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Abstract

In the development of energy and chemical processes, the process engineers extensively apply
computer aided methods to design & optimise these processes and corresponding process
units. Such applications are multi-scale modelling and multi-objective optimisation methods.
Multi-objective optimisation of super-structured process designs are expensive in CPU-time
due to the high number of potential configurations and operation conditions to be calculated.
Thus single process units are generally represented by simple models like equilibrium based
(chemical or phase equilibrium) or specific short cut models. In the development of new
processes, kinetic effects or mass transport limitations in certain process units may play an im-
portant role, especially in multiphase chemical reactors. Therefore, it is desirable to represent
such process units by experimentally derived rate based models (i.e. reaction rates and mass
transport rates) in the process flowsheet simulators used for the extensive multi-objective
optimisation. This increases the trust engineers have in the results and allows enriching
the process simulations with newest experimental findings. As most rate based models are
iteratively solved, a direct incorporation would cause higher CPU-time that penalises the use
of multi-objective optimisation. A global surrogate model (SUMO) of a rate based model
was successfully generated to allow its incorporation into a process design & optimisation
tool which makes use of an evolutionary multi-objective optimisation. The methodology was
applied to a fluidised bed methanation reactor in the process chain from wood to Synthetic
Natural Gas (SNG). Two types of surrogate model, an ordinary Kriging interpolation and an
artificial neural network, were generated and compared to its underlying rate based model and
the chemical equilibrium model. The analysis showed that kinetic limitations have significant
influence on the result already for standard bulk gas chemical components.

A case study applying the previous version of the process design model and the revised version
(with rate based model introduced as a set of five surrogate models) will demonstrate that
the prediction uncertainties of the process design & optimisation methodology are reduced
due to the integration of the rate based model of the fluidised bed methanation reactor. It
will be shown that the different process design models predict considerably different optimal
operating conditions of the Wood-to-SNG process. This emphasises the importance of the
integration of rate based models into the process design models.

The presented approach has been developed for the fluidised bed methanation reactor, how-
ever, it is a generic approach which can be applied to other process unit technologies as well.
Future investigations will target other technologies to further improve the process design &
optimisation predictions and support project development.



Abstract

Keywords: artificial neural networks, kriging, multi-objective optimisation, superstructure,
process design, rate based model, reactive bubbling fluidised bed, reaction kinetics, surrogate
modelling
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Zusammenfassung

In der Entwicklung von energie- und verfahrenstechnischen Prozessen werden computer-
gestlitzte Methoden ausgesprochen hiufig fiir Design- und Optimierungsaufgaben einge-
setzt. Im spezifischen sind dies multikriterielle und mehrskalige Optimierungsmethoden.
Multikriterielle Optimierung von tibergeordneten Prozessdesignstrukturen, in welchen die
verschiedenen Technologieoptionen definiert werden, sind, aufgrund der Vielzahl an Kombi-
nationsmoglichkeiten und Betriebsbedingungen, ausgesprochen rechenintensive Aufgaben.
Daher wird es vorgezogen mdoglichst vereinfachte Modelle, wie beispielsweise die Berechnung
von thermodynamischen Gleichgewichten, fiir die einzelnen Prozessschritte zu verwenden.
Jedoch kdnnen bei der Entwicklung neuer Prozesse kinetische Effekte und Stofftransportlimi-
tierungen eine iibergeordnete Rolle spielen, was im besonderen bei Mehrphasenreaktoren der
Fall sein kann. Aus diesen Griinden ist es wiinschenswert entsprechende Prozessschritte mit
experimentell gestiitzten Raten basierten Modellen (Reaktionsraten und Stofftransportraten)
in den oben genannten computergestiitzten Methoden zur multikriteriellen Optimierung
abbilden zu kénnen. Ein solches Vorgehen wiirde das Vertrauen in die Aussagekraft der Mo-
dellergebnisse steigern und die Modelle der computergestiitzten Methoden mit den neuesten
Erkenntnissen aus den jeweiligen Forschungsgruppen bereichern. Ein direktes Einbinden der
Raten basierten Modelle wiirde die Rechenzeit der multikriteriellen Optimierungsmethoden
massiv steigern und deren Nutzung beeintrichtigen, da die meisten Raten basierten Modelle
durch iterativen Verfahren berechnet werden. Um die Integration der Raten basierten Modelle
in die Design- und Optimierungsmodelle zu ermoglichen, wurde ein globales Surrogatmodel
(SUMO) entwickelt, welches erlaubt auf evolutiondren Algorithmen basierte multikriterielle
Optimierungsmethoden anzuwenden.

Diese Vorgehensweise wird in dieser Arbeit auf einen Wirbelschichtmethanisierungsreaktor,
welcher in der Holz zu Methangas Prozesskette integriert ist. Es werden zwei verschiedene
Surrogatmodeltypen untersucht, ein einfaches Kriging model und ein kiinstliches neuronales
Netzwerk, welche mit dem zugrundeliegenden Raten basierten Model und den Ergebnissen
des thermodynamischen Gleichgewichts verglichen werden. Die Untersuchungen geben klar
zu erkennen, dass kinetische Limitierungen einen signifikanten Einfluss auf die Ergebnisse der
Hauptstoffstrome des Reaktoraustritts haben. Ein Fallbeispiel zur Integration der Surrogatmo-
delle, welches die Prozessdesignmodelle auf Basis von thermodynamischem Gleichgewicht
und auf Basis der Raten basierten Modelle vergleicht, zeigt eindriicklich das die Unsicher-
heiten der Vorhersagen durch Anwendung der Surrogatmodelle verringert werden kann. Es
wird deutlich, dass die Modelle betrdchtlich unterschiedliche Vorhersagen zum optimalen
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Zusammenfassung

Betriebspunkt des Holz-zu-Methangas Prozesses machen. Diese Ergebnisse unterstreichen
die Wichtigkeit der Verbesserung der vorliegenden multikriteriellen Optimierungsmodellen
durch Integration von Raten basierten Modellen einzelner Prozessschritte.

