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Abstract

The climate crisis and the associated need for the development and optimization of climate-friendly and
efficient energy technologies requires the digitization of the energy sector. Furthermore, digitization can
help to speed up the energy transition process by forming a smart interconnected energy system linkage
energy provider, distributor and consumer. In order to ensure sustainable digitization in the energy
sector, it is necessary to start already at the process development stage. Consequently, a digital reflection
of the physical facility, called virtual representation shall be developed along the process development
life-cycle besides the physical facility itself. For the development of virtual representations, a
standardized framework is needed to define the requirements for virtual representations along the
process development of energy technologies. Different frameworks exemplary with the focus on
manufacturing, pharmaceutical industry, product life-cycle management and robotics are available in
the literature. However, no framework with focus on the development of energy technologies exists.

For this reason, in this doctoral thesis, a framework for the development of virtual representations with
a focus on the process development environment of energy technologies was developed. In addition to
the continuous development of the physical plant, the novel framework also enables the virtual
representation to be co-developed. Furthermore, exchangeable modelling blocks are defined in each
virtual representation dimension, which should be addressed and developed along the process
development life-cycle. Moreover, required property levels for virtual representations in each process
development phase have been defined to enable the widest possible application. Consequently, the
process development stages from concept to commercial-scale phase are accompanied by the virtual
representation types ,,Digital Model” to ,,Digital Predictive Twin”.

To test the applicability of the novel framework, four applications have been elaborated at different
process development stages:

e Digital Model of a Power-to-Liquid plant for the production of synthetic fuel
=> Core is a steady-state simulation model with offline data communication to find a suitable
conceptual plant design for a to be constructed pilot plant with a nominal power of 1 MW¢

¢ Digital Shadow of an OxySER plant for the production of reducing gas for the steel industry
= Core is a quasistatic simulation model in ad-hoc mode with uni-directional data communi-
cation to enable real-time monitoring of the 100 kWy, pilot plant at TU Wien

e Digital Twin of a Biomass-to-Gas process for the production of synthetic natural gas
= Core is beside the quasistatic simulation model, a model predictive controller with
bi-directional real-time data communication to enable a fully automated operation of the 100 kW,
pilot plant at TU Wien

e Digital Predictive Twin concept of a commercial-scale hazardous waste incineration plant
= Core is a predictive simulation model with bi-directional real-time data communication to
determine not entirely analysed waste streams by analysing historical data and finally to optimize
the plant operation, maintenance and waste management

Furthermore, the developed virtual representations can be used during process development to explore
energy system integration scenarios either from the perspective of the developed energy technology or
from the perspective of a sector or region. For that reason, the virtual representations of a Biomass-to-
Liquid and Biomass-to-Gas process were used to find suitable scenarios for the integration in the
Austrian energy system. Moreover, the novel tool ENECO,Calc was developed to investigate possible
energy transition scenarios for any municipality in Austria.

Concluding, the novel virtual representation framework has been successfully applied in different
process development stages and the arising virtual representations can contribute to a smart
interconnected energy system.
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Kurzfassung

Die Klimakrise und der damit verbundene Bedarf an der Entwicklung und Optimierung
klimafreundlicher und effizienter Energietechnologien erfordert die Digitalisierung des Energiesektors.
Die Digitalisierung kann dazu beitragen, die Energiewende zu beschleunigen, indem sie ein intelligent
vernetztes Energiesystem zwischen Energiebereitsteller, -verteiler und -verbraucher bildet. Um eine
nachhaltige Digitalisierung im Energiesektor zu gewihrleisten, ist es notwendig, bereits bei der
Prozessentwicklung anzusetzen. Folglich muss neben der physischen Anlage auch ein digitales Abbild
der physischen Anlage, die so genannte virtuelle Repridsentation, mitentwickelt werden. Fiir die
Entwicklung von virtuellen Reprisentationen wird ein standardisiertes Framework benétigt, welche die
Anforderungen an virtuelle Représentationen entlang der Prozessentwicklung von Energietechnologien
definiert. In der Literatur sind verschiedene Frameworks mit unterschiedlichen Branchenschwerpunkten
verfiigbar. Es existiert jedoch kein Framework mit Fokus auf die Entwicklung von Energietechnologien.

Folglich wurde in dieser Dissertation ein Framework fiir die Entwicklung virtueller Reprédsentationen
mit dem Fokus auf die Entwicklung von Energietechnologien erarbeitet. Das neuartige Framework
ermoglicht neben der kontinuierlichen Entwicklung der physischen Anlage auch die Mitentwicklung
der virtuellen Reprisentation. Zudem werden in jeder Dimension der virtuellen Représentation
austauschbare Modellierungsblocke und Eigenschaften definiert, die entlang des Lebenszyklus der
Prozessentwicklung entwickelt werden sollten, um eine moglichst breite Anwendung zu ermoglichen.
Demzufolge werden die Prozessentwicklungsphasen von der Konzept- bis zur kommerziellen Phase von
den virtuellen Représentationstypen ,,Digital Model* bis ,,Digital Predictive Twin* begleitet.

