % at ® = 1.5 to 51.0 % at
® = 2.0. There are two explanations for this behavior: first, the hydrogen recovery
in the membrane case is significantly lower and secondly, the effort for compression
increases with increasing equivalence ratio since the feed mass flow increases. This

leads to a larger effort in the membrane case.

To conclude, high system efficiency is achieved with engine parameters at which
the system costs are low, but one should pay attention to the hydrogen recovery

since it is the crucial parameter for efficiency.
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Figure 6.5: First order sensitivity indices of the process parameters on the other
products of polygeneration for PSA separation (top) and membrane separation (bot-
tom).
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Specific hydrogen costs (yellow bars). The specific hydrogen costs are mainly
determined by the equivalence ratio and the rotational speed. Higher equivalence
ratios and higher rotational speeds yield higher hydrogen molar flows and thus
reduce the costs per kg of hydrogen. It must be noted that, contrary to the hydrogen
recovery, the PSA parameters do not strongly influence the hydrogen costs because

the investment costs of the PSA are independent of those parameters.

In comparison, one membrane property determines the hydrogen costs: the ex-
ponent of the pressure difference. As discussed before, this is an experimentally
determined factor with values between 0.5 and 1.41, see Alraeesi and Gardner [101].
A high exponent favors the hydrogen flux and thus strongly decreases the neces-
sary membrane area for a desired hydrogen flux through the membrane. However,
it cannot be influenced easily and therefore, an ideal membrane behavior with an
exponent of 0.5 is considered for the following investigations. For achieving low

hydrogen costs, the same conclusion can be drawn as for the total system costs.

Other specific product costs. Fig. 6.5 illustrates the influence of the input pa-
rameters on the specific power, water, steam, and exhaust or exergy loss costs. In
general, only engine parameters influence these cost. The only exception is the ad-
sorption pressure of the PSA, which mainly determines the water costs. A greater
pressurization of the feed flow increases the investment costs of the compressor and
the intercoolers; thus, the specific water costs also increase. The effect is greater
in the PSA case, because the hydrogen recovery and thus the hydrogen molar flow
in the product flow depends on the adsorption pressure, whereas the membrane’s

recovery value is fixed.

The specific power and exergy loss costs show the same behavior as the total
system costs and the hydrogen costs: high equivalence ratio, intake temperature,
rotational speed, and compression ratio decrease the costs. On the contrary, the
specific water and steam costs increase with increasing equivalence ratio, but the

reduction of the power and exergy loss costs are more important.

Table 6.7 provides an overview of the proposed measures to reduce system costs
or increase efficiency. It can be concluded that high equivalence ratio, intake temper-
ature, rotational speed, and compression ratio are favorable to decrease the system

costs and specific product costs and to increase the system’s exergetic efficiency.

Table 6.8 gives an overview of the parameters chosen for the following exergoe-

conomic analysis.
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Table 6.7: Overview of the influence of the input parameters on the system costs and
efficiency. Symbols indicate reasonable actions on the input parameters to reduce
the costs or to increase the efficiency of the system: A = increase input parameter,
© = negligible effect, ¥ = decrease input parameter, ® = not applicable.

Description Symbol Reduce costs Increase efficiency
PSA H2M PSA H2M
Equivalence ratio 1) A A A v
Intake temperature Tin A A A A
Ozone total mole fraction xo, v v v \/
Rotational speed rpm A A v v
Compression ratio e A A A A
Hydrogen purity P, O ® v &
Hydrogen recovery Ry, ® v ® A
Adsorption/feed pressure  puds/py \/ \/ \/ v
Adsorption time tads S ® A ®
Purge to feed ratio P/F S ® S ®
Exponent n ® A & A

Table 6.8: Chosen parameter sets for the following exergoeconomic analysis.

Description Symbol PSA H2M Unit Comment
Equivalence ratio 0} 2.0 2.0 - Highest value
Intake temperature T; 200.0 200.0 °C Highest value
Ozone total mole fraction TOs 10 10 ppm Lowest value
Rotational speed rpm 1,500.0 1,500.0 1/min Highest value
Compression ratio Te 22.0 22.0 - Highest value
Hydrogen purity P, 99.97 99.999 % ISO 14687

grade C or better
Hydrogen recovery Ry, 73.3 70.0 % Calculated/

highest value
Adsorption/feed pressure Pads/Pf 3.0 20.0 bar Lowest value
Product/permeate pressure Dp 3.0 20 bar Lowest value
Adsorption time tads 700.0 - S Mean value of

experimental data
Purge to feed ratio P/F 0.100 - - Low value
Number of adsorption beds N, 4 4 - Typical value
Active carbon to zeolite ratio AC/Z  7/3 7/3 - Typical value
Exponent n - 0.5 - Typical value of

ideal membranes

130



Chapter 6

Exergoeconomic analysis

In this section, the exergoeconomic results are discussed and illustrated for each
component. The investment costs Z¢ of the components strongly influence the
product costs and are therefore discussed at first. Afterwards, the exergetic efficien-
cies of the components are evaluated and the total cost rates of each component are
compared. Fig. 6.6 shows the investment costs for each component for the PSA and
the membrane case.

The PSA and the palladium membrane are the most expensive components
(XIII) with investment costs of 4.87 million Euros (M€) and 4.24 M€, respectively.
Hence, the PSA is 13.0 % more expensive than the membrane. The second largest
investment of 2.87 M€ must be made for the HCCI engine, followed by the WGS-
reactors (1.12 M€ and 1.13 M€). In the membrane case, the costs of compressor XI
are also significant because the feed pressure is much higher compared to the PSA
case; 20 bar instead of 3 bar. Furthermore, compressor XVI and heat exchanger
XVII add costs in membrane case and account for 3.8 % of the total investment
costs. This results in 0.67 M€ lower total system costs for the PSA case, which
costs 12.55 M€ compared to 13.22 M€ in the membrane case.
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Figure 6.6: Investment costs of the process components for the PSA case (red bars)
and the membrane case (bars filled with dots). The upper diagram shows the dif-
ferences between the PSA and the membrane values.
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Figure 6.7: Exergetic efficiencies of the process components for the PSA case (green
bars) and the membrane case (bars filled with dots). The upper diagram shows the
differences between the PSA and the membrane values.

The exergetic efficiency of the components is shown in Fig. 6.7. In general,
the mixing efficiencies are close to 100 % and the WGS reactors have also high
efficiencies of 96.3 % and 99.8 %. The engine’s efficiency is 84.6 %, which is about
eight points higher than for the conditions found by Wiemann et al. [30]. The
efficiency in this study is greater, mainly because the compression ratio is 2.2 times
higher. In the engine, exergy is destroyed due to the conversion of parts of the fuel’s
chemical exergy to thermal exergy, which is exergetically unfavorable at the given
reaction entropy.

The compressor efficiencies are around 90.0 % in the membrane case. In the PSA
case the efficiencies of compressors XI and XV are lower, with 83.7 % and 71.0 %,
respectively, because with increasing pressure ratio the specific entropy change does
not increase as strongly as the specific enthalpy change and thus efficiency increases.

The exergetic efficiency of the ozone generator is very poor and only reaches
5.1 %, as also found in our previous work [157]. Therefore, a high intake temper-
ature is favorable, since it reduces the amount of ozone needed and thus reduces

inefficiencies and investment costs for the ozone generator. As the parameter study
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in the previous section showed, this is beneficial and leads to lower system costs
and higher overall efficiencies; although the efficiency of the preheater IV, which

increases the intake temperature, is only 35 %.

The lowest efficiencies were found for the heat exchangers which reduce the
temperature of the exhaust gas near to ambient temperature; heat exchanger X and
XII. However, these coolers are mandatory to achieve a high pressure at the feed of

the PSA and the membrane, therefore this exergy destruction cannot be avoided.

The efficiency of the PSA is high with 98.5 %, whereas the efficiency of the
membrane is slightly lower with 91.0 %, but still good. The overall system efficiency
of the PSA process is 68.3 %, due to a high predicted hydrogen recovery of 86.3 %.
The membrane process performs significantly poorer with a value of 56.8 % and a
fixed recovery of 70.0 %. Another reason is that a higher effort for compression and
cooling is necessary in the membrane case, because the pressure of the permeated
hydrogen is far from the desired output pressure of 50 bar and the feed pressure
must be higher compared to PSA case. Therefore, the PSA seems to be favorable

economically and exergetically.

The exergoeconomic calculation eventually gives the sum of investment and op-
erating and maintenance cost rates and cost rates of exergy destruction for each

component, illustrated in Fig. 6.8.

A similar conclusion as from Fig. 6.6 can be drawn: the highest costs are
caused by the separation, the engine, and the WGS reactors. The exergoeconomic
factors of these components are above 75 %, except for the engine which has a
value of 59.0 %. Thus, investment costs dominate the total costs for all important
components. Details are given in Fig. 16 in the appendix. It must be noted that
the slightly lower exergetic efficiency of the membrane compared to the PSA leads
to a higher exergy destruction cost rate, so that the total cost rates of PSA and
membrane nearly equal with values of 83.7 €/h and 84.4 €/h. The engine reaches
a total cost rate of 64.5 €/h due to a high fraction of exergy destruction cost rate
of 41.0 %. Table 6.9 gives an overview of the resulting exergy flows, specific costs,
and cost rates for each product.

The off-gas after the separation of hydrogen contains a mixture of mainly No,
CO3 and Hy0, but also about 0.5 % CO and 5 % Hy remain. In practice, also
unconverted hydrocarbons are expected. Therefore, COo and CO reduction and Ho
utilization should be considered. To reduce the CO4y emissions, carbon capture and
storage might be reasonable and the exhaust gas or the separated COs could be
mixed with fresh fuel and combusted in a second fuel-rich operated engine. Accord-

ing to our recent, yet unpublished theoretical study on biogas [1(], a CH4/COgq
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Figure 6.8: Total cost rates of the process components for the PSA case (grey)
and the membrane case (red bars filled with dots). The dark bars denote the cost
rates associated with investment and operating costs, and the light bars denote the
cost associated with exergy destruction. The upper diagram shows the differences
between the PSA and the membrane values.

Table 6.9: Exergoeconomic outcome for the products, losses, and input streams of
the polygeneration system (PSA case).

Product m(kg/h) EEW) C (€/h) c(€/GJ)
Hydrogen 75.7  2,564.90 256.8 27.8
Electricity - 621.9 29.7 13.2
Steam 567.8 148.8 33.1 61.7
Heating water 723 46.5 18.1 111.3
Exhaust 3,399.50 517.7 34.1 18.3
Fuel 359.3  5,187.50 157.2 8.4
Air 3,076.80 1.7 0 0
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mixture, strong CO4 reductions are possible. Or, instead of increasing the hydro-
gen amount in the water-gas shift reactors, both CO and Hs could be separated
as products to reduce COs emissions. Therefore, a second separation step for CO

would be required, which we have not investigated yet.

In each case, the remaining synthesis gas could be recycled and fed back to
engine, comparable to conventional steam reforming plants [105]. However, our
previous work [!15], in which we implemented external exhaust gas recirculation,
indicated that this is contradictory for an efficient and competitive process if too
large recirculation ratios are used, since it dilutes the hydrogen in the product gas
and thus increases product costs and complicates the separation in membrane or
PSA processes. In the lab, the engine’s product gas is mixed with air and com-
busted before releasing it to the atmosphere. This way, the remaining hydrocarbons
and CO can be converted, and harmful emissions are strongly reduced. Moreover,
the unburned hydrocarbons and soot formation in the engine could accumulate in
the subsequent components, e.g. in the heat exchangers. As long as the engine
was run under reasonable conditions, we did not encounter this issue due to the
smaller timeframe of the experiments [70), 7%]. Since we cannot estimate the issue
quantitatively, we have taken it into account indirectly via setting the lifetime of the
entire plant to 15 years. In cogeneration gas engine plants, the engine is overhauled
after 10 to 15 years, but the other components typically last longer. In this study,
it is thus assumed to replace the overall system after 15 years. However, building a

prototype plant might be required to assess the significance of this issue.