Der dargestellte Vorgehensweise in dieser Arbeit sind zwar in Bezug auf die Wirbelschichtme-
thanisierung entwickelt worden, jedoch kann sie als allgemeine Herangehensweise betrachtet
werden, welche auf andere Technologien angewendet werden kann. Zukiinftige Forschungen
werden andere Prozessschritte identifizieren und untersuchen um die Vorhersagequalitit
der Prozessdesign und -optimierungsmethoden zu verbessern die Projektentwicklung weiter

voranzutreiben.

Keywords: kiinstliche neurale Netzwerke, Kriging, multikriterielle Optimierung, ibergeord-
nete Strukturen, Prozessdesign, rate based model, reaktive blasenbildende Wirbelschicht,
Reaktionskinetik, surrogate modelling
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|§ Introduction

The world’s societies are facing big changes and challenges since climate change, increasing
energy demand, natural resources depletion, and the debates on nuclear energy are evident
and become more prominent as the world’s population grows. A world wide increasing trend
of carbon dioxide emissions is a fact which societies and science have to face. Increasing
speed in technological development, especially in the consumer electronics market, may arise
the expectations among the public, that these problems get solved faster than ever before.
Indeed, the rapid development in computer electronics and computer science does enhance
the development of renewable energy technologies. However, the development cycles in
process engineering remain being rather long in comparison.

The prevalence of the fossil fuel infrastructure and according consumer habits impede re-
newable energy conversion technologies to become established on the energy market. A
promising price tag is the most important property for a new technology to attract investors.
The business case decides on rise and fall of a new technology and is the benchmark which
investors use to compare emerging technologies. A consequence of this is the enforcement
of new government legislation to countervail the economic limitations. As an example, the
German EEG (Erneuerbare Energien Gesetz), the Renewable Energy Act, can be quoted. It was
enacted to promote renewable energy technologies and to strengthen the relevant markets in
the competition with the fossil-fuel energy sector.

The business case of a new process therefore has to be considered already in early stages of
technology development avoiding misdirection of the development. The pure number of
possible technologies and the mostly contradictory objectives yield in a complex problem
which needs systematic procedures to solve it. In this context, computer aided methods are
supporting the process engineers in the process of decision making in each of the develop-
ment phases. The existence of journals and conferences, such as the Computers & Chemical
Engineering Journal and the European Symposium on Computer Aided Process Engineering,
and literature on this topic [51, 49, 81] are evidence that computer aided methods are well
established in the process engineering community. They provide the process systems engi-
neering (PSE) community with powerful and substantial tools to develop future technologies



Chapter 1. Introduction

and processes. Computer aided methods allow the simulation and optimisation of new pro-
cess designs, calculate investment and operating costs, and they allow the computation of
process integration concepts.

Trend-setting definitions of PSE are given by Grossmann and Westerberg [42] and Klatt and
Marquardt [51].

“Process Systems Engineering is concerned with the improvement of decision-
making processes for the creation and operation of the chemical supply chain.
It deals with the discovery, design, manufacture, and distribution of chemical
products in the context of many conflicting goals.”

Grossmann and Westerberg [42]

“PSE [...] addresses the inherent complexity in process systems by means of
systems engineering principles and tools in a holistic approach and establishes
systems thinking in the chemical engineering profession. Mathematical methods
and systems engineering tools constitute the major backbone of PSE.”

Klatt and Marquardt [51]

Although often related to chemical engineering, PSE targets process systems in general and
therefore comprises energy conversion related processes as well.

In the citations above [42, 51], the authors point out that PSE represents a key element in
the decision making regarding processes in the context of globalised markets and of globally
acting companies. Thus, the number of constraints and conflicting goals is rather large
and numerous factors besides process efficiency and process costs have to be considered.
The answer of the PSE community on a growing demand in optimising such complex large
scale systems with respect to all constraints is the application of multi-scale models and
multi-objective optimisation methods. Multi-scale models combine models of different scale
corresponding to, e.g. the level of products (molecular scale), process units (process unit scale),
process systems (systems scale). This makes the methods of the PSE community well suited
for enhancing technology development based on their capabilities to consolidate scientific
knowledge on the different scales of the problem. The complexity of the covered problems
makes such a consolidation of knowledge essential for decision makers and accordingly for
the ability to guide the concurrent technology development.

Klatt and Marquardt [51] state that the PSE community acts as a cross- and trans-disciplinary
link between the different research fields. However, this implies that the PSE community
depends on experimentally based data, detailed models, and knowledge of other research
groups once a certain point of the technology development has been achieved.

To allow the classification of the progress of technology development, the U.S. Department of
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Energy published a Technology Readiness Assessment Guide in the year 2011 [107]. The Tech-
nology Readiness Assessment Guide gives the following definition of technology development:

“Technology development is the process of developing and demonstrating new or
unproven technology, the application of existing technology to new or different
uses, or the combination of existing and proven technology to achieve a specific
goal. Technology development associated with a specific acquisition project
must be identified early in the project life cycle and its maturity level should
have evolved to a confidence level that allows the project to establish a credible
technical scope, schedule and cost baseline.”

DoE [107]

The Technology Readiness Assessment Guide is a tailored version of a proven technology
assessment model presented by the National Aeronautics and Space Administration (NASA)
and the U.S. Department of Defense (DoD). The need for a technology assessment model like
this is reasoned in the higher risk of projects to proceed with an ill-defined project baseline if
they rely on concurrent technology development tasks [107].

The purpose of this guide is to assist the user:

“[...] in identifying those elements and processes of technology development
required to reach proven maturity levels to ensure project success. A successful
project is a project that satisfies its intended purpose in a safe, timely, and cost-
effective manner that would reduce life-cycle costs and produce results that are
defensible to expert reviewers.”