Um die Anwendbarkeit des neuartigen Frameworks zu testen, wurden vier Anwendungen von ,,Digital
Model* bis ,,Digital Predictive Twin® in unterschiedlichen Prozessentwicklungsphasen erarbeitet:

e ,.Digital Model“ einer Power-to-Liquid-Anlage fiir die Erzeugung von synthetischem Treibstoff
=> Kernstiick ist ein stationdres Simulationsmodell mit Offline-Datenkommunikation fiir die
Findung eines geeigneten Anlagenkonzeptes flir eine zu errichtende Pilotanlage mit einer
Nennleistung von 1 MW

o ,,Digital Shadow* einer OxySER-Anlage zur Reduktionsgaserzeugung fiir die Stahlindustrie
= Kernstiick ist ein quasistatisches Simulationsmodell im Ad-hoc Modus mit unidirektionaler
Datenkommunikation fiir die Uberwachung der 100 kW, Pilotanlage an der TU Wien

o ,,Digital Twin“ cines Biomass-to-Gas-Prozesses fiir die Erzeugung von synthetischem Erdgas
=>» Kernstiick ist neben dem quasistatischen Simulationsmodell ein modellpradiktiver Regler mit
bidirektionaler Echtzeit-Datenkommunikation zur Realisierung der Automatisierung der
100 kW4, Pilotanlage an der TU Wien

e ,.Digital Predictive Twin“ Konzept einer grotechnischen Sondermiillverbrennungsanlage
= Kernstiick ist ein pradiktives Simulationsmodell mit bidirektionaler Echtzeit-Daten-
kommunikation zur Bestimmung von nicht analysierten Abfallstromen durch die Analyse
historischer Daten, um in weiterer Folge eine umfassende Prozessoptimierung zu ermoglichen

Dariiber hinaus konnen die entwickelten virtuellen Représentationen wéhrend der Prozessentwicklung
genutzt werden, um Szenarien der Energiesystemintegration entweder aus der Perspektive der
entwickelten Energietechnologie oder aus der Perspektive eines Sektors oder einer Region zu
untersuchen. Aus diesem Grund wurden die virtuellen Repriasentationen eines Biomass-to-Liquid und
Biomass-to-Gas Prozesses verwendet, um geeignete Szenarien fiir die Integration in das dsterreichische
Energiesystem zu finden. Dariiber hinaus wurde das neuartige Tool ENECO,Calc entwickelt, um
mogliche Defossilisierungsszenarien fiir beliebige Gemeinden in Osterreich zu untersuchen.

Zusammenfassend lésst sich sagen, dass das neuartige Framework erfolgreich in verschiedenen Phasen
der Prozessentwicklung eingesetzt wurde und die entstehenden virtuellen Reprédsentationen zu einem
intelligenten, vernetzten Energiesystem beitragen kdnnen.
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Introduction and Motivation

1 Introduction and Motivation

At least since the publication of the Kyoto Protocol in the year 1997, climate change was widely
recognized and climate policies formulated [1]. The Paris Agreement 2015 adapted and specified the
global framework for avoiding dangerous climate change by limiting the global warming to below 2°C
compared to pre-industrial level [2]. The Renewable Energy Directive I and II (RED I and II) from the
years 2009 and 2018 respectively are building the European guidelines to set climate actions in order to
fulfil the overall climate change prevention target set out in the Paris Agreement [3, 4]. The European
Green Deal builds up the latest European climate prevention concept to reach climate neutrality until
2050 in Europe [5]. The European Climate Law is the core of the European Green Deal and sets out
ambitious European climate policy goals [6]. In Tab. 1, the most important European and Austrian
Climate Policy Goals by 2020 and 2030 are listed. The numbers in brackets and value ranges indicate
proposed climate policy goals, which are not fixed yet. The climate policy goals can be grouped into
mandatory shares of renewable-based energy carriers in different sectors, energy efficiency and
greenhouse gas reduction targets. To achieve these climate policy goals and to reach climate neutrality
in the year 2050, a transition of big parts of the energy system has to be realized. Consequently, the
flexibility of the energy system has to increase to deal with the implementation of volatile renewable
energy carriers [7].