Influence of the economic parameter uncertainties on the product cost

distribution

In this section, the influence of the uncertainty of the economic parameters on the
product costs is evaluated. Eventually, the hydrogen costs per kg and the electricity
costs per MWh are evaluated and compared to conventional processes. In Fig. 6.9
the most important economic input parameters on the total system costs and the
cost rates of the products are visualized by showing the first order sensitivity indices

as colored bars.

In general, interest rate, lifetime, and operating hours dominate the total costs
and have a significant influence on all other costs. The highest sensitivity index of
0.42 was found for the operating hours, which strongly determine the total costs.
However, because interest rate, lifetime, and operating hours cannot be addressed by

process design, they are not further discussed in the following analysis. The power
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Figure 6.9: First order sensitivity indices of the most important economic input
parameters on the total cost rate and the cost rates of the products (see legend).
Top: PSA case, middle: membrane case, bottom: difference of PSA and membrane
results.
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costs are mainly dependent on the fuel costs, the index value is 0.83 and the highest
in this comparison. Here, the engine’s investment costs are also slightly relevant,
which is expected since this is the only component in which the power is generated.
Furthermore, the fuel costs dominate the exergy loss costs, since the cost rate of the
fuel incrementally increases by passing the components and this eventually results

in a higher cost rate of the exhausted residual gas.

The hydrogen costs are equally determined by fuel costs and investment costs of
the separation technology (XIII), which emphasizes that an engine, having relatively

low investment costs, is an economically reasonable choice for producing hydrogen.

Besides interest rate, lifetime, operating hours, and fuel costs, all other impor-
tant input parameters are investment costs only. The exergy loss costs depend
slightly on engine and WGSR investment costs, and in the membrane case also on
compressor XI investment costs. Since these are the components with the highest
investment costs, this effect is comprehensible. The PSA and membrane costs do
not influence the exergy loss costs, because their costs are completely apportioned
to the hydrogen flow. Furthermore, the steam costs depend on steam generator
investment costs VIII, XV, and XVIII and the heating water costs are determined
by the investment costs of heat exchangers X and XII, which are the ones with
the lowest efficiencies. Fig. 6.10 shows the electricity cost distributions in €/MWh
for the PSA and membrane case, calculated from the Monte Carlo distributed pa-
rameters, as given in Table 6.6. The distribution is a result of 38,912 calculations,
performed for the sensitivity analysis. These costs are compared by conventional
electricity production costs from renewable and fossil sources, taken from a study
of the Fraunhofer Institute performed for Germany in 2018 [137]. For the latter
only the x-axis is relevant. It must be noted that the capacities of the different
energy systems differ strongly: for instance, the combined cycle gas turbine plants
(CCGT), gas plants, and coal plants provide electricity in the range of hundreds of
MW, whereas photovoltaics (PV) and wind operate in the kW range to small MW
range. The HCCI engine provides 835 kW in this comparison.

Since the costs of exergy loss are apportioned on the products that can be sold,
the electricity costs for the membrane case are higher compared to the PSA. The
electricity costs range from 44.2 €/MWh to 97.6 €/MWh in the PSA case and
from 47.4 €/MWh to 120.5 €/MWh in the membrane case. The mean values are
67.2 €/MWh and 82.3 €/MWHh, respectively. Without variation of the input param-
eters, the electricity costs are likely slightly underestimated. In the PSA case, the
electricity costs show intersections with the costs of coal power plants, onshore wind

power, and photovoltaics. In the membrane case, the electricity production costs
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Figure 6.10: Distribution of the electricity production costs by the polygeneration
system with PSA (solid line) and membrane (dashed line) as separation technology,
calculated from the Monte Carlo distributed initial parameters, as given in Table 5.
Red distribution curves result if COg2 costs of 100 €/t are considered. For the bars,
only the vertical width is important.

are higher than onshore wind power and lignite power plants, but still competitive
to combined-cycle gas turbine power plants. With both separation technologies, the
electricity production by the engine is cheaper compared to offshore wind power, and
more importantly much cheaper than power plants using natural gas. Therefore,
the PSA process provides competitive electricity costs or is even lower-priced than
conventional processes. The membrane process yields also competitive electricity
costs, but the PSA process is favorable.

It must be noted that COq costs of up to 94 €/tco, are discussed for the Eu-
ropean Union [166]. These would incur when methane from fossil sources would be
used. In Fig. 6.10, the influence of COs2 costs of 100 €/t, calculated as explained
in the appendix, eq. (6.20) and Fig. 6.16, is also illustrated as red distribution
curves. Due to the CO» costs, the electricity costs increase strongly; their mean val-
ues increase by 47.6 % and 41.9 % to 99.2 €/MWh and 116.8 €/MWh for PSA and
membrane, respectively. Consequently, PV, onshore wind, and coal power plants
provide electricity at lower costs than the proposed PSA process, but it must be
noted that the non-renewable energy systems used for this comparison do not con-
sider CO4y costs.

Besides the electricity costs, competitive hydrogen costs are crucial for the poly-
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Figure 6.11: Distribution of the hydrogen production costs by the polygeneration
system with PSA (solid line) and membrane (dashed line) as separation technology.
Red distribution curves result if CO2 costs of 100 €/t are considered, as would be
the case for methane from natural gas and not from biogenic sources. For the bars,
only the vertical width is important.

generation system since most of the chemical exergy of the fuel is converted to the
chemical exergy of hydrogen. The resulting hydrogen costs for the PSA case and the
membrane case are shown in Fig. 6.11 and compared to conventional steam reform-
ing and electrolysis, the latter powered by different renewable electricity sources.
The reference values are taken from a study conducted in 2020 for Germany [107].
For the calculation of the hydrogen production costs by electrolysis, the following
assumptions were made by the authors: an efficiency of 70 %, investment costs of
1000 €/kW, an interest rate of 5 %, operating and maintenance costs of 3.3 % of
the investment costs, and a lifetime of 20 years. In this comparison, the lifetime of
the polygeneration system is 5 years shorter, and the interest rate 5 %-pts. higher.

Again, if the membrane is chosen as separation technology, the product costs are
higher. The hydrogen costs vary from 3.2 €/kg to 8.0 €/kg, compared to the PSA
case with a range of 2.7 € /kg to 7.2 €/kg. The mean hydrogen production costs are
determined as 4.5 €/kg and 5.3 €/kg for PSA and membrane, respectively, without
COg4 costs. In both cases the costs are underestimated if the input parameters are
not varied. In the membrane case the mean value of the distribution deviates by
10.4 % from the static value of 4.8 €/kg. With a real membrane and a pressure
exponent of 0.74, the costs would decrease to 4.3 €/kg and thus be competitive to
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the PSA case.

With COg costs of 100 €/t the mean hydrogen costs increase by 26.7 % and
19.7 % to 5.7 €/kg and 6.6 €/kg, respectively. Hydrogen produced by conventional
steam reforming of natural gas is much cheaper, with production costs of 1.0 to
3.0 €/kg. One reason for the cheaper steam reforming could be the economy of
scales: although the engine size is rather large-scale for cogeneration plants, it pro-
vides only 52 kg/h hydrogen, which results in an output of 87.3 kg/h after WGS
reaction and separation via PSA with a recovery of 86.3 %. In 2017, Keipi et al. [I 1]
defined a 72 kg/h hydrogen producing steam reforming plant as small-scale and an
output of 9,000 kg/h as large-scale. The hydrogen production costs were determined
as 4.61 €/kg and 1.74 €/kg for small- and large-scale, respectively. Compared with
those values, the polygeneration process with PSA in this study performs well with

4.5 €/kg and is therefore comparable to a small-scale steam reforming plant.

The hydrogen production costs by electrolysis range from 2.8 €/kg to 7.0 €/kg,
depending on the electricity source. Comparable to the electricity costs, PV and
onshore wind energy are the cheapest here as well, followed by concentrated solar
power (CSP) and offshore wind energy. The polygeneration process studied here
therefore yields competitive results to electrolysis and to small-scale steam reform-
ing. With increasing CO5 costs in the future, it will be of increasing importance to
use fuels from biogenic sources for the proposed process, in order to be competitive

in the long-term.

6.5 Conclusions

A polygeneration process model for hydrogen, power, and heat production was
developed and an exergoeconomic analysis was performed with a fuel-rich piston
engine as central unit. Methane was the fuel and ozone the additive. Reasonable
operating conditions were evaluated, and a pressure swing adsorption process was
compared with a palladium membrane for hydrogen separation and purification. The
most suitable engine operating parameters were found at an equivalence ratio of 2,
intake temperature of 200 °C, rotational speed of 1500 1/min, and a compression
ratio of 22. In direct comparison, the PSA membrane consistently yielded better
results than the palladium membrane, and the lower feed pressure was an advantage.
The overall efficiency was 68.3 % in the PSA case and 20.2 % or 11.5 points higher.
Therefore, the proposed polygeneration system has a similar efficiency to steam

reforming but yields more valuable products.

The total system costs were also lower with 12.55 M€ compared to 13.22 M€,
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although the membrane was slightly cheaper than the PSA. Consequently, the re-
sulting electricity and hydrogen costs were also lower in the PSA case and were
found in a range of 44.2 €/MWh to 97.6 €/MWh and 2.7 €/kg to 7.2 €/kg. The
electricity costs are competitive with photovoltaics, onshore wind energy, and coal
power plants, whereas the hydrogen costs are more expensive than conventional
large-scale steam reforming processes. However, the hydrogen costs are compara-
ble to small-scale steam reforming and electrolysis powered by different renewable
electricity sources.

To conclude, the proposed polygeneration of hydrogen, power, and heat is ther-
modynamically favorable and economically reasonable. A scale-up of the engine to
much higher displacement volumes seems promising for reducing the hydrogen costs
even more and to achieve higher hydrogen output so that conventional large-scale
steam reforming could be substituted in the future. An experimental investigation
of the combination of a fuel-rich operated HCCI engine and a pressure swing adsorp-
tion process would be interesting to validate the findings of this study. It would also
help to identify possible long-time stability issues due to unconverted fuel within
the system components.

The economic findings will also vary with the methane source. If methane comes
from fossil fuels, costs for CO4 will increase the costs for the polygeneration output,
while with biogas, the process will remain COs-neutral and competitive in the long-
term. This study demonstrated the importance of analyzing the influence of process
and economic parameter distributions on the cost distribution, as demonstrated

here.
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Table 6.10: Abbreviations.

Abbreviation Description

C Compressor
CCGT Combined cycle gas turbine
CEPCI Chemical Engineering Plant Cost Index
CHP Cogeneration of heat and power
CRF Capital recovery factor
CSp Concentrated solar power
DME Dimethyl ether
ENG Engine
H2M Palladium membrane for hydrogen seperation
HCCI Homogeneous charge compression ignition
HE Heat exchanger
HT High temperature
ISO International Organization for Standardization
IMEP Indicated mean effective pressure (engine)
LHV Lower heating value
LT Low temperature
MIX Mixing chamber
03G Ozone generator
oM Operating and maintenance
PSA Pressure swing adsorption
PVF Present value factor
WGS Water-gas shift
WGSR Water-gas shift reactor
Table 6.11: Symbols.
Symbol  Unit Description
A, m? Membrane area
AC/Z - Active carbon to zeolite ratio (PSA)
B - Device property (e.g. Area, Power)
C €/s Cost rate associated with exergy flows
D dm? Displacement volume
E W% Exergy flow
E, J/mol Activation energy
L years Lifetime
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N - Cost exponent

N, - Number of adsorption columns (PSA)

N, - Number of cylinders (engine)

P W Power

Py mol/s/m/Pa" Permeability

Py, - Hydrogen purity

P/F - Purge to feed ratio (PSA)

R, J/mol/K Universal gas constant

Ry, - Hydrogen recovery

S; - First order sensitivity index

St,i - Total order sensitivity index

T K Temperature

Tin °C Intake temperature (engine)

T, °C Coolant temperature (engine)

V - Variance

X - Arbitrary input value (sensitivity index definition)
Y - Arbitrary output value (sensitivity index definition)
Z € Device costs

Z €/s Cost rate associated with device costs

c €/] Specific exergy costs

d mm Bore (engine)

dpm m Thickness (membrane)

f - Exergoeconomic factor

fi - Installation factor

fm - Material factor

fi - Location factor

Jeurr €/$ Currency factor

n - Pressure exponent (membrane)

n mol/s Mole flow

D bar Pressure

Dads bar Adsorption pressure (PSA)

Df bar Feed pressure (membrane)

Din bar Intake pressure (engine)

Dp bar Permeate pressure (membrane)

Dp,Ho Pa Partial pressure of hydrogen in permeate (membrane)
Dr, bar Retentate pressure (membrane)

PrHa Pa Partial pressure of hydrogen in retentate (membrane)
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- Relative cost difference

- Compression ratio (engine)

1/min Rotational speed (engine)
m Stroke (engine)
s Adsorption time (PSA)

- Mole fraction

- Share of exergy destruction

Table 6.12: Greek symbols.