DoE [107]

An important guide line in this assessment is the definition of the different maturity levels
in nine so called Technology Readiness Levels (TRLs). The TRLs and their corresponding
definitions are presented in table 1.1.
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TABLE 1.1: Definition of the Technology Readiness Levels adopted from the Technology Readiness
Assessment Guide presented by the U.S. Department of Energy in [107].

Relative Level Technology Readiness Level  Description
of Technology Definition
Development
Basic TRL 1 This is the lowest level of technology readiness. Scientific research
Technology := Component and/or begins to be translated into applied R&D. Examples might include
Research system validation in paper studies of a technology’s basic properties or experimental work
laboratory environment that consists mainly of observations of the physical world.
Supporting Information includes published research or other
references that identify the principles that underlie the technology.
Basic TRL 2 Once basic principles are observed, practical applications can be
Technology := Technology concept invented. Applications are speculative, and there may be no proof or
Research or and/or application detailed analysis to support the assumptions. Examples are still
Research to formulated limited to analytic studies. Supporting information includes
Prove publications or other references that outline the application being
Feasibility considered and that provide analysis to support the concept. The
step up from TRL 1 to TRL 2 moves the ideas from pure to applied
research. Most of the work is analytical or paper studies with the
emphasis on understanding the science better. Experimental work is
designed to corroborate the basic scientific observations made
during TRL 1 work.
Research to TRL 3 Active research and development (R&D) is initiated. This includes
Prove := Analytical and analytical studies and laboratory-scale studies to physically validate
Feasibility experimental critical the analytical predictions of separate elements of the technology.
function and/or Examples include components that are not yet integrated or
characteristic proof of representative tested with simulants. Supporting information
concept includes results of laboratory tests performed to measure parameters
of interest and comparison to analytical predictions for critical
subsystems. At TRL 3 the work has moved beyond the paper phase to
experimental work that verifies that the concept works as expected
on simulants. Components of the technology are validated, but there
is no attempt to integrate the components into a complete system.
Modeling and simulation may be used to complement physical
experiments.
Technology TRL 4 The basic technological components are integrated to establish that
Development := Component and/or the pieces will work together. This is relatively "low fidelity"

system validation in
laboratory environment

compared with the eventual system. Examples include integration of
ad hoc hardware in a laboratory and testing with a range of simulants
and small scale tests on actual waste. Supporting information
includes the results of the integrated experiments and estimates of
how the experimental components and experimental test results
differ from the expected system performance goals. TRL 4-6
represent the bridge from scientific research to engineering. TRL 4 is
the first step in determining whether the individual components will
work together as a system. The laboratory system will probably be a
mix of on hand equipment and a few special purpose components
that may require special handling, calibration, or alignment to get
them to function.

Continued on next page



Continuation ...

Relative Level Technology Readiness Level  Description
of Technology Definition
Development
Technology TRL5 The basic technological components are integrated so that the
Development := Laboratory scale, similar system configuration is similar to (matches) the final application in
system validation in relevant ~ almost all respects. Examples include testing a high-fidelity,
environment laboratory scale system in a simulated environment with a range of
simulants and actual waste. Supporting information includes results
from the laboratory scale testing, analysis of the differences between
the laboratory and eventual operating system/environment, and
analysis of what the experimental results mean for the eventual
operating system/environment. The major difference between TRL 4
and 5 is the increase in the fidelity of the system and environment to
the actual application. The system tested is almost prototypical.
Technology TRL 6 Engineering-scale models or prototypes are tested in a relevant
Demonstration  := Engineering/pilot-scale, environment. This represents a major step up in a technology’s
similar (prototypical) system  demonstrated readiness. Examples include testing an engineering
validation in relevant scale prototypical system with a range of simulants. Supporting
environment information includes results from the engineering scale testing and
analysis of the differences between the engineering scale,
prototypical system/environment, and analysis of what the
experimental results mean for the eventual operating
system/environment. TRL 6 begins true engineering development of
the technology as an operational system. The major difference
between TRL 5 and 6 is the step up from laboratory scale to
engineering scale and the determination of scaling factors that will
enable design of the operating system. The prototype should be
capable of performing all the functions that will be required of the
operational system. The operating environment for the testing
should closely represent the actual operating environment.
System Com- TRL7 This represents a major step up from TRL 6, requiring demonstration
missioning := Full-scale, similar of an actual system prototype in a relevant environment. Examples
(prototypical) system include testing full-scale prototype in the field with a range of
demonstrated in relevant simulants in cold commissioning. Supporting information includes
environment results from the full-scale testing and analysis of the differences
between the test environment, and analysis of what the experimental
results mean for the eventual operating system/environment. Final
design is virtually complete.
TRL 8 The technology has been proven to work in its final form and under
:= Actual system completed expected conditions. In almost all cases, this TRL represents the end
and qualified through test of true system development. Examples include developmental
and demonstration. testing and evaluation of the system with actual waste in hot
commissioning. Supporting information includes operational
procedures that are virtually complete. An Operational Readiness
Review (ORR) has been successfully completed prior to the start of
hot testing.
System TRL9 The technology is in its final form and operated under the full range
Operations := Actual system operated of operating mission conditions. Examples include using the actual

over the full range of
expected mission
conditions.

system with the full range of wastes in hot operations.
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FIGURE 1.1: Grubb curve of the development of a new technology adapted from [27, 82]

The importance of a technology development assessment can be illustrated by assigning the
TRLs to the diagram in figure 1.1. It depicts that the TRLs are defined in the phases of research,
development, and demonstration in which generally the highest risk of failure and high capital
costs impede the technological development.

Figure 1.1 outlines the evolution of costs and risks of a technology development from its
conceptual design to a state of a mature commercial installation. Such a diagram is often
called a 'Grubb’ curve. The grey area embedding the Grubb curve represents the uncertainty of
the costs and coherent risks evolving along the development of the technology. It illustrates
that in early phases of the development, the underestimation of costs and risks is more
prevalent than for phases of deployment and maturity of a technology. Furthermore, the range
of uncertainty in the beginning of a technology development is much broader than for later
phases. This is the result of learning effects, which also help to reduce the costs and risks in
the deployment phase.