Tab. 1: European and National Climate Policy Goals by 2020 and 2030

European and National Climate Policy Goals 2020 2030 Ref
by 2020 and 2030 EU AUT EU AUT )

Share of renewable energy carriers™® 32%
(Percentage of gross final energy consumption) 20% 34% (40%) 46-50%| [8,9]
Share of electricity from renewable sources - national ) ; ) 100% 9]
balanced (Percentage of final energy consumption) ’
Share of renewable energy carriers in the mobility sector™
(Percentage of final energy consumption) 10% 10% 14% 14% %]
Share of advanced biofuels in the mobility sector*
(Percentage of final energy consumption) ) ) 3.5% 3.5% %]
Energy efficiency™* 1 050PJ 32.5% ;
(Cap/Percentage of end energy consumption) 20% (cap) | (36-37%) 25-30% [ 8, 9]
Greenhouse gas emissions Non-EU ETS*** - 10% - 16% -30% -36% 8, 9]
(Reduction since 2005 — areas not captured by EU ETS) ? | (-40%) | (- 48%) ’
Greenhouse gas emissions EU ETS**** 221% ) -43% ) 8]
(Reduction since 2005 — areas captured by EU ETS) 0 (- 61%)

Legal foundation

* Renewable Energy Directive from the European Parliament
(RED I — RL 2009/28/EG [3] & RED II — RL 2018/2001 [4] & adaption of RED I — RL 2021/0218 [10])

** Energy Efficiency Directive from the European Parliament (RL 2012/27/EU [11]) and Energy Efficiency
Act from the Austrian Parliament (EEff-G; BGBI. I Nr. 72/2014 [12])

(KSG; BGBL. I Nr. 106/2011 [14])

*** Effort-Sharing Decision (Nr. 406/2009/EG [13]) and Climate Protection Law from the Austrian Parliament

**** European Union Emission Trading System from the European Parliament (EU-ETS, RL 2009/29/EG
[15]) and Emission Certificate Act from the Austrian Parliament (EZG; BGBL I Nr. 118/2011 [16])

Furthermore, the energy efficiency has to be improved to reduce the end energy consumption. Besides
the expansion of storage capacities and the flexibilization of the energy system, energy efficiency
improvements can be reached through the interconnection of energy market actors. Digitization can help
to speed up the energy transition process by the formation of a smart interconnected energy system
linkage of energy provider, distributor and consumer [17, 18]. Digitization in the manufacturing and
energy sector can lead to productivity improvements that exceed traditional productivity improvement

1
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Introduction and Motivation

ranges by far [19]. Furthermore, the energy plant lifetime can be increased by 30% through the
implementation of advanced digitization methods [19]. The sustainable digitization in the energy sector
can be realized by the implementation of digitization methods in all process development stages of
energy technologies. To implement digitization in the process development of energy technologies, a
digital reflection of the physical facility, called virtual representation [20] needs to be developed during
the process development life-cycle besides the physical facility itself. Fully evolved virtual
representations in the end of the process development of energy technologies enable the realization of
smart interconnected energy systems. Additionally, a large optimization potential through the early
integration of virtual representations in the process development framework, called Frontloading, arise
[21]. In Fig. 1, the cost reduction potential through Frontloading and learning in the process development
of energy technologies are visualized. The cost reduction potentials are based on a comparison with the
virtual product development regarding Frontloading [21-26] and several literature studies regarding
learning in the rollout phase [27, 28].
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Fig. 1: Cost reduction potential through Frontloading and learning in the process development [29]

In the concept phase of the process development, the plant layout with all utilities and process units is
fixed. Subsequently, 60% of the life-cycle production costs are determined within the concept phase
[29]. Furthermore, cumulative error costs refer to the costs for a necessary change in the respective
process development phase, which increase exponentially in the course of the process development.
Therefore, the early integration and continuous evolution of virtual representations to optimize the
energy technology along the process development life-cycle is essential.

1.1 Aim & Scope

To implement virtual representations in each stage of the process development life-cycle, a unified
modelling framework for developing digital reflections of energy technologies has to be defined.
Therefore, this doctoral thesis follows the idea to provide a unified modelling framework for the process
development of energy technologies. In order to realize a unified modelling framework, possible virtual
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Introduction and Motivation

representation properties and applications as well as the discussion of a modelling readiness level have
to be investigated. Additionally, the most important sustainability indicators, which can be used for the
optimization of energy technologies, have to be identified. Afterwards, several use-cases of energy
technologies are investigated to apply the proposed methodology in different process development
stages. Finally, several virtual representations are used to investigate appropriate energy system
integration scenarios. In order to address all these ideas and topics, the following research questions are
considered:

e  How can be a framework for the development of high-fidelity virtual representations within the
area of process development in the energy sector defined?

o How should the modelling readiness level of a virtual representation be defined to realize the use
of appropriate models and technologies in each stage of process development?

e How can virtual representations be used to find appropriate energy system integration scenarios?