Symbol Unit Description

%) - Operating and maintenance factor
Q - Salvage value factor
€ - Exergetic efficiency
T h Operating hours
10) - Fuel-air equivalence ratio
Table 6.13: Subscripts.
Symbol Description
D Destruction
F Fuel
L Loss
P Product
a,b,c,1,2,3 Indices of flows or components
i Index of flows
mn In
k Index of component
out Out
ref Reference data
sYS System (whole process concept)

Table 6.14: Superscripts.

Symbol Description

CI Capital investment
oM Operating and maintenance
t Total
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Figure 6.12: Chemical Engineering Plant Cost Index (CEPCI) for the years
19872021 [16+].

6.8 Appendix

The cost rate Zj, of each component k is determined by calculating the investment
costs and operating and maintenance costs per time unit, by considering the time
value of money and the salvage value of the components [122]. The assigned values

in this study are given in Table 6.6.

Zy =25+ Z29M = (z91(1 — Q- PVF)CRF)r ' + z51p (6.12)
i(14d)*
CRF = 6.13
(i+1)L—1 (6.13)
1
PVF = — 6.14
(1+4d)L (6.14)

The current investment costs of each component are calculated with the chemical

engineering plant cost index (CEPCI) and (6.15).

F ¥ CEPCl,

The investment costs are scaled by calculating the ratio of a component-specific

(6.15)

value By, e.g. area for heat exchangers, and the reference value from literature B,.. s

according to the six-tenth rule [125, 133].
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, By \"
ZkCI:CL-FZrchg”‘ <B kf) 'fi'fm'fl'fcurr (6'16)
re

Eq. (6.16) is equal to (6.17) and sometimes more convenient for importing cost
data, see Table 6.14.

ZET = (a+b-BY)-fi fm- fr- fourr (6.17)
zZ3h
b= BY, (6.18)

The engine’s investment costs are calculated according to a fitted exponential
function [111].

Z§ yine = 9,332.6 - P23%9 . 1.695 (6.19)

Engine
Since the power output Ppgjgine in partial oxidation mode is reduced, the out-
put power per displacement volume ratio is taken from 24 commercially available

cogeneration gas engine plants to calculate the power output the HCCI engine in

this study would yield if operated in fuel-lean ST mode.
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Figure 6.13: Ozone generator characteristics [!11].

The ozone generator characteristics are taken from commercially available ozone
generators of the Fujian Newland Entech Company [I | 1] and illustrated in Fig. 6.13.
Fig. 6.14 shows the natural gas costs including taxes and levies for the EU and
for Germany. The value shown as a green dot for 2021 is considered for this study.
To estimate the influence of increasing COs costs, the natural gas costs are
modified according to (6.20). The results are shown in Fig. 6.15 and the maximum

natural gas costs (COg costs of 100 €/t are used in this work for comparison).

kgco,
9gCcH,

cnG = NG + 2.75 - - cco,/LHV (6.20)

The base fuel costs are denoted as cyg, and 2.75 kg COq are emitted per kg
CHy at stoichiometric combustion. This ratio is multiplied by the COy costs cco,
and divided by the lower heating value of methane (LHV).

Table 6.16: Results of the exergoeconomic analysis with fixed
process and economic input parameters; PSA-case, analysis

of the streams.

# p T Bl peh B c C
(bar) (°C) (kg/s) (kW) (kW) (kW) (€/GJ) (€/h)

0 1.0 200 085 002 164 1.65 0 0

1 10 200 010 000 5187.50 5,187.50 8.4 157.2
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20.36
48.9
54.02
103.51
104.95
2.67
41.33

10.3
8.6
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8.6
24.6
8.6
63.9

8.6
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1.5
11.4
3.2
9.3
0.1
9.5

0.2

Table 6.17: Results of the exergoeconomic analysis with fixed

process and economic input parameters; PSA-case, analysis

of the streams (continued).

# TcH, TO, TN, TO; TCOy TCO THO TH,
0 0.00 0.21 0.79 0.00 0.00 0.00 0.00 0.00
1 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 0.17 0.17 0.65 0.00 0.00 0.00 0.00 0.00
3 0.17 0.17 0.65 0.00 0.00 0.00 0.00 0.00
4 0.00 0.21 0.79 0.00 0.00 0.00 0.00 0.00
5 0.00 0.21 0.78 0.01 0.00 0.00 0.00 0.00
6 0.17 0.17 0.65 0.00 0.00 0.00 0.00 0.00
7 0.00 0.00 0.56 0.00 0.02 0.12 0.12 0.17
8 0.00 0.00 056 0.00 0.02 0.12 0.12 0.17
9 0.00 0.00 0.56 0.00 0.02 0.12 0.12 0.17
10 0.00 0.00 0.53 0.00 0.02 0.12 0.17 0.16
11 0.00 0.00 0.55 0.00 0.12 0.02 0.05 0.26
12 0.00 0.00 0.55 0.00 0.12 0.02 0.05 0.26
13 0.00 0.00 0.55 0.00 0.14 0.00 0.04 0.27
14 0.00 0.00 0.57 0.00 0.14 0.00 0.00 0.28
15 0.00 0.00 0.57 0.00 0.14 0.00 0.00 0.28
16 0.00 0.00 0.57 0.00 0.14 0.00 0.00 0.28
17 0.00 0.00 0.76 0.00 0.19 0.01 0.00 0.05
18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00
19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00
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Figure 6.14: Natural gas costs including taxes and levies for the years 2005 to 2021
for three different total energy demands per year. Solid lines averaged values for
the EU, dashed lines natural gas costs in Germany [172]. The EU average value for
2021 was taken from [173].
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Figure 6.15: Natural gas price as a function of CO5 costs. Base natural gas price is
taken from Fig. 6.15, green dot, and the COq price is varied from 0.0 to 100.0 €/t.
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Figure 6.18: Cost rates for each product, calculated from the Monte Carlo dis-
tributed input and cost parameters. Hydrogen contributes to a major part of all
cost rates and is thus the most valuable product of the system. Due to a higher

effort for compression and cooling, the cost rate of exergy loss is much higher for
the membrane case which increases all product costs significantly.
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CHAPTER 7

BIOGAS CONVERSION IN HCCI ENGINES FOR SYNTHESIS GAS
PRODUCTION

This chapter presents a conference contribution referred to as:

D. Schréder und B. Atakan. Theoretische Untersuchung der Umsetzung von Bio-
gasen in HCCI-Motoren zur Erzeugung von Synthesegas. 29. Deutscher Flammen-
tag, Bochum, 17-18 September 2019.

Introduction to the sixth paper

In the previous chapters, the conditions under which polygeneration in HCCI
engines is possible and reasonable were shown. Furthermore, the required equipment
to produce pure products such as hydrogen and the resulting product costs were
discussed.

For these studies the fuel was pure methane or natural gas. Since COs costs
are going to increase [! 7], it might be reasonable to gradually replace natural gas
based applications with low-carbon technologies, as explained in the introduction to
this thesis. One option is to replace natural gas with biogenically produced gases;
commonly referred to as biogas. The production of biogas has been increasing in
recent years, for instance 62.3 billion m® were produced in 2019 globally, which is
about 5 times more than in 2000 and represents an annual growth rate of 9 % [177].
Biogas is also seen as an important part of a circular economy [I70]. This raises
the question, if such gases, which are typically strongly diluted with CO», can be
converted in a fuel-rich operated HCCI engine.

In this chapter, a parameter study was performed, in which the single-zone
engine model was used to find feasible and efficient operating conditions for different
biogas compositions. Since biogas contains different amounts of CO2, depending on
its source, the CO9 amount is varied from 0 % to 50 %. Moreover, ozone is used as
an additive and the ozone amount is varied, as well as the intake temperature and
the equivalence ratio (¢ =1.0-4.0).

The key contributions of this work to the state of the art can be summarized as

follows:
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7.1. Abstract

Biogas conversion in fuel-rich HCCI engines is feasible, but higher intake tem-
peratures and ozone amounts are needed compared to neat methane or natural

gas.

The highest synthesis gas output was found at a ¢ range of 2 to 2.25.

— The exergetic efficiency decreases by 9 %-pts with increasing CO5 content in

the biogas, resulting in a nevertheless high value of 78.1 %.

— In a large ¢ range of 1.5 to 4.0, CO2 is converted to CO, and the process can

be considered a COq sink.

Table 7.1: Author contributions for chapter 7 following the CRediT author state-
ment methodology [11].

Author Freund Atakan
Conceptualization v
Methodology
Software
Validation
Formal analysis
Investigation
Resources v
Data curation

Writing - Original draft
Writing - Review & editing v
Visualization v
Supervision

Project administration

Funding acquisition

N N N NENEN

ENENEN

Author contributions to the sixth paper

I was responsible for the conceptualization, modelling, data analysis and writing
of the manuscript. Burak Atakan supported me by reviewing the results, comment-
ing and revising the manuscript, mentoring me, and most importantly, giving me

the opportunity to present my results at renowned conferences.

7.1 Abstract

Fuel-rich combustion processes can be used in stationary internal combustion

engines to produce base chemicals, such as synthesis gas, from various fuels in addi-

156



Chapter 7

tion to work and heat. Previous studies have shown, model-based and experimen-
tally, that fuel-rich partial oxidation of methane (as a major component of natural
gas) is possible in engines with homogeneous charge compression ignition (HCCI).
Moreover, hydrogen and carbon monoxide mole fractions of up to 23 % and 15 %,

respectively, can be achieved in the exhaust gas, with high exergetic efficiency.

Biogases usually have a relatively low calorific value and are difficult to use
in conventional combustion systems without technical modifications. Therefore,
the present work theoretically investigates whether biogenically produced gases can
be converted in a fuel-rich polygeneration process with an HCCI engine. Different
biogas compositions are investigated regarding their ignitability in the HCCI engine.
Since the fuel-air mixture is relatively inert, it is preheated by using exhaust gas
exergy and ozone is added. Furthermore, the influence of ozone on auto-ignition is
investigated. Another challenge is the high amount of inert CO3 in the biogas of up
to 50 %.

Modelling and simulation are performed using Python and the Cantera module
to calculate the thermodynamics and reaction kinetics of the process. The required
inlet temperatures and exhaust gas composition for different biogas compositions
for equivalence ratios (¢) from 1.0 to 4.0 are investigated. The required inlet tem-
peratures for biogas with 50 % CO5 increase from 595 K up to 805 K with increasing

equivalence ratio.

Furthermore, the CO4 conversion and the CO mole fraction in the exhaust gas
increase with the COs fraction in the biogas, making this process suitable as a COq
sink. The mole fractions of Hy and CO in the exhaust gas reach a maximum of
22.2 % (¢ = 2.5) and 14.1 % (¢ = 2.25), respectively, with high exergetic efficiencies
of 81.1 % and 77.4 %.