The given definition of technology development by the DoE [107] defines that combining
new and already existing technologies to achieve specific goals is also regarded as technology
development. This means that a new process design which may be a combination of new and
old process unit technologies is considered to be a technology on its own. It is important to
distinguish between a new process design as a technology on its own which generally consists
of different process unit technologies and each of the applied process units. They all underlie a
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certain development from a concept to a mature application. To countervail any confusion,
in the following, the term process technology will be applied if a process design is addressed
as technology and the term unit technology will be used if a process unit is addressed as
technology. The simple use of technology addresses a technology in general.

Considering the above, the progress of the process technology development is the result of
combining the different TRL of all applied unit technologies, although their development can
be at very different TRLs. This is an aspect which has to be considered when comparing results
of different process designs in the course of process design & optimisation (PDO) methods.

As mentioned in the beginning, the methods of the PSE community are well suited to enhance
technology development because they consolidate the scientific knowledge in a single process
design & optimisation approach. The consolidation of the attained scientific knowledge in
the process design & optimisation tools is essential to narrow down the range of uncertainty
about costs and risks of the investigated technology. In the following, the role of the process
design & optimisation methodology in the course of the process technology development will
be elucidated.

The descriptions of TRL 1 to 3 in table 1.1 are elucidating that the conducted work in these TRLs
is basically research work on a conceptual basis. It comprises literature review, analytic studies,
basic experiments, and basic modelling and simulation. Experiments conducted at TRL 2
are mostly screening experiments designed to corroborate the basic scientific observations
made in TRL 1 [107]. The basic concepts and the idea of the process technology are mostly
developed in computer aided methods of the PSE community such as the process design &
optimisation tool (PDO tool) which will be discussed in chapter 2. The process design is
modelled as detailed as possible applying sophisticated models of existing unit technologies.
Most of these models apply rule of thumbs, thermodynamic calculations based on equilibrium
data or are realised as phenomenological models or 0D models. In these early phases, the
uncertainties are rather large since the knowledge about the process and its applied unit
technologies is little. Simulations are predominantly simplified because of the lack of data.
However, the process design & optimisation in these stages is not highly dependent on data
from other groups despite of the data which can be extracted from existing literature. Selection
of promising process designs can often already be applied in these stages. Further, the lack
of knowledge of the different unit technologies can be identified which allows to suggest
experimental work to be conducted to develop the most promising process designs.

Within the TRL 3 and 4, experimental work on crucial process steps of the new process designs
begins. It entails first laboratory scale experiments which involve data acquisition methods
and the generation of first 1D models which are later consolidated to multi-scale rate based
models as presented in chapter 3. Experimental planning strategies and parameter estimation
come into focus. The experimental effort and capital costs are increasing and the probability
that the experimental work is conducted by different groups than the one developing the
process designs is high. In fact, it is nearly always the case because scientific needs are
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differing and the scientific expertise is seldom concentrated at only one place. This implies
that the concerned research groups may also stay in competition with each other. Within
TRL 3 and 4 the unit technology models applied in the process design model should be based
on collaborative work to increase the confidence level of these models. The more detailed
models are also needed for a improved estimation of process unit sizes and corresponding
costs. Furthermore, the integration of the developed multi-scale rate based models in the
process design model allows to identify characteristics of the process unit and the process
design which otherwise may have been undiscovered.

In the course of the technology development of the TRLs 5 to 9 the experimental work is scaled
up. This comprises prototypes and demonstrators which allow to validate the model assump-
tions and to estimate model parameters for operation conditions which are representative for
the actual planned operational environment of the technology. The capital costs become a
bottle neck of the technology development. Experimental set-ups or demonstration projects
have to be carefully planned to avoid disappointments. Attaining experimental data is in most
cases highly expensive because the demonstrators on TRL 8 and 9 have already a large scale
which elevates the operational costs of an experiment. The process technology development
should ideally deliver the questions which have to be tackled during these experiments. The
experiments should be focused on process unit characteristics which influence the process
design the most. This allows early discovery of possible bottle necks or pitfalls, and a timely
search for solutions on either side of the development. Here, the PSE community should seize
the opportunity to guide and manage trans-disciplinary research. The models and simulation
results attained at TRL 8 and 9 are later often utilised in the final commercial plants for opti-
misation of operating conditions, and controlling & monitoring purposes. Thus, the process
design model of TRL 8 and 9 of the process technology development has to deliver results with
a high level of accuracy.

1.1 Motivation

In the previous section it has been discussed that the PSE community is acting as a trans-
disciplinary link between different research fields. The PDO methods of the PSE community
consolidate the knowledge of many different research fields in one methodology and therefore
depend on experimental based data, detailed models, and on expert knowledge of other
research groups. Being dependent on other research groups may be seen as the 'curse’ of the
PSE community. However, this interdependency should be seen as an opportunity to guide
the development of the alternative unit technologies to a TRL which is needed for a reasonable
comparison of the technologies inside the process design.

The ultimate vision of the process design model, would be an instantaneously updated process
design model where the newest findings and developed models are implemented to build
an ideal foundation of the process design & optimisation approach. However, this asks for
a well organised and vivid exchange of knowledge between the involved research groups.



1.2. Goals and Scope of the Thesis

Unfortunately, the reality is that the exchange of expert knowledge (e.g. computer models)
does not take place on a short term basis. This has several reasons. The software which is used
in the different research groups may differ strongly and compatibility of the methodology
and modelling approaches has to be assured. Difficulties in overcoming compatibility issues
may hinder an exchange of the developed computer models. Furthermore, the computational
infrastructure and the associated calculation time of either of the modelling approaches
often counteract a suitable combination of the different modelling strategies. In addition to
technical and software specific hindrances, a fear of sharing confidential data may impede the
exchange as well.

In the context of this thesis the focus will be set on the Wood-to-SNG project. The Wood-
to-SNG process will be explained in section 2.1. Briefly, in this process, wood is gasified
to a syngas which is cleaned from impurities and fed to a methanation reactor where it is
converted into a methane rich product gas. The applied process design model was previously
developed by EPFL (Ecole Polytechnique Fédérale de Lausanne) . The developed process
design & optimisation approach provides the engineers with the ability to simulate and
optimise different solutions of a superstructure based process design model by applying a
multi-objective optimisation approach based on an evolutionary algorithm. The calculations
include the estimation of economic data (i.e. capital costs & operation costs) for which a sound
approach of equipment and process unit sizing is needed. A very important process unit in
this context is the applied fluidised bed methanation reactor which is in the development and
demonstration phase (TRL 7-8). For a sound sizing and scale-up of the methanation reactor, a
rate based model which considers the kinetics of the catalyst and hydrodynamic effects has
to be used. Such a rate based model has been developed at PSI (Paul Scherrer Institut). It is
desired to generate synergies of both technology developments to enhance the development
towards a commercial realisation of the Wood-to-SNG project.

1.2 Goals and Scope of the Thesis

The goals of the thesis are the following:

I the identification of the key elements which are needed to implement a rate based model,
such as the fluidised bed methanation reactor model, into the process design & optimisa-
tion methodology of EPFL;

IT the identification and realisation of necessary adaptations on the rate based model accord-
ing to the identified key elements in (I) to allow its integration into the process design &
optimisation methodology;

III the realisation of a methodology which helps to limit the increase of computational effort
caused by the integration of the rate based model;

IV to find programming solutions which allow the process design & optimisation method-
ology to be applied as originally intended, without the need of applying fundamental
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changes to it.

The scope of this thesis project is two fold. The first scope is the integration of the rate
based model to enhance the confidence level of modelling results due to a higher level of
consolidated knowledge. The second scope is to allow the investigation of the influences of
process unit characteristics (methanation reactor) on the process design, and vice versa, more
precisely. Especially with the focus on Wood-to-SNG process design options with Power-to-Gas
applications (i.e. applying electrolysis to store energy of excess electricity in gas applications)
where gas compositions will vary according to the operation conditions and amount of excess
electricity. Varying gas composition will have effect on the methane efficiency of the reactor
which should be investigated to provide solutions for suitable operation conditions.

The targeted approach in this thesis is to develop a surrogate model of the rate based model.
Surrogate models are mathematical approximation models based on different mathematical
approaches. The most applied and versatile surrogate model types are artificial neural net-
works, radial basis functions, and Kriging interpolation models. The advantages of surrogate
modelling are a shorter calculation time than the approximated computer models, their gener-
alisation capabilities of model results, and the ability to smooth out rough resolution surfaces
for faster optimisation results. The developed surrogate model will be implemented into the
process design & optimisation methodology of EPFL under the premiss of applying as little
modifications as possible to the process design & optimisation models. This should allow the
methodology to compute the process designs without interferences of the surrogate model.

1.3 Perspectives

Ideally, the investigations in this thesis should allow to apply the here presented approach to
any process unit of higher complexity. The advantage in comparison to similar approaches of
process design modelling with surrogate models [75, 8, 9, 43, 44] is that not all unit technologies
have to apply the surrogate modelling techniques. Where conventional models and short cut
models are accurate enough to represent the reality, there is no need for surrogate modelling
efforts. With this approach it is possible to selectively apply the surrogate modelling approach
to process units which need a higher degree of model detail, but suffer long computation time
or are facing software compatibility issues.

Furthermore, if the necessary key elements for the integration of the surrogate models are
identified, the different research groups are able to prepare surrogate models of the process
units and share them with the PSE community in a collaborative environment. Thus, the fear
of distributing confidential knowledge should be obsolete and exchange of expert knowledge
on timely basis can be targeted.

10



¥4 Process Design & Optimisation

2.1 Introduction

The approach presented in this thesis is based on the work of two former PhD theses. The

first is a process design & optimisation methodology developed at EPFL by Gassner [31, 32]

which will be presented in section 2.1.2. The other is the work on a rate based model of
the fluidised bed methanation reactor developed at PSI [62, 64] which will be described in
chapter 3. Both theses have been prepared in the context of the Wood-to-SNG process. For a
guidance the following section will introduce the reader to the Wood-to-SNG process followed
by an introduction into the afore mentioned process design & optimisation methodology.

2.1.1 The Wood-to-SNG Process

Figure 2.1 depicts the four general process steps of the Wood-to-SNG process. Depending on
the applied gasification technology, wet or dried wood is fed to the gasification unit which
converts the wood under addition of a gasification agent (air, oxygen and/or water steam)
into the so called producer gas. This gas consists mainly of H,, CO, CO,, H,0, CH,, C,H,,
and if the gasification agent is air N, as well. Additionally, impurities like small amounts of
sulphur compounds, olefins and tars are gasification products. Most of these compounds
harm the catalyst in the subsequent methane synthesis (methanation) step. They either cause
deactivation of the catalyst by irreversible adsorption on the active sites (sulphur) or by carbon
deposition. Therefore, a gas cleaning step is necessary. Well established cold gas cleaning
(scrubbers) or more advanced catalytic hot gas cleaning are possible technology options. While
the former can be categorised as a mature technology, the latter may be labelled with TRL 7,
i.e. it is still in the phase of development & demonstration. In any case, both technologies are
applied in combination with additional guard beds (Cu + ZnO) to protect the more expensive
methanation catalyst. In the subsequent synthesis step, methane is formed from CO and H,,
in the exothermic methanation reaction utilising a suited methanation catalyst (usually nickel
based). The methanation step considered in this thesis is an isothermal bubbling fluidised bed
methanation reactor. An alternative technology option would be a series of catalytic fixed bed
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FIGURE 2.1: Alternative process unit technologies for each step of the Wood-to-SNG (Synthetic Natural
Gas) process with illustration of the energy integration system.

methanation units with intermediate cooling and product gas recirculation to dampen the
temperature rise in the fixed bed reactors. The last process step is a gas upgrading step which
adjusts the gas mixture according to the required gas quality for an injection into the natural
gas grid. The injection is regulated by national associations by providing the required range of
the Wobbe Index. The Wobbe index is an indicator for the interchangeability of combustion
fuel gases. The definition of the Wobbe index is given by eq. (2.1) in section 2.3. In this step
mainly CO, and H,O are separated from the gas stream. Additionally, excess hydrogen is
recovered and fed back to the feed of the methanation step or may be used to cover part of
the energy demand of the process via combustion. For further detailed technology review
please refer to Kopyscinski et al. [63]. The list of technology options presented in figure 2.1 is
exemplary and by no means exhaustive.