To reduce the effort of preheating the fuel-air mixture, the influence of ozone
as an additive on the necessary inlet temperature is investigated. If 1000 ppm of
ozone is added, the necessary inlet temperature is reduced by up to 100 K, so that
an inlet temperature of 570 K is necessary at ¢ = 2. Therefore, the use of biogases

is feasible but requires preheating and reactive additives.

7.2 Introduction

Society today is largely dependent on the use of fossil fuels, e.g. in the transport
sector, in the energy and industrial sector or in domestic households. However, the
long-term use of fossil energy sources is questionable due to the finite nature of

the resources and the strong increase in the anthropogenic generation of greenhouse
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gases such as carbon dioxide through combustion processes, which are held respon-
sible for climate change [7]. For these reasons, technologies to reduce CO2 emissions

are becoming increasingly important.

One possible way to achieve this reduction in the energy and industrial sectors
is the polygeneration of multiple products at a higher efficiency, compared to the
separate conventional technologies [ 15]. Previous work has already shown experi-
mentally and theoretically that the fuel-rich conversion of methane in HCCI engines
can be used for polygeneration: in addition to work and heat, synthesis gas is pro-
duced in relevant quantities [30, 75, , ]. In an HCCI engine, a homogeneous
fuel-air mixture is compressed until it reaches the required ignition temperature and
ignites. The combustion is thus kinetically controlled, making this mode more suit-
able for fuel-rich partial oxidation in the engine than spark ignition, where flame
speed is a limiting factor [10].

The synthesis gas produced by this process is an important feedstock for the
chemical industry, for example, for the production of ammonia, methanol, and other
higher-value alcohols [177]. Nowadays, synthesis gas is mainly produced by steam
reforming of natural gas [ 19]. The global production of pure hydrogen also uses
96 % fossil fuels and 4 % electrical energy, with natural gas accounting for 48 % of
the total feedstock [174].

In this work, an exergetic analysis is performed to evaluate the polygeneration
process and compare it with conventional processes. Steam reforming of natural
gas is very energy intensive and the maximum achievable exergetic efficiency is
63 % according to the study by Simpson et al. [20]. In comparison with 19 other
production methods, such as electrolysis or biomass gasification, steam reforming
achieves by far the highest efficiency [ 79]. In our previous work, it was shown that
an HCCI engine used for polygeneration achieves an exergetic efficiency of up to

82 % [7¢], making it a promising concept for the utilization of natural gas.

In this study, biogenically produced gases with different methane contents were
investigated as regenerative fuels for synthesis gas production to determine their
suitability for the fuel-rich HCCI combustion process. This is interesting, on the one
hand, because fossil CO5 emissions can be significantly reduced and, on the other
hand, because in Germany, for example, 17.2 % of electrical energy was already
generated from biogas in 2015 and the biogas supply is therefore sufficiently large.

Biogases are produced as a by-product, sometimes in large quantities, in vari-
ous processes: landfilling of waste, commercial composting, anaerobic digestion of
sewage sludge in wastewater treatment, manure from livestock farming, and food

wastes. [150]. Therefore, the use of biogases offers many advantages [33, 121]:
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Local, decentralized generation and use.
— Renewable energy source with low COs emissions.
— Efficient disposal of organic waste.

— Reduction of methane emissions to the environment.

The composition of the biogenically produced gases varies depending on the ori-
gin and process, although methane and carbon dioxide always make up the majority
of the gas. In small quantities, biogas usually also contains hydrogen, nitrogen, wa-
ter vapor, ammonia, and traces of hydrogen sulfide and siloxanes [17], although the
latter three components must be separated by gas purification processes for vari-
ous reasons [!20]. Hydrogen sulfide is converted to sulfur dioxide and sulfuric acid
in combustion processes, and these substances are highly corrosive and harmful to
health and the environment. Ammonia is also corrosive and harmful, but to a lesser
extent than sulfur compounds. Siloxanes form solids such as silicon dioxide and thus

damage moving components. Table 7.2 shows typical biogas compositions.

Table 7.2: Typical components of biogases (in vol%) [37].

Component Amount

CH,4 50-70
COo 25-50
H, 1-5

Ny 0.3-3.0
Hy0, 0.3
NHj <1
HQS <1
Siloxane traces

Therefore, biogases should be pretreated before they can be used for combustion

processes. Various technologies are suitable for this purpose [23]:

— Absorption (e.g. wet separator with water as detergent)
— Chemical reagents (e.g. activated carbon)
— Adsorption (e.g. molecular sieves)

— Membrane separation

Cryogenic distillation
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For this study, it is assumed that the impurities in the biogases are negligible
or that sufficient treatment has preceded. Thus, pure methane/CO2 mixtures are
investigated with respect to the influence of the CO2 amount. For detailed informa-
tion on the gas treatment processes, reference is made to the work of Abatzoglou
and Boivin [130].

Biogases are nowadays mostly used for combined heat and power (CHP) in
Germany, mainly using spark ignition (SI) engines [1=2]. In very small proportions,
(micro) gas turbines, fuel cells, and gas boilers are also used.

However, biogases can also be used for synthesis gas production in reforming
processes. In 2018, Nourbakhsh et al. studied the partial oxidation of biogases (syn-
thetic CH4/COg9 mixtures) experimentally and theoretically [1%3]. They found that
synthesis gas production at ambient pressure and temperature, and at an equiv-
alence ratio of 2.5 to 3.0 is most beneficial in terms of methane conversion and
synthesis gas yield. Their results are compared with those obtained for the HCCI
engine in this study.

A major challenge in using the HCCI combustion process is the necessary high
inlet temperature, which is required to achieve ignition of the inert methane by
compression. Numerous methods have been investigated in the literature to use such
fuels, with stable control of combustion, in fuel-lean HCCI engines. The following

methods can be mentioned as excerpts [130)]:

— Pilot injection of a more reactive fuel

— Preheating of the mixture

— Exhaust gas recirculation

— Change of fuel composition

— Varying the compression ratio during operation

— Supercharging

— 7Fast Thermal Management” - rapid mixing of differently heated air streams

In previous work on polygeneration with pure methane in the fuel-rich HCCI
engine, a combination of two methods was used: preheating and the use of reactive
fuels as additives such as dimethyl ether [!7, 7%] and n-heptane [30]. This allowed
stable operation at fresh gas temperatures of 100 °C to 190 °C at equivalence ratios
of 1.2 to 2.4. With increasing CO3 content, the properties of the gas deteriorate

in terms of flammability and calorific value. Therefore, the question arises whether
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biogases are generally suitable for combustion in HCCI engines, especially in fuel-

rich operation.

In 2012, Bedoya et al. showed experimentally and theoretically in different works
that fuel-lean (¢ = 0.19-0.5) operation with biogas is possible [1&1-150]. With a
compression ratio of 17 and an inlet pressure of 2 bar, a CH4/CO2 mixture of 40/60
could be stably ignited at an inlet temperature of 210 °C. In 2016, Kozarac et al.
used n-heptane as an additive and achieved ignition at inlet temperatures ranging
from 34 °C to 234 °C, with up to 28 % of the fuel energy delivered from n-heptane
(¢ = 0.33-0.43) [157].

However, the hydrocarbon containing additives provide energy for combustion,
are complex and possibly costly to produce. These disadvantages can be avoided if
ozone is used as an additive, since it is only required in small quantities (ppm) and

can be generated on-site using an ozone generator.

For ST engines, the benefits of ozone have been known since the 1980s [10]. For
fuel-lean HCCI engines, its influence on various fuels has been studied, especially
in recent years [71, 25, 87, |]. When ozone is added to the fuel-air mixture, the
combustion phasing shifts to earlier crank angles, the inlet temperature is reduced,
and combustion can be controlled via the control of the ozone mass flow. Similar

positive effects are expected when ozone is used for fuel-rich HCCI engines.

In this work, the influence of the CO2 content on the usability of biogases for
the polygeneration process is investigated and reasonable operating ranges are evalu-
ated. Then, the influence of adding up to 1000 ppm ozone is investigated to evaluate

whether ozone is also promising for fuel-rich biogas ignition in HCCI engines.

7.3 Engine model and methodology

The HCCI engine is modeled in Python using the Cantera module to calculate
thermodynamics and reaction kinetics [50]. The engine model is a zero-dimensional
four-stroke single zone model including intake and exhaust valves. Accordingly, a
homogeneous distribution of the gas in the cylinder is assumed. The reaction mech-
anism used is taken from the work of Burke et al. [7}] and was extended to include
the ozone sub-mechanism of Zhao et al. [J0] to represent the decomposition reac-
tions of ozone. For detailed information on the operation of the engine model, the
reader is referred to the work of Hegner and Atakan [71]. The engine characteristics

and operating conditions are shown in Table 7.3.

A relatively high rotational speed of 3000 1/min is used to achieve high power

and product gas mass flows. The cylinder geometry is taken from a typical gas
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7.3. Engine model and methodology

Table 7.3: Engine properties and operating conditions.

Description Symbol Value Unit

Rotational speed rpm 3000 1/min

Compression ratio Te 18

Bore d 130 mm

Stroke s 142 mm

Number of cylinders Ny 12

Displacement D 22.62 dm?3

Wall thickness dy 10 mim

Equivalence ratio ¢ 1-4

Coolant temperature T, 90 °C

Thermal conductivity wall Aw 53 W/m?/K

Convection coefficient coolant . 3000 W/m?/K

Inlet valve opening - -180/0  °CA

Outlet valve opening - 180/360 °CA
engine for cogeneration [1=0]. The convective heat transfer coefficient of the inner
cylinder wall is calculated using Woschni’s equation [7%] and used to calculate the

heat flux Qeng through the cylinder wall to the cooling water.

The thermal energy of the exhaust gas is used in two ways. On the one hand,
it is used to preheat the fuel-air mixture to the required inlet temperature. On the
other hand, the remaining available thermal energy is used as a heat flow Qexh, as
it is common in cogeneration plants. For the calculation of these heat flows, the
energy balances of the heat exchangers are implemented in the Python model, and
the heat capacities of the fluids are assumed to be constant for simplicity. Finally,
the exhaust gas, which in this case is a valuable product gas, leaves the system with
a temperature of 30 °C.

In this first parameter study of biogas utilization, the processes required to
separate the synthesis gas from the exhaust gas are neglected, since their design
depends on the operating point and involves great computational effort. A simplified
process concept is shown in Figure 7.1.

The ozone added to the fuel-air mixture is homogeneously distributed and the
ozone decomposition starts at —360 °CA (top dead center intake stroke). The heat
flows are evaluated exergetically by multiplying them by the Carnot factor, which
leads to the calculation of the maximum usable exergy of heat EQ according to

equation (7.1).

EQ = Qeng (1 - T > + Qe:vh <1 - T > (7'1)

Tm,eng Tm,ea:h

To calculate the exergetic efficiency 7, (7.2), the chemical exergy flows of the
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Preheater
30°C

Synthesis gas X/ ‘ )
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engine

— Fuel
----% Work
— Water

Figure 7.1: Simplified process concept of the investigated energy system for poly-
generation of work, heat, and synthesis gas.

fuel-air mixture, the hydrogen and carbon monoxide contained in the exhaust gas
and the mechanical power are determined. Since the fresh gas is aspirated at ambient

conditions, its total exergy is equal to its chemical exergy [190].

Weng + Eq + ESL + Eh,
Ech + Ech + Ef)]é

biogas air

Nex = (7.2)

To investigate the suitability of the different biogas compositions for the poly-
generation process, the equivalence ratio and COy/CHy ratio were initially varied.
The results were examined in terms of required inlet temperature, fuel conversion,
work, heat, product gas composition, and exergetic efficiency. Subsequently, at a
constant COy/CH4 ratio of 1, an ozone feed of 0 to 1000 ppm was investigated to

evaluate the reduction in inlet temperature, as shown in table 7.4.