2.1.2 The Process Design & Optimisation Methodology

The process design & optimisation methodology developed by Gassner and Maréchal [32]
combines a process design model with a model for mass and energy integration calculations
based on a predefined superstructure for the purpose of evaluating and optimising process
designs using a multi-objective optimisation strategy. In the following, this approach will
either be called the process design & optimisation (PDO) methodology or the PDO procedure.
The required software tools are going to be called the PDO framework or the PDO tools.

Figure 2.2 illustrates the flow of information in the computational procedure when applying
the PDO methodology. It depicts that the PDO framework utilises an evolutionary optimi-
sation algorithm which applies a set of models referred to as the process design model. The
process design model consists of thermodynamic models which are calculating mass & energy
balances and the thermo-economic models which are calculating process unit sizes based on
the thermodynamic models and deducing the investment costs of the process design from
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FIGURE 2.2: Computational and information flow diagram of the process design & optimisation frame-
work.

this knowledge. As Gassner and Maréchal [32] describe, the PDO methodology is based on
the decomposition of the thermodynamic models into two parts. The decomposition into
two parts corresponds to the models which are denoted as the non-linear and the linear
problem in figure 2.2. The non-linear problem comprises the process flowsheet modelled in
a commercially available software and the linear problem comprises a heat cascade model
which is used in the pinch point analysis of the process design.

The application of the PDO procedure is applied as follows. The process engineers conduct
a pre-selection of possible process designs and unit technology options to define the super-
structure of the process design model (see figure 2.3 in section 2.2). The applied process
superstructure consolidates the different technologies and their possible interconnections.
The technologies and mandatory auxiliaries as well as feed, product, and recycle streams are
defined in the process superstructure. The use of a process superstructure implies that integer
decision variables have to be defined prior to the thermodynamic calculations. The integer
decision variables are activating and deactivating given substructures (i.e. technologies or
combinations of technologies) in the superstructure. The corresponding decision variables
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are programmed into the non-linear and the linear problem statements. Together with the
integer decision variables the process model forms a mixed integer non-linear programming
(MINLP) problem which is addressed to the multi-objective optimisation (MOO) procedure.
The superstructure builds the foundation of the applied MOO procedure. The MOO procedure
will allow to identify the most promising concepts out of the proposed ones with respect
to conflicting objectives. These objectives are also preceding information which has to be
defined by the engineers. The decision variables are set in the course of the evolutionary
multi-objective optimisation. They are defined previous to each iteration of the evolutionary
algorithm. The decision variables differ from one generation of process designs to another.
Each set of decision variables is an unique attribute of the resulting process design which
allows to recalculate certain process designs if values of the applied decision variables are
known.

Process streams are generally defined by a combination of extensive and intensive properties.
Extensive properties are those which can be added up if two streams are mixed, e.g. mass flows
and energy flows. Intensive properties are those which in the given case do not allow to be
added up, e.g. temperature, pressure, and weight fractions. The applied process superstructure
has a special feature regarding the process streams defined in the commercial flowsheeting
software which are connecting the different technologies. In the case of the connecting process
streams only the intensive state variables of the process streams are linked with each other; i.e.
the temperature, pressure, and weight fractions of an output stream of one unit technology
are passed to the input stream of the subsequent unit technology. The extensive variables are
treated separately and are not linked with each other. Instead, the main input stream of each
of the technologies in the superstructure is set to a mass flow of 1 l%. The mass flows of other
input streams of a unit technology are set in relation to this main stream. Therefore, all streams
defined in a unit technology, including flows of heat and power, are easily scalable by only
one factor. The resulting mass and energy flows of the process flowsheet model (non-linear)
are denoted as normalised extensive state variables in figure 2.2 since they are always related
to a main input of 1 1%5. They are passed to the mass & energy balances defined in the linear
problem where they are applied to a heat cascade model. In the following, the linear problem
will be called energy integration model, although it solves a combination of mass & energy
integration. The energy integration model calculates scaling factors for each technology
during the mass & energy integration calculations based on a pinch point analysis of the heat
cascades. Consequently, it defines the final mass & energy flows of the process design. The
targets of the energy integration calculations are a minimal use of heating & cooling utilities
and maximum production of the desired product stream. A pinch point analysis is applied to
support the energy integration calculations.

After the calculation of the thermodynamic states, the thermo-economic properties of the eval-
uated process design are computed in a so called post-processing step. The post-processing
step determines the sizes of the process units in dependence of the final results of the extensive
and intensive variables calculated in the thermodynamic models. The performances of the
process design and the objectives needed in the multi-objective optimisation algorithm are
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2.2. Background

also calculated in this post-processing step. These are for example, thermodynamic efficien-
cies, capital costs, costs of operation and maintenance, and life-cycle assessment ratings. The
calculated objectives of a selection of evaluated process designs are finally plotted in a graph.
The optimisation procedure will drive the results to a pareto frontier which is updated on
every iteration of the optimisation process. Ideally, the progress of the pareto frontier will be
examined and if only very little improvements are made between the different iterations, the
optimisation process is stopped. In the current solution a certain number of iteration steps is
specified after which the calculation will stop and the improvements are visually examined.
Finally, the engineers have to check the quality of the solutions and disqualify solutions which
do not make physical sense.