Table 7.4: Investigated parameters

Description Symbol Study 1 Study 2
Equivalence ratio 10} 1-4 1-4
CO2/CHy ratio (molar) zco,/rcH, 0-1 1

Ozone amount (molar)  zp, 0 ppm  0-1000 ppm

The necessary inlet temperature for ignition of the mixture is defined by pressure
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Figure 7.2: Temperature and pressure curve as a function of the crank angle for two
different inlet temperatures Ty (without ozone supply). If the inlet temperature is
too low, the mixture will not ignite (red), while in this example ignition is successful
at an inlet temperature 2 K higher (black), as can be seen from an strong increase
in temperature and pressure.

rise rates of at least 5 bar/°CA. Without ignition, the pressure rise rates in the engine

model are always lower than 2 bar/°CA.
Figure 7.2 shows an example of the temperature and pressure curves for two

different inlet temperatures to illustrate the difference between an igniting and a

non-igniting mixture.

7.4 Results and discussion

First, the inlet temperatures necessary for ignition are calculated and compared
with the previous results with pure methane. Here it can be seen that the neces-
sary temperatures increase significantly with increasing equivalence ratio and with
increasing COy content in the mixture: from 545 K (¢ = 1; 0 % CO2) up to 805 K
(¢ = 4; 50 % COay), as illustrated in figure 7.3.

Higher inlet temperatures are required with increasing CO2 content due to
the approximately 5 % greater specific molar heat capacity of CO2 compared to
methane, which means that a COs-rich mixture heats up less during compression

and the pressure also increases less as a result. Temperature and pressure at top
dead center are reduced by 5.6 % (—70.5 K) and 5.9 % (—2.3 bar) at ¢ = 2, for
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Figure 7.3: Inlet temperatures of the HCCI engine required for ignition of biogas as
a function of the CO2/CHy ratio and equivalence ratio.
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Figure 7.4: Temperature and pressure curve as a function of the the crank angle for
two different COy/CHy ratios.
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7.4. Results and discussion

example, when the COy content increases from 0 % to 50 %, see figure 7.4.

However, methane conversion is not significantly affected by the presence of
carbon dioxide. From figure 7.5a, it can be seen that the methane is not fully
converted above an equivalence ratio of 2.25 due to the lack of oxygen, and the
conversion is reduced to 77 % at ¢ = 4. Increasing the COs content from 0 %
to 50 % reduces the conversion by about 1 to 4 percentage points. While COs is
formed during the process at low CO2 contents and equivalence ratios (black area
in Figure 7.5b), more than 50 % of the COy is converted at high CO2 contents and
¢ = 2.0-2.5. If the additional CO formed as a result can be used as a product, the
process in this range can be operated as a CO4 sink. At these equivalence ratios, the
largest Hy and CO mole fractions are produced, although this is strongly dependent
on the CO2 content of the biogas, as figures 7.5¢ and 7.5d show.

It must also be mentioned here that increased soot formation in the engine was
observed at equivalence ratios above 2.0 when operating with pure methane [7%].
With pure methane as fuel, Hy and CO mole fractions of 22.2 % and 14.1 % can be
achieved at ¢ = 2.5. The maximum CO mole fraction of 18.2 % is achieved at the
maximum COs content of 50 % in biogas and ¢ = 2.25 in this study. The Hy mole
fraction here is still 9.2 %.

Operation at high equivalence ratios and COs fractions leads to a reduced work
output of the engine due to the reduced temperature and pressure rise. For instance,
the specific work decreases for pure methane from 15.7 MJ /kg at ¢ = 1 to 1.3 MJ /kg
at ¢ = 4, as shown in figure 7.5e. For a constant ¢ of 2, the specific work decreases
from 5.8 MJ/kg to 0.9 MJ/kg when the CO2 content increases from 0 % to 50 %.
In this case, the lower heating value of the mixture is reduced from 50 MJ/kg to
13.4 MJ/kg. As a result, the conversion of this heating value to work is reduced by
4.9 %-pts.; from 11.6 % to 6.7 %.

Nevertheless, due to the high synthesis gas mole fractions high exergetic efficien-
cies above 80 % are achieved in almost the entire parameter range from ¢ = 1-2.25.
The maximum efficiency is 87.1 % at ¢ = 2 with pure methane. With increasing
COs content, the efficiency decreases by 9 %-points to 78.1 %. A comparison with
the work of Noubarkhsh et al. shows that the maximum mole fractions of 22.2 %
(Hg) and 18.1 % (CO) achieved in the engine are 10.1 %-pts. and 5.4 %-pts. lower,
respectively, compared to the reactor results. The amounts of synthesis gas pro-
duced in the engine can be considered high despite the short residence time and

changing temperatures and pressures.

However, the high inlet temperatures and the lack of combustion control are

a problem without the use of additives. Therefore, in this parameter study, the
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Figure 7.5: Results of the parameter study as a function of CO2/CH, molar ratio
and equivalence ratio: a) methane conversion, b) COs conversion, c¢) specific work
produced in MJ/kg d) exergetic efficiency, e) Ha mole fraction in product gas, f)
CO mole fraction in product gas.
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Figure 7.6: The influence of ozone addition on the pressure trace at ¢ = 2.

influence of 0 to 1000 ppm ozone addition at a constant CO2/CHy ratio of 1 was
investigated. Figures 7.6 and 7.7 show the influence of ozone on the pressure profile
and methane conversion, respectively, at ¢ = 2 and a constant inlet temperature of
670 K.

With increasing ozone addition, the combustion phasing is shifted to earlier
crank angles, and a low ozone content of 50 to 100 ppm achieves the greatest effect.
The ozone decomposes early in the intake and compression stroke. At 1000 ppm
ozone addition, small amounts of methane are converted about 100 °CA earlier,
mainly to hydrogen peroxide and formaldehyde. This leads to a small additional

increase in temperature and pressure and eventually to earlier ignition.

This has a large effect on the inlet temperature required for ignition, but only a
small to negligible effect on the product output (work, heat, synthesis gas) or the
exergetic efficiency. With increasing ozone amount, ignition occurs at earlier crank
angles and, accordingly, work output is increased and heat flux through the cylinder
wall is reduced, as shown in figure 7.8. The exergetic efficiency hardly changes in

this case.

In return, the inlet temperatures can be reduced from 595 K to 500 K (¢ = 1) and
805 K to 740 K (¢ = 4), as illustrated in figure 7.9. To achieve these temperature
levels, the fuel-air mixture must be preheated, for example by using the thermal

energy of the exhaust gas.
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Figure 7.7: The mole fractions of methane, ozone, formaldehyde CH>O, and hydro-
gen peroxide HoO39 as a function of crank angle for two cases: no ozone added (solid
lines) and 1000 ppm ozone (dashed lines) at ¢ = 2.
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Figure 7.8: Work, heat, and exergetic efficiency as a function of ozone addition.
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Figure 7.9: The influence of ozone addition on the required inlet temperature T as
a function of the equivalence ratio.

7.5 Conclusions

Biogases with high COs2 contents can be used to produce synthesis gas in fuel-
rich HCCT engines with high exergetic efficiencies of over 80 % in some cases. At
high CO3 contents in the biogas, the system can also be regarded as a COq sink, at
equivalence ratios of 1.5 and above. Since this leads to a large reduction in the work
generated, it will be useful in practice to adjust the operating point to the demand
via the equivalence ratio. Therefore, lower equivalence ratios should be selected
when the demand for work output is high.

The most promising equivalence ratio range was found at ¢ = 2-2.25 due to the
high amounts of synthesis gas in the product gas and the high exergetic efficiency.
The inlet temperatures required for ignition are very high and can be reduced to
570 K (¢ = 2) with the addition of 1000 ppm ozone at 50 % COsz in the biogas,
which still requires a high energetic input to preheat the mixture. However, this
could be accomplished by using parts of the thermal energy of the product gas.

If the use of ozone is exergetically and economically favorable must be shown
in the future by an investigation of an overall process concept including separation
processes for the synthesis gas and consideration of the energy input for ozone
generation.

In practice, a combination of preheating and ozone addition will have to be used,

especially for high COs contents in the biogas, under the conditions investigated
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here. An increase in inlet pressure and compression ratio is conceivable and is

worth investigating in the future.
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CHAPTER &

KINETIC AND EXERGETIC ANALYSIS OF ACETYLENE AND
ETHYLENE PRODUCTION IN THE HCCI ENGINE

This chapter presents a conference contribution referred to as:
D. Freund and B. Atakan. Ozon als Ziindbeschleuniger fiir die Produktion von
Ethylen und Acetylen im HCCI-Motor: Eine kinetische und exergetische Analyse.
30. Deutscher Flammentag, Hannover, 28-29 September 2021.

Introduction to the seventh paper

In chapter two, it was observed that the exergetic efficiency increases with the
equivalence ratio, illustrated in fig. 2.8. This was explained by a higher conversion
of the fuel to mainly synthesis gas, due to the reduced oxidizer availability for the
reaction. However, a reasonable operation was limited to a maximum ¢ of 2.0, since

soot formation strongly increased at those conditions [7+].

Previous studies indicated that there is a high potential of very fuel-rich mixtures
with equivalence ratios of six and higher. Atakan et al. [/ 2] showed in 2020
that a significant increase of higher hydrocarbons such as acetylene and ethylene
are possible and the findings were supported by shock tube, flow reactor, rapid

compression machine, and engine data.

However, to achieve ignition in the HCCI engine at very fuel-rich conditions,
diethyl ether (DEE) as a hydrocarbon additive was used, which provides significant
exergy to the fuel-air mixture, as discussed in chapter four for DME and by Banke
et al. in 2023 [70]. Therefore, the question remained if it is exergetically reasonable
to operate the engine at very fuel-rich conditions. Consequently, in this chapter,
the single-zone and the multi-zone model were utilized to investigate a wide range
of equivalence ratios from 1.5 to 10. At those conditions, ignition timing, ozone
amount, product selectivities, and exergetic efficiencies were investigated. The key

contributions of this work to the state of the art can be summarized as follows:

— Ozone is a useful additive even in very fuel-rich regimes.
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Late ignition timing and equivalence ratios of 6 are favorable for ethylene

production.

— A maximum ethylene selectivity of 45.5 % was found at the maximum equiv-

alence ratio of 10.

Exergetic efficiencies of up to 95.9 % are then possible, if unconverted fuel is

further used.

— Acetylene production is overall negligible.
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8.1 Abstract

The production of synthesis gas, ethylene, and acetylene for the chemical in-
dustry is cost and energy intensive. The energy cost can be reduced if these basic
chemicals are produced in fuel-rich HCCI engines with simultaneous heat and work

production. Previous work has already shown experimentally that synthesis gas
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production from methane at equivalence ratios of ¢ = 1.65 to 2.0 is possible and

exergetically advantageous. However, this requires reactive additives, such as ozone.

These studies are extended in this theoretical work to the range up to ¢ = 10
and the use of natural gas to investigate the applicability of ozone at very fuel-rich

conditions for ethylene and acetylene production.

For the analysis, we use single-zone and multi-zone models written in Python,
with the Cantera module used to calculate the thermodynamics and reaction kinet-
ics. The engine is simulated with a rotational speed of 600 1/min, a compression
ratio of 22, an inlet temperature of 150 °C, an inlet pressure of 1 bar, and equivalence
ratios of 1.5 to 10.

With increasing ¢, 250 to 4000 ppm ozone is required for ignition (¢ = 3-10)
and exergetic efficiencies of up to 93.4 % are achieved considering ozone production
(¢ = 10). The selectivity of acetylene is low, reaching a maximum of 5.3 % at
¢ = 8.5. The selectivity of ethylene, on the other hand, increases with increasing
¢ and reaches a promising value of 45.4 % at ¢ = 10. At ¢ = 7, either 2200 ppm
ozone or an inlet temperature of 220 °C (480 °C) are required.

In this comparison, the use of ozone lowers the maximum temperature of a
working cycle by up to 71 °C, with the maximum pressure increasing by 15 bar to
94 bar. The selectivity of ethylene increases by about 2 %-pts., reaching a value
of 27.4 % at a late ignition timing of 11 °CA. At the same time, 2 %-pts. less
benzene is produced. Since benzene is known to be a soot precursor, ozone could
thus reduce soot formation at equivalence ratios between 2 and 6 and slightly shift
the soot formation limit.

Inhomogeneities in the cylinder are accounted for by simulations with the multi-
zone model. Due to the lower temperatures near the cylinder wall, the fuel con-
version lower which results in higher selectivities for ethylene and acetylene, but
smaller selectivities for hydrogen.

It is found that ozone is a suitable additive in fuel-rich operation, reducing the
exergetic efficiency of the system by less than 2 %-pts. and slightly increasing the
product yields.

8.2 Introduction

The production of base chemicals for the chemical industry is cost- and energy-
intensive, as the required processes are carried out at high temperatures and in
several steps. In addition, fossil feedstocks such as crude oil and natural gas are

mainly used. This is also the case for the production of synthesis gas, ethylene, and
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acetylene.

Synthesis gas, as a mixture of hydrogen (Hs) and carbon monoxide (CO), is
nowadays mostly produced by the endothermic steam reforming of natural gas at
750-900 °C [191]. It is an important feedstock for the chemical industry and is used,
for instance, for the production of methanol.

Another important feedstock is ethylene (CoHy), which is mainly produced by
the also endothermic cracking of naphtha at 750-900 °C [192]. Applications range
from the production of plastics (including polyethylene, polystyrene, and polyvinyl
chloride) to ethylene glycol and ethanol, with demand for ethylene increasing by up
to 4.0 % annually according to Rossetti et al. (2019) [193].

Another base chemical, acetylene (CoHs), can be produced by the pyrolysis of
natural gas or the autothermal reaction of natural gas/oxygen mixtures at more
than 1,200 °C [191].

The energy input for the production of these base chemicals can be reduced if
natural gas is converted by partial oxidation in reciprocating engines. Instead of
the necessary heat input, heat and work can then be dissipated and utilized. Very
fuel-rich operated HCCI engines are suitable for this purpose, as previous work has
shown.

In 2017, Hegner et al. investigated the partial oxidation of methane in a single-
zone engine model, as well as with a rapid compression machine (RCM) at equiva-
lence ratios of 0.5 to 15 [17]. They showed that high amounts of synthesis gas are
produced at equivalence ratios of 2 to 3, while low amounts of ethylene and acetylene
are produced at equivalence ratios of 6, increasing with ¢.

In 2019, Banke et al. operated an HCCI engine with a methane/DME/air mix-
ture at ¢ = 1.65 to 2.34 and obtained high selectivities for Hy and CO of up to 72 %
and 79 %, respectively [74].

Due to the simultaneous output of work, heat, and base chemicals, depending on
the equivalence ratio (¢), the operation of such an engine can be flexibly adapted to
the demand. However, due to the high octane number of methane-containing fuels,
either very high inlet temperatures or large amounts of reactive additives such as
dimethyl ether, diethyl ether, or n-heptane must be added in this case, as previously
shown by Wiemann et al [?0] and Banke et al [7%]. In this process, the hydrocar-
bon containing additives contribute up to one fifth of the added exergy, which is
undesirable since the additives in turn have to be produced in an energy-intensive
way. Moreover, in DME production synthesis gas, a product of the polygeneration,
is used as a feedstock.

Ozone represents a possible alternative as an additive, since it is only required
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in small quantities and can be produced from ambient air. The benefits of ozone
as an additive in SI engines have been known since the 1980s [1(]. Moreover, for
more than a decade, the positive influence of ozone on combustion and control has
been investigated for fuel-lean HCCI engines, since the control of the combustion

phasing is a major challenge due to the absence of fuel injection or spark plugs.

In 2005, Yamada et al. [22, 197] studied the combustion of DME in a single-
cylinder HCCI engine using methanol and ozone as an additive. The fuel-air mixture
was preheated to 400 K, and at an equivalence ratio of ¢ = 0.37, an addition of

6750 ppm ozone resulted in a shift of the combustion phasing by about 20 °CA.

In 2006, Nishida et al. [7!] investigated numerically and experimentally the
influence of different ozone additions (600, 700 and 1200 ppm) on the combustion of
natural gas in an HCCI engine at ¢ = 0.5. It was shown that operation is possible
with an ozone addition of 600 ppm and the combustion phasing could be further

shifted to 30 °CA earlier by an increase of 100 ppm.

Similar results were found by Masurier et al. [29], who studied the combustion of
a methane/propane mixture and various methane/hydrogen mixtures at ¢ = 0.4 and
an ozone addition of up to 120 ppm. Even small amounts of ozone (up to 23 ppm)
led to a significant increase in pressure and temperature in the cylinder and the
combustion phasing shifted toward top dead center. This had a positive effect on
the stability of the combustion. Here, the inlet temperature was 495 K. The authors
explained this behavior by the decomposition of ozone at already low temperatures
to oxygen radicals and oxygen molecules, so that the fuel reacts directly with the
oxygen radicals.

Starik et al. [12%] also found in 2017 that the energy required to generate ozone
in the ozone generator when burning synthesis gas in an HCCI engine is about an

order of magnitude smaller than the additional energy released by the more reactive

mixture.
Schroder et al. showed in 2020 [105] that larger amounts of DME, which were
used by Banke et al. [75] in 2019, can be substituted by small amounts of ozone

(¢ = 1.9). Based on these results, this work extends the investigated equivalence ra-
tio range to up to ¢ = 10 to theoretically investigate the applicability of ozone as the

sole additive in very fuel-rich conditions and for ethylene and acetylene production.

8.3 Engine model

The HCCI engine is modeled in Python and the thermodynamics and reaction ki-

netics are calculated using the Cantera module [50]. In this work, a zero-dimensional
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Figure 8.1: Division of the cylinder geometry at top dead center into z zones with
a zone thickness t;. Zone 1: crevice zone, in which no reactions take place, Zone 2:
outer zone, which is in contact with the inner wall of the cylinder.

single-zone model (SZM) with four cycles and a multi-zone model (MZM) with two
cycles and seven zones are used. A homogeneous distribution of the gas is assumed
in each zone.

The multi-zone model was validated using our own measurements with methane/
DME/air mixtures at ¢ = 1.9 from [7%], using a zone distribution that resulted in
good agreement between the simulated fuel conversion, mechanical power, and heat
flow and the experimental data. At top dead center (TDC), the core zone and
the crevice zone are set at 30 % and 1.5 % of the dead volume, respectively. The
remaining volume is distributed among the five other zones so that the volume
decreases from the inner to the outermost zone. The radial geometry of the zones
is fixed and can only be changed in the direction of piston movement by changing
the volume of the cylinder in the axial direction. The division of the cylinder into z
zones is shown schematically in figure 8.1.

For the global heat transfer of the single zone model, the Woschni equation
[7%] is used to calculate the internal heat transfer coefficient. The parameters
of the Woschni equation were previously validated for the experimental study of
methane/DME /ozone/air mixtures [7%]. For the multi-zone model, the global heat
transfer from the crevice zone and the outer zone to the inner cylinder wall is cal-
culated using the equation of Chang et al. [00]. This is based on the Woschni

equation and was adapted based on experimental studies for HCCI engines. Fur-
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Table 8.2: Engine properties and operating conditions.

Description Symbol Value Unit
Rotational speed rpm 600 1/min
Compression ratio Te 22

Bore d 65 mm
Stroke S 100 mm
Number of cylinders Z 4

Displacement D 1.327 dm?3
Equivalence ratio 10) 1.5-10.0

Intake temperature Tin 50-300 °C
Intake pressure Din 1 bar
Coolant temperature T. 100 °C
Thermal conductivity wall Aw 53 W/m?/K
Convection coefficient coolant — «. 3000 W/m?/K
Inlet valve opening, SZM - -180/-135 °CA
Outlet valve opening, SZM - 150/360  °CA

thermore, heat and mass are transferred between the zones. Heat is transferred
by conduction, using the model of Komninos et al. [01]. Mass transfer is modeled
by valves which ensure a homogeneous pressure in all zones, with zone volumes
changing during the engine cycle.

In this work, a representative natural gas consisting of 90 % methane (CHy), 9 %
ethane (CoHg) and 1 % propane (C3Hg) is used as fuel. To calculate the chemical
kinetics of natural gas and ozone (Og), the reaction mechanism PolyMech 2.0 [107]
is used for C1-C3 species and extended by the sub-mechanism of Zhao et al. [J(]
for ozone kinetics.

For the multi-zone model, the reaction mechanism of Burke et al. [73] is used
instead of the PolyMech, since the PolyMech in this version leads to convergence
problems in combination with multiple zones and valves in Cantera. The engine
characteristics and operating conditions are shown in table 8.2.

The engine geometry corresponds to the single-cylinder engine used in the work
of Banke et al. [72], although four identical cylinders were simulated for this work.
The fuel-air equivalence ratio is investigated in a range from 1.5 to 10. Due to the
high equivalence ratios and the associated low ignition capability of the mixture, a
high compression ratio of 22 and a low rotational speed of 600 1/min are chosen.
The exergetic efficiency €4 is calculated using equation (8.1).

Ao b (8.1)
Ein

The exergy loss flow E 1, is calculated via the Gouy-Stodola theorem and E'm is
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the exergy flow of the fuel/air/ozone mixture at the inlet of the engine. It should
be noted here that the lower the fuel conversion, the greater the exergetic efficiency,
theoretically reaching a value of one in the limiting case of no conversion. For ob-
taining an estimate of the influence of the conversion, especially at high equivalence

ratios, a second definition is introduced (8.2).

B Z Eg}oducts + P+ EQ
- = (8.2)
i

g

Here, the exergetic efficiency e is calculated with the useful products of the
HCCI engine: the mechanical power P, the exergy flow of heat to the cooling water
EQ, and the chemical exergy flows of the chemical products E;f}odu cta"

the species Hy, CO, CoHy, CoHy, and CgHg are defined as useful chemical products.

In this work,

Both definitions are used and compared for the evaluation of the polygeneration

process.

8.4 Results and discussion

To ignite natural gas at fuel-rich conditions in the HCCI engine either high inlet
temperatures and/or the addition of reactive additives, like ozone in this study, is
required. This raises the question of the influence of the inlet temperature and the
low-temperature kinetics of ozone on the selectivity of the chemical products.

To investigate this, the inlet temperature is varied from 200 °C to 300 °C at a
fixed ¢ of 7, using no ozone. For comparison, at an inlet temperature of 150 °C, the
ozone addition is varied from 1500 ppm to 3000 ppm, and the results are presented
as a function of the combustion phasing (CA50). An equivalence ratio of ¢ = 7
is suitable for this purpose, since on the one hand high product yields and on the
other hand low soot formation can be expected [17].

Subsequently, the selectivities of the chemical products and the exergetic effi-
ciencies of the polygeneration process are investigated and compared as a function
of the equivalence ratio from 1.5 to 10.0. For these results, an inlet temperature of
150 °C is chosen and a combustion phasing of 4 *CA (%1) is set with the help of

adjusting the ozone amount.

Influence of the ignition timing

Figure 8.2 shows the temperature and pressure curves for ¢ = 7 and different
inlet temperatures and ozone amounts for the single-zone model. The black curves

represent the conditions at which the mixture does not ignite. For the comparison
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Figure 8.2: (a) and (b): Temperature and pressure curves when inlet temperature
is varied from 200 °C to 300 °C with a step size of 10 °C without ozone. (c) and
(d): Variation of ozone content from 1500 ppm to 3000 ppm at an inlet temperature
of 150 °C. The black curves are conditions where the mixture does not ignite. The
gradients are averaged over four cycles. An inlet temperature of 200 °C (a and b)
and an ozone fraction of 750 ppm were used for the multi-zone model results (¢ and
d).

between the single-zone model and the multi-zone model, the Burke mechanism for
one operating point is also used for the single-zone model. For this comparison, an
exemplary result of the single-zone model and the multi-zone model is shown as a
line with symbols in each case. The temperature curves of the multi-zone model are
mass-weighted values for all seven zones.