2.2 Background

The above described process design & optimisation methodology has been applied to study
the Wood-to-SNG process in [31, 33]. Gassner and Maréchal [33] developed a superstructure
based process design model to investigate the Wood-to-SNG process with the afore described
multi-objective optimisation methodology. The corresponding superstructure is illustrated in
figure 2.3 and considers seven subsystems which are:

* Drying (of the biomass)
e Thermal Pretreatment (of the biomass)
* Gasification
* Gas Cleaning
* Synthesis Preparation (also referred as gas conditioning)
* Methane Synthesis
* SNG Upgrading
» Utility and Heat Recovery System
Each of these subsystems includes a certain number of alternative unit technology models

which are combined to an applicable process design by presetting decision variables of the
superstructure.

A central subsystem is the methane synthesis step. The fluidised bed methanation reactor
which is one of the considered technology options is developed at PSI. The properties of
the gas feed of the methanation reactor together with the hydrodynamic properties of the
fluidised bed are the major concern of the engineers developing the fluidised bed methanation
technology. Impurities like sulphur compounds, tars, olefins and inorganic contaminants are
causes of catalyst deactivation. A not less important aspect are the bulk compounds in the gas
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2.2. Background

feed because they may have significant influence on the outcome of the chemical reaction
system. Investigation at PSI dealing with the application of the fluidised bed methanation in
the Wood-to-SNG process raised the question how the choice of the gas cleaning technology
would influence the performance of the fluidised bed methanation reactor. The considered
gas cleaning technologies are the cold gas cleaning (i.e. absorption process in a scrubber) or
a catalytic hot gas cleaning (i.e. a reactor equipped with a catalytic monolith) as figure 2.3
depicts.

Despite of the differing technology readiness levels (TRLSs) of these two technologies (catalytic
hot gas cleaning at about TRL 7, cold gas cleaning a mature technology), the major concern was
the influence of the water content on the performance of the fluidised bed methanation reactor.
In contrast to the hot gas cleaning, the cold gas cleaning approach removes a significant
amount of water from the gas stream. Applying the cold gas cleaning, the water content in the
methanation feed can be adjusted to a desired value just before fed to the methane synthesis
step by steam addition. If the hot gas cleaning is applied, the methanation has to deal with the
rather high water content which leaves the gasification unit.

It should be noticed that the fluidised bed methanation reactor in the original superstruc-
ture implemented by Gassner and Maréchal [33] was realised based on the assumption of
thermodynamic equilibrium of the considered reaction system. This assumption was based
on laboratory scale experimental knowledge attained at PSI which was later published by
Seemann et al. [89]. These experiments where conducted at a relatively high reaction temper-
ature around 385 °C and 400 °C. Due to the lack of knowledge, it was assumed to extend the
assumption of thermodynamic equilibrium to the full temperature range.

Meanwhile, the developments in the research on the fluidised bed methanation reactor have
reached a state where a suitable rate based model with experimental data at its foundation is
available (see [65, 64]). This rate based model is topic of chapter 3.

As figure 2.4 shows, the new model has the clear potential to improve the current methanation
model applied in the process design model. The illustrated surface in figure 2.4 represents
the results of the thermodynamic equilibrium model and the pictured data points are calcula-
tions of the rate based fluidised bed model. The graph demonstrates that the assumption of
thermodynamic equilibrium is applicable unless the reaction temperature falls under 330 °C.
Figure 2.4 furthermore shows that there is a superimposing effect of the reaction temperature
and the initial water content on the total CO conversion. With increasing water content the
total CO conversion decreases. This effect becomes stronger with lower temperature. It is
obvious that the use of the thermodynamic equilibrium would not allow the analysis of these
effects on the process design. To allow a more accurate representation of the fluidised bed
methanation reactor at a temperature lower than 330 °C the use of the rate based model is
required.

The above presented aspects emphasise that there is a need to consolidate the attained knowl-
edge (experimental & modelling knowledge) about the fluidised bed methanation reactor with

17



Chapter 2. Process Design & Optimisation

Thermodynamic Equlibrium vs. Rate Based Model
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FIGURE 2.4: Comparison of the thermodynamic equilibrium model (coloured surface), and the rate
based fluidised bed model (data points) for varying temperature and H,O to CO ratio.

the PDO methodology to allow further process technology development of the Wood-to-SNG
project.

2.3 Process Design Model for the Case Study

In the following, a sound basis for investigating the effects on the process design caused by the
integration of the new fluidised bed methanation model will be presented. A process design
without applying the optimisation procedure will be defined as case study to investigate the
effects under controlled conditions. However, the applied changes as well as the implementa-
tion of the rate based model are conducted with respect to support a future application of the
optimisation procedure.

The case study is based on the superstructure presented above (see figure 2.3). The integer
decision variables, which are controlling the activation of the different process technologies of
the superstructure, are set a priori to fix a specific process design for the case study. Table 2.1
lists the chosen technologies for each of the in figure 2.3 defined subsystems.

Figure 2.5 illustrates the resulting process flowsheet. The main feed of the process design is
wet biomass which is fed to the air dryer. The dried wood is subsequently fed into the Fast
Internally Circulating Fluidised Bed (FICFB) gasifier where it is gasified utilising steam. The
producer gas has to be cleaned from tars and sulphur compounds. Since these compounds are
not represented in the model, a gas cleaning step would not have to be considered. However,
the temperature change of the main gas stream and possible changes in the composition of the
bulk compounds have to be considered. The chosen gas cleaning step is a cold gas scrubbing
unit with biodiesel (RME) as scrubbing liquid. The cold gas scrubbing reduces the water
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2.3. Process Design Model for the Case Study

TABLE 2.1: Applied technologies for the different subsystems of the Wood-to-SNG process design.