In general, if the inlet temperature and the ozone amounts are varied, the com-
bustion phasing can be shifted over a wide range. For the case without ozone, it is
shifted between 4.5 and 13.0 “CA. With ozone it is shifted between 0.6 and 11.0 °CA
and the maximum temperature of 1433 °C is up to 71 °C higher than in the case

with ozone. On the contrary, in the case with ozone, the maximum pressures are
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Figure 8.3: Heat flow Q and indicated mean pressure (IMEP) as a function of
combustion phasing CA50. (a) Variation of inlet temperature from 200 °C to 300 °C,
without using ozone. (b) Variation of ozone amount in the mixture from 1500 ppm
to 3000 ppm. Symbols represent single-zone and multi-zone model calculations using
the Burke mechanism. Operating points without ignition or with unstable ignition
are not shown.

significantly higher: values of up to 94 bar instead of 79 bar (—15 bar) are reached.

If the Burke mechanism is used, the single zone model requires about 1700 ppm
(77.1 %) less ozone or 20 °C (8.2 %) lower inlet temperatures. This is particu-
larly because the Burke mechanism in combination with the Zhao sub-mechanism
overestimates the reactivity of the mixture, as described by Zhao et al. [J0].

The overall temperature and pressure profiles calculated with the multi-zone
model are slightly lower than with the single-zone model. The maximum temper-
ature at an ozone quantity of 750 ppm reaches a value of 1067 °C and is thus up
to 202 °C lower than in the single-zone model. Similarly, the maximum pressure of
66 bar is reduced by 22 bar. In the case without ozone, the result is comparable.
The differences between the results of the two models can be explained by the reac-
tions in the multi-zone model which take place at different times in the individual
zones and thus heat is transferred over a longer period.

Based on these calculations, figure 8.3 shows the heat flows and mechanical
power output of the engine as a function of the combustion phasing.

The influence of the ignition timing on the heat flow is small. With a later

ignition timing, less heat is transferred, since the mean temperature difference for
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heat transfer is lower with a later ignition. However, the influence of ozone on the
heat output is negligible.

A significant difference can be seen in the mechanical power output. For the
case without ozone, an IMEP of 1.75 bar is achieved at T;, = 300 °C and an early
combustion phasing of —5.5 “CA. The IMEP is increasing degressively up to 2.75 bar
(at 9.4 °CA and T}, = 220 °C). The case with ozone at a constant inlet temperature
of 150 °C does not show such a strong influence of the ignition timing. However,
much higher values of 3.45 bar to 3.54 bar are generally achieved, with a weak
maximum at about 5 *CA.

The comparison between Burke and PolyMech for the single-zone model yields
similar results. Most noticeably, the Burke mechanism shifts the combustion phase
to earlier crank angles. In contrast, the multi-zone model predicts higher mean
pressures and lower heat flows. This is an indication that the heat transfer model
for natural gas/ozone/air mixtures should be validated with experimental data and
possibly adjusted. The parameters of the multi-zone model used here were validated
with data from methane/DME/air experiments taken from Banke et al. [73].

The strong IMEP influence in the case without ozone is due to the increasing
inlet temperature which reduces the mass in the cylinder and therefore also reduces
the mechanical power output. Consequently, the use of ozone can lower the inlet
temperature and increase the mechanical power output.

In the following, the influence of the combustion phasing on fuel conversion and
product selectivity is investigated, to find favorable operation conditions for the
HCCI engine. Therefore, the conversion of methane, ethane, and propane for the
case without and with ozone is compared in figure 8.4.

The influence of the combustion phasing is moderate and early ignition slightly
favors methane conversion due to longer reaction times. With ignition around top
dead center, a methane conversion of 40 % is achieved, although with the use of
ozone and a lower inlet temperature, the conversion is about 5 %-pts. lower. At
a later ignition timing of about 10 °CA, the methane conversion is further reduced
to 32 % and 29 %, respectively. In turn, ethane conversion increases slightly to
94 %, while propane conversion remains consistently high at 98 %. The multi-zone
model shows the same trends, but with slightly reduced conversions overall due to
the cooler zones near the wall.

The reason for the higher ethane conversion at later ignition times is that ethane
is formed again in small quantities after ignition. Here, acetylene is converted to
ethylene via reactions with hydrogen and methyl radicals, which further reacts with

hydrogen atoms to form ethane. Ethane is converted again under these conditions,
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Figure 8.4: Fuel conversion as a function of the combustion phasing (CA50). Sym-
bols represent single-zone and multi-zone model calculations with the Burke mech-
anism.

but the reaction rate of ethane degradation is lower than that of ethane forma-
tion. With later ignition and thus lower temperatures, acetylene and ethylene are
converted more slowly and ethane is formed. This also has an influence on the
selectivity of acetylene and ethylene. Figure 8.5 illustrates the dependence of the
selectivities of the chemical products on the CAS50.

It is found that early ignition improves the selectivity of hydrogen; from 35.6 %
to 42.9 % in the case with ozone. Without ozone and thus at higher intake temper-
atures, the selectivity is higher by additional 4 %-pts. Contrarily, the selectivities
of carbon monoxide, acetylene, and ethylene are slightly higher when ozone is used.
The use of ozone is therefore advantageous for the formation of ethylene and selec-
tivities of 20.3 % (CA50 = 0.6 °CA) to 27.4 % (CA50 = 11 °CA) are achieved.

Therefore, if a large synthesis gas yield with a high hydrogen content is required,
ignition should take place at top dead center, while for the production of ethylene
the latest possible ignition time is advantageous. However, the slightly reduced fuel
conversion must be taken into account. It must also be noted that the selectivity of
benzene is reduced at later ignition timings or when ozone is used. Since benzene
is a known precursor of soot formation, presumably less soot is produced at those
conditions and ozone could potentially shift the soot threshold to lower equivalence
ratios.

The trends of the selectivities for CO, COs, and HoO can be reproduced with
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Figure 8.5: Selectivity of the main species in the product gas of the HCCI engine as
a function of the combustion phasing (CA50). (a) Calculations with the single-zone
model and PolyMech 2.0 for the conditions with and without ozone. (b) Calcula-
tions with the single-zone and multi-zone model with the Burke mechanism for the
conditions with ozone.

the single-zone and multi-zone models if the Burke mechanism is used. In addition,
the selectivities of all species are nearly identical for both engine models. However,
it can be seen that the Burke mechanism generally predicts higher acetylene and
ethylene selectivities and their dependencies on the CA50 is negligible. It must be
noted here that the Burke mechanism, in contrast to the PolyMech, is only validated
up to ¢ = 2.

In the following, the influence of the equivalence ratio on the selectivities of the
chemical products and on the exergetic efficiency of the entire process is considered
and discussed by using the single-zone model. The CA50 is set to 4 "“CA (£1).

Influence of the equivalence ratio

Dependend on the equivalence ratio, high selectivities of synthesis gas, but also

of ethylene, can be achieved, as shown in figure 8.6.
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Figure 8.6: Selectivities of the main species in the product gas of the HCCI engine
and natural gas conversion as a function of the equivalence ratio.

At an equivalence ratio of 2.5, a maximum selectivity of 90.7 % for CO and
72.9 % for Hy is achieved. The remaining carbon and hydrogen atoms of the con-
verted natural gas are then completely bound in CO2 (9.3 %) and H2O (27.1 %).
As the equivalence ratio increases and the maximum temperatures during combus-
tion decrease, the selectivities of the synthesis gas decrease, whereas those of water,
acetylene, and ethylene increase. The selectivity of CO passes through a local min-
imum of 46.8 % at ¢ = 5. The values for acetylene reach a weak maximum of 5.3 %
at ¢ = 8.5. At ¢ = 10, the selectivities for CO and Hy are still 54.1 % and 27.9 %,
respectively. In contrast, the selectivity of ethylene increases strongly and reaches
a value of 45.4 %.

If the specific chemical exergy of the products is considered, the exergy flows of
all products and the exergy losses can be compared as a function of equivalence ratio,
as illustrated in figure 8.7. Subsequently, figure 8.8 shows the exergetic efficiency of
the polygeneration process and the total fuel conversion for those data points.

The highest absolute values of 10.1 kW and 13.2 kW for the exergy flows of CO
and Hs are found at ¢ = 2.5. This leads to relative values of 29.2 % and 38.5 %,
respectively. As the equivalence ratio increases, the exergy flows for the synthesis gas
decrease and the exergy flow for ethylene increases. From ¢ = 7.2, the exergy flow
for ethylene is larger than for Ho or CO, despite the lower selectivity. At ¢ = 10, the
value for ethylene reaches 8.2 kW, which is similar to that for CO and Hs at ¢ = 2.

The relative exergy of ethylene reaches 9.4 % here, whereas methane accounts for
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Figure 8.7: Normalized exiting exergy flows of the HCCI engine as a function of the
equivalence ratio.

68.7 % due to the low conversion.

In the range from ¢ = 3-8.5, an increased benzene exergy flow is noticable, with a
maximum value of 3.3 kW, or 5.4 %, at ¢ = 5.5. In addition, species with more than
six carbon atoms are increasingly formed (shown in black in figure 8.7). Due to the
formation of these long-chain hydrocarbons and the fact that benzene is considered
an important precursor of soot formation, soot formation in this region is expected.
Experimental work by Hegner et al. [!7] and Banke et al. [7%] shows for other
mixtures that soot is formed between ¢ = 2 and ¢ = 6 and therefore supports this
assumption.

The power output of the HCCI engine shows a maximum value of 7.0 kW, or
20.8 %, at ¢ = 1.5, which is the lower limit of the investigated equivalence ratio
range. However, from ¢ = 2.5 and a power of 5.3 kW, the value decreases only
weakly; to a minimum value of 2.9 kW and 2.2 % at ¢ = 10.0. It is thus possible to

produce significant mechanical power when the engine is operated at very fuel-rich
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Figure 8.8: Exergetic efficiencies and methane conversion as a function of the equiv-
alence ratio.

conditions. Moreover, exergy flow of at ¢ = 10.0 is comparable to that of synthesis
gas at ¢ = 2.0.

Based on these results, figure 8.8 illustrates the influence of the equivalence
ratio on the exergetic efficiency of the process. With increasing equivalence ratio,
the efficiency €4 (red line) first increases strongly, then degressively. At ¢ = 1.5,
a value of 72.1 % is reached, whereas at the maximum synthesis gas production at
¢ = 2.5, a significantly higher efficiency of 85.2 % is achieved. The maximum of
95.9 % is obtained at the highest equivalence ratio of 10. The dashed line indicates
the total efficiency when ozone production by the ozone generator is taken into
account. In this case, the exergetic efficiency is reduced by only about 2 %-pts.

If only the directly usable products are considered for the exergetic efficiency
eB (blue line), the efficiency is reduced considerably because of the decreasing fuel
conversion with increasing equivalence ratio. The methane conversion decreases
from 100 % at ¢ = 1.5 to a low 16.8 % at ¢ = 10. This reduces the exergetic
efficiency to a minimum value of 21.6 % at ¢ = 10. The influence of ozone production
is negligible here.

Consequently, if HCCI engines are used for the simultaneous production of syn-
thesis gas and ethylene it is crucial that unconverted fuel is further utilized to achieve

the highest possible efficiencies. This could, for instance, be done in a second HCCI
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engine which is operated at a lower equivalence ratio of 1.5 to 2.0.

8.5 Conclusions and outlook

The production of synthesis gas, ethylene, and acetylene by the partial oxidation
of natural gas in HCCI engines was studied theoretically, favorable operating points
were found, and the exergetic efficiency of the process was evaluated.

Ozone helps to lower the inlet temperature by up to 71 °C. Moreover, the maxi-
mum pressure in the cylinder drops by 15 bar to 79 bar at ¢ = 7. Due to the lower
temperature less benzene is produced but also less hydrogen. Instead, more ethylene
and carbon monoxide are produced. If the engine is operated close to the soot limit
(¢ = 6) and high ethylene production is desired, the ignition timing should be set
as late as possible.