Subsystem Applied Technology

Drying Air Dryer

Thermal Pretreatment deactivated

Gasification Indirectly Heated Steam Blown Gasification
(e.g. FICFB)

Gas Cleaning Cold Gas Cleaning
(scrubbing + Cu & ZnO guard beds)

Synthesis Preparation deactivated

Electrolysis activated

Methane Synthesis Internally Cooled

Fluidised Bed Methanation

SNG-Upgrading Temperature Swing Adsorption (TSA)
SELEXOL™ CO, seperation
Polyimide (Matrimid) Membrane
for H,-recovery

Utility and Heat Recovery System no application of Rankine cycles

content in the gas stream significantly. However, to reduce the risk of carbon deposition on
the methanation catalyst, a certain amount of water is required in the feed of the methanation
reactor. Therefore, steam is added to the methanation reactor feed. After the methanation,
water has to be removed before the gas is fed to the SELEXOL™ absorption process. In the last
process step, the hydrogen content is reduced via membrane separation. As figure 2.5 depicts,
the permeate is recycled to the methanation reactor feed.

A very important and restrictive decision variable of the process simulation is the Wobbe
index of the final SNG. The Wobbe index is defined as the ratio between the volumetric higher
heating value and the square root of the relative gas density d,. The relative gas density d, is
defined by the ratio between the combustible gas density and the density of air at 0 °C and
101.325 kPa. The definition of the Wobbe index is given by eq. (2.1).

HHV,(298.15K) kWh
Vdy mftd,

Further information and definitions are given in [20].

Wy HHY = (2.1)

In the assumptions of the original process design model the ethylene produced by the gasifier
was converted completely to methane by the methane synthesis step. Experiments have
shown that a considerable amount of ethylene is actually converted into ethane. Currently,
there are no kinetics developed at PSI to estimate the amount of ethane produced. However, it
was decided to consider ethane as an additional compound in the SNG stream since it has
considerable influence on the Wobbe index. It is assumed that the fluidised bed methanation
reactor converts half of the ethylene in the feed stream into ethane and the other half into
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FIGURE 2.5: Process flowsheet diagram of the Wood-to-SNG process design illustrating the defined case
study.

methane.

In comparison to the original process superstructure, the gas upgrading system had to be
partly changed. The definition of ethane as additional compound is one of the reasons why the
gas upgrading system had to be revised. The addition of ethane introduced some convergence
issues when solving the process flowsheet. The major cause is the influence of the ethane
content on the value of the Wobbe index.

The figure 2.6 illustrates the relation between the composition of a given gas and its Wobbe
index. Towards the upper left corner of the graph, high Wobbe indices are located. Towards
the lower right corner, low Wobbe indices are located. Six red dots are marking the location
of the pure compounds in the graph. Furthermore, three mixing lines indicate the possible
positions of binary mixtures between CH, & C,H;, CH, & H,, and CO, & H,. The national
gas grid carriers have published regulations defining the gas properties which have to lie in
certain limits for injection into the national natural gas grid. The limits of the Wobbe index,
the volumetric higher heating value, and the relative gas density set by the German Gas and
Water Industry Association (DVGW) [22] for H-gas quality are represented by the coloured
area in figure 2.6.

The smaller area bordered by the black dash-dotted line represents the corresponding limits
set by the Swiss Gas and Water Industry Association (SVGW) [103]. As the graph shows, the
regulations do not only consider the Wobbe index, but also approved limits of the relative
density and higher heating value in which the gas mixture has to lie. Furthermore, upper
limits of volumetric fractions of many compounds are regulated. For example, a maximum of
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2.3. Process Design Model for the Case Study

TABLE 2.2: Solubility of selected compounds in SELEXOL, adopted from [104, 7].

Solubilities of Gases Relative to C02b

Solubility of CO,? H, N, co CH, GCH, H0

3
~0.004 s 0.013 0.020 0.028 0.066 0.42 730

1solvent

2 adopted from [104] b adopted from [7]

4vol% of hydrogen, a minimum of 96 vol% of methane, and a maximum of 6 vol% of CO, are
permitted. Therefore, the last steps of the process — the methanation, the SELEXOL scrubber,
and the hydrogen recovery membrane — have to be adjusted such that the SNG quality hits the
strict injection criteria.

Figure 2.6 pictures black dots which are representing three states of the main process gas
stream along the gas upgrading steps. The three states along the process chain are the input
stream of the SELEXOL subsystem (state A), its output stream respectively the input stream of
the hydrogen recovery membrane (state B), and the final SNG product stream (state C). These
states are plotted for three different molar stage cuts 6 of the hydrogen recovery membrane.
The stage cut of a membrane defines the ratio between the molar flow of the permeate and the
molar flow of the retentate. The amount of permeate is increased by a larger membrane area, a
higher differential pressure, and a higher permeability of the membrane for the corresponding
compounds.

Two other mixing lines, a dash-dotted line (blue) and a dashed line (magenta) which are repre-
senting the gas separation in the SELEXOL CO,-separation and the H,-recovery membrane,
respectively, are plotted in figure 2.6.

SELEXOL CO,-separation The dash-dotted line (blue) connects the state A with the point
of pure CO,. Following the line from the gas mixture of state A towards the point of pure CO,
is equivalent to an addition of pure CO,. Following the line in the other direction implies
separation of pure CO,. Hence, the number of theoretical stages of the absorption column
increases, the further the quality targets of the gas mixture are shifted towards the upper left of
the graph. The separation of CO, by the SELEXOL scrubbing system — depending on which
stage cut has been applied — results in the three gas mixtures marked as state B. As figure 2.6
illustrates, the points of state B slightly deviate from the mixing line which connects state A
and the point of pure CO,. Unfortunately, the solubility of ethane in SELEXOL lies between
those of CH, and CO,,, see table 2.2. According to Burr and Lyddon [7], the relative volumetric
solubility of ethane and methane to carbon dioxide in SELEXOL are 42% and 6.6%, respectively.
The applied operation conditions of the SELEXOL gas absorption process have to ensure a
high recovery factor for methane while maintaining a high separation factor for CO,. The gas
absorption system is calculated utilising the Kremser equation [19] and the assumpt<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>