Synthesis gas production is most promising at ¢ = 2.5, however, experimental
work has shown that soot formation starts at ¢ = 2.0. Maximum ethylene production
can be achieved at the largest equivalence ratio studied here of ¢ = 10, with a
selectivity of 45.5 %, but with moderate methane conversion. Acetylene is produced
in only negligible amounts and thus it is not a useful product under the conditions
studied here.

The exergetic efficiency of the polygeneration is highest at ¢ = 10 and reaches a
value of 95.9 %. However, if the unconverted fuel and unused species in the product
gas are considered exergy loss, the efficiency is only 21.6 % due to the reduced
conversion. It is therefore crucial that unconverted fuel is further used. HCCI
engines, which are operated at lower equivalence ratios (¢ = 1.5 to 2.0), might
be suitable for this purpose. An optimal operation of two differently operated,
connected HCCI engines should be investigated in the future. Furthermore, an

experimental validation of the results presented should be conducted.
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CHAPTER 9

CONCLUSIONS AND OUTLOOK

9.1 Conclusions
Kinetic and exergetic analysis for finding suitable operating conditions

In the first part of this thesis the suitablity of HCCI engines for fuel-rich par-
tial oxidation of methane containing fuels is proven. Single-zone and multi-zone
model simulations, complemented by experiments perfomed by Kai Banke, showed
that polygeneration of work, heat, and synthesis gas is feasible in a wide range of
equivalence ratios, namely from 1.2 to 2.8.

Furthermore, reactive additives are easily implemented, enable precise control of
the ignition timing, and reduce the requirement of high intake temperatures. DME,
DEE, n-heptane, and ozone were found to be suitable additives. Furthermore, the
effect of additive choice on product yield is negligible. Therefore, there is no favor
for one additive to shift the products into a desired direction. However, ozone was
the most effective additive in terms of required amount and thus exergy fraction in
the intake gas mixture. For instance, the DME energy fraction was about 21 %,
whereas the ozone energy fraction was 0.2 %.

There are three main reasons why ozone is superior to hydrocarbon additives: the
fast and complete decomposition at low temperatures and thus early crank angles,
a negligible change in the heat capacity of the gas mixture, and the formation
of the intermediate methyl hydroperoxide (CH3OOH), which leads to additional
OH radical formation and facilitates ignition. Another advantage of ozone is the
possibility of on-demand production from ambient air; in the lab and on-site in an
industrial application.

For synthesis gas production equivalence ratios from 1.5 to 2.0 are reasonable and
high exergetic efficiencies of up to 82 % were found in the model and the experiment.
Compared to the efficiency of steam reforming (63 %) and cogeneration of heat
and power (47 %), polygeneration in HCCI engines has the potential to increase
flexibility and efficiency of conventional energy and chemical conversion systems.

A direct comparison between DME and ozone showed a strong influence of the
additive choice on the exergetic efficiency. In this thesis, data from commercially
available devices was used to model the ozone generator and for DME a biomass

gasification plant from literature was taken for comparison. The exergetic analysis
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revealed a poor efficiency of the ozone generation of 5 %, whereas DME reached
43.5 %. Nevertheless, the low ozone amounts proved to be more important for the
overall efficiency. Without taking additive production into account, the efficiency
ranged from 80 % to 88 % at equivalence ratios of 1.5 to 2.5. With the ozone
generator efficiency considered, the efficiency dropped by 3 %-points to a range of
80 % to 85 %, whereas DME reduced the efficiency strongly to a range of 62 % to
69 %.

With a further increase in the equivalence ratio, exergy destruction decreases,
but conversion is also significantly reduced. Consequently, unconverted fuel should
always be recycled and, for instance, used for driving a second, fuel-leaner engine.
Moreover, the multi-zone model predicted significantly lower conversion than the
single-zone model and thus the exergetic efficiency decreases even more, if the un-
converted fuel is not recycled. The equivalence ratio range of 2.0 to 6.0 should be
avoided due to excessive soot formation, which was detected in the experiment and
predicted in the simulation by increasing chemical exergy shares of species with six

or more carbon atoms in the product gas.

Exergoeconomic evaluation of simultaneous work, heat, and hydrogen

production

The investigated polygeneration process is only reasonable if valuable, neat
chemical products with desired purity are provided at competitive costs. There-
fore, a major part of this thesis deals with the design of complete process concepts
including enrichement and seperation of hydrogen as a chosen target species and

evaluating the system with an exergeconomic approach.

Before separation, the water-gas shift reaction increased the hydrogen amount for
the sake of CO conversion to COs. To separate hydrogen from the engine’s exhaust
gas mixture, a palladium membrane and a pressure swing adsorption process were

compared.

The exergoeconomic analysis revealed that the highest exergy destruction oc-
curs in the HCCI engine due to the entropy production by chemical reactions and
by partially converting chemical exergy to exergy of heat, which is significantly less
valuable. However, the costs associated with this exergy destruction did not domi-
nate the product costs or the overall costs of the systems. Although the total costs
of the engine were the second most important one, the separation costs were always

more important and significantly higher.

The global sensitivity analysis revealed a high influence of interest rate, life
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time, operating hours, and fuel costs on all product costs, whereas fuel costs were
especially important for the electricity costs. The influence of the investment costs of
the engine on the product costs is small, which supports the hypothesis that engines
are well suited for polygeneration since they are cheap and industrially approved.
The investment costs of the PSA and the membrane influenced mainly the specific
hydrogen costs. Eventually, pressure swing adsorption is preferable to membranes
despite its slightly higher investment costs, since it yielded the highest exergetic

efficiency and lowest product costs.

Efficiencies of up to 68 % could be achieved with the PSA, whereas the mem-
brane performed worse with values around 57 %. The main reason lies in the
different working principles of both technologies. The pressure swing adsorption re-
quires ambient temperatures and medium to high pressures at the feed, which leads
to additional effort for compressing and cooling the engine’s product gas mixture.
Nevertheless, the product stream, here hydrogen, is produced at the feed pressure,
which helps providing hydrogen in tanks at pressures of 50 bar, and the off-gas is re-
leased at ambient conditions. The membrane needs even higher pressure differences
and favors high feed temperatures, but hydrogen permeates at a low pressure which
results in higher efforts for compression and cooling before and after separation;
compared to the PSA.

Since PSA is an industrially approved, large-scale technology, it can be concluded
that today it is probably the most economic and efficient technology for separating

hydrogen from the gaseous products of the HCCI engine.

Finally, the product costs were evaluated and compared to conventional and
renewable energy systems, considering the uncertainty of the economic input values
by performing a global sensitivity analysis. The model predicted electricity costs
of 44.2 €/MWh to 97.6 €/MWh for cost data from 2021 and PSA separation.
The process is thus competitive with all major conventional and renewable energy
systems that typically provide electricity only, namely onshore wind, photovoltaic,
and coal and gas power plants, which provide electricity at a cost range of 37 €/MWh
to 150 €/MWh.

With regard to hydrogen costs, the conclusions are not as clear as for electricity.
The hydrogen price per kg was found in a range of 2.7 €/kg to 7.2 €/kg. This
makes it competitive with electrolysis, which is powered by electricity from renew-
able energy sources. However, steam reforming is still cheaper with 1.0 to 3.0 €/kg.
A further increase of the engine size, which was 124.8 liters in this study, is assumed
to decrease the hydrogen productions costs more and benefit from scale-up effects. If

this were the case, the engine size would exceed the usual size of a cogeneration gas
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engine and therefore require newly developed engines instead of simple modifications

of conventional engines.

A view on the broader picture and alternative perspectives

This thesis confirms the economic operation of HCCI engines for polygeneration
of work, heat, and hydrogen at equivalence ratios of 1.5 to 2.0. Furthermore, the
flexibility of switching between high chemical output or high heat and work output
by changing the equivalence ratio to match the demand is a unique and promising
feature. In terms of the increasing volatility of energy supply due to renewable
energy systems, this is a key advantage over conventional processes, such as steam
reforming.

Switching to valuable hydrocarbon products like ethylene by increasing the
equivalence ratio to 6 and higher seems feasible and also exergetically reasonable.
However, switching from one chemical to another in a single process would require
two different separation technologies and thus increase the products costs signifi-
cantly. It is doubtful that building a polygeneration system which provides work,
heat, synthesis gas, and ethylene, by changing the equivalence ratio is economically
reasonable to date.

A promising potential for polygeneration was found using biogas with COs frac-
tions of up to 50 % and operable conditions were found. At an equivalence ratio
of 2.3, 51 % of the CO5 could be converted, mainly to CO, and therefore provide a
measure for reducing CO5 emissions and operating the engine almost COs-neutral.
In return, however, the power output and efficiency were reduced by 42 % and 9 %-
points, respectively. The maximum efficiency with 50 % COs content in the biogas

was 78.1 %, without product separation.

9.2 Limitations and future perspectives

The engine results presented in this thesis are supported by experiments. Fur-
thermore, detailed reaction mechanisms were used, which were developed specifically
for the engine conditions studied. Nevertheless, limitations and compromises remain
and are described in the following.

The single-zone and the multi-zone model are validated for one test bench engine
only. It is common knowledge that geometry and operating conditions strongly
influence the inhomogeneities in the cylinder and thus influence the heat transfer.
This results in uncertainties with regard to the temperature distribution, which is

significantly influencing the heat transfer and the ignition timing in the cylinder.
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Eventually, uncertainties in the required additive amount are expected, especially
if the engine geometry or operating conditions differ strongly from our test bench
engine. In this case, the results in this thesis are expected to be shifted by absolute

values, but the trends and conclusions should remain valid.

The results at high equivalence ratios indicate potential for use in multi-engine
applications, where the first engine is operated at high ¢ (7-10) and the second
engine at low ¢ (1.0-2.0). Also, multi-compression might be an interesting approach
to achieve higher fuel conversion.

In the process concept simulations simplifications had to be made. Membrane
and PSA model were black box models without detailed kinetics or adsorption ther-
modynamics. More insight in the process and higher accuracy could be gained in
the future by implementing detailed models. In addition, there is a lack of data in
the literature on the performance of palladium membranes at large scales, which

should therefore be investigated.

To evaluate the feasibility, efficiency, and economics of simultaneous hydrogen
and carbon monoxide or ethylene production, process concepts with detailed PSA
models could be applied in the future. Finally, building a pilot plant including
product separation is desirable to confirm the results of the investigated process

concepts.

9.3 End notes

Many researchers have shown over the past decades that fuel-rich operation in
HCCI engines is feasible, but none of them presented a comprehensive investigation
of the polygeneration in fuel-rich operated HCCI engines; ranging from chemical
kinetics to exergetic evaluation and thermoeconomic assessments by applying exer-

goeconomic methods. This is the gap this thesis filled.

Furthermore, the results emphasize that economic evaluation should always be
accompanied by a sensitivity analysis to evaluate the uncertainties of economic input
parameters. In this thesis it was shown that a global sensitivity analysis performed
well for investigation of economic input parameters as well as operating parameters
of slightly complex chemical engineering systems.

This work was conducted in the framework of the DFG research group FOR1993.
Therefore, lots of knowledge could be transferred to and from other sub-projects. For
instance, there was a strong interconnection with the engine experiments. Moreover,
the engine model and the kinetic evaluation benefited from flow-reactor and shock-

tube experiments and the reaction mechanism PolyMech, developed and improved
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simultaneously for the engine conditions simulated in this thesis. The FOR1993
approach shows how viable it is that experiments and theoretical work go hand in

hand to achieve comprehensive knowledge in a novel research field.
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LIST OF PUBLICATIONS AND ASSOCIATED WORKS

This chapter contains a comprehensive list of peer-reviewed publications and confer-
ence contributions I worked on during my doctoral studies, followed by the student

theses I supervised.

10.1 Peer-reviewed journal articles

K. Banke, R. Hegner, D. Schréder, C. Schulz, B. Atakan, S. A. Kaiser. Power and
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D. Schréder, R. Hegner, A. Giingér, B. Atakan. Exergoeconomic analysis of an
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