1.2 Methodology of the thesis

To answer the raised research questions, the doctoral thesis is based on six peer-reviewed journal
publications (Papers I to VI in Fig. 2). After explaining the state of knowledge in the field of virtual
representations, process development and the investigated energy technologies, a novel modelling
framework especially for the process development environment (Paper I) is proposed. Furthermore, the
investigated scientific publications comprise the development of virtual representation use-cases in
different process development life-cycle phases and levels of integration (Paper I, I, III and 1V) as
well as feasibility studies for the integration of different energy technologies in decentralized and
centralized energy systems (Paper V and VI). The results and methodologies of the peer-reviewed
journal publications are supported and enlarged by several conference contributions and project reports.

Energy system
integration

Framework Use-cases

Use-case: |l use-case: Il tggfgzzi:igz?g?s?::;
Digital Model Digital Shadow . :
(Power-to-Liquid) (OxySER) through integration

of DFB plants

Modelling framework for

virtual representations in From Digital Model to

the process development Digital Predictive Twin
environment |

Defossilization of
municipalities

through integration

of RES technologies

Use-case: | Use-case:
Digital Twin Digital Pred. Twin
(Biomass-to-Gas) (Waste incinerator)

LY

e o ek

Fig. 2: Schematic methodology of the doctoral thesis (images visualized in chapter 5 and appendix)
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Introduction and Motivation

The proposed methodology in Paper I is based on several years of domain experience and a
comprehensive literature research about virtual representation frameworks in different industries. The
introduced concept builds a novel modelling framework for virtual representations in the process
development environment of energy technologies. Subsequently, four use-cases of virtual representation
approaches in different development stages with different level of integrations have been investigated.
The Digital Model of a Power-to-Liquid plant in Paper I1 supports the engineering of a pilot plant based
on lab-scale experimental results and literature data. The Digital Shadow in Paper III helps to
investigate the suitability and scale-up of the sorption enhanced reforming process in combination with
oxyfuel combustion for the production of a below zero emission reducing gas for the iron and steel
industry based on pilot-scale experiments. Additionally, two advanced use-cases of virtual
representations have been investigated. In addition to explaining the methodology, Paper I also contain
a use-case for a Digital Twin of a Biomass-to-Gas plant to automate the synthetic natural gas production
process in order to find optimum operation points based on a dynamic simulation model. Paper IV
shows a concept for a Digital Predictive Twin implemented in a hazardous waste rotary kiln incineration
plant to optimize the waste management, plant operation and maintenance. Finally, Papers V and VI
are based on feasibility studies for integrating energy technologies in the energy system supported by
virtual representations. In Paper V, several feasibility studies for integrating dual fluidized bed plants
in different energy sectors in Austria are conducted. Paper VI focuses on developing a novel energy
modelling tool called ENECO,Calc. A large data base with economic and ecologic footprints of energy
technologies allows the user to undertake feasibility studies to find appropriate energy transition
scenarios for any municipality in Austria.
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2 Virtual representations in the energy sector

In this chapter, a literature review regarding virtual representations is conducted to summarize the state
of the art of virtual representations in different industries. Subsequently, different virtual representation
definitions are gathered to compare different industry views on this topic. Additionally, a general
framework at a superordinate level is presented. Furthermore, a virtual representation architecture is
visualized to show different hierarchy levels, plant life-cycle phases and different stakeholders who
could be the virtual representation’ users. Virtual representation properties and applications are collected
to classify different use-cases and digital support tools. Finally, virtual representation challenges are
discussed to point out difficulties within the development progress of virtual representations.

2.1 Definitions of virtual representations

A literature review of virtual representation definitions in literature is crucial for developing an
appropriate modelling framework. In literature, lots of terms are used synonymously. The terms “Digital
Twin”, “Digital Shadow”, “Digital Model”, “virtual representation” and “cyber-physical equivalence”
are often used for general descriptions of digital reflections of physical objects independent on the field
of application [20, 30]. Further phrases like “cyber-physical production system”, “product avatar” or
“virtual testbed” are used for digital reflections of physical objects in specific disciplines [30]. The term
“cyber-physical production system” is applied for the digitization of a manufacturing process, while the
“virtual testbed” aims to describe product development applications [30]. The phrase “product avatar”

is mainly connected with digital reflections of products along the whole product life-cycle [29, 30].

In this doctoral thesis, the term “virtual representation” is defined as the overall expression of virtual
objects mirroring a physical facility [29]. Additionally, there are a lot of different definitions for virtual
representations in the literature, summarized in Tab. 2. The first mention of a Digital Twin was given in
2002 by Grieves and Vickers [31]. Therein, the linkage between physical and virtual entity was
highlighted. In many literature studies, the definition of NASA in 2012, is stated as the first actual
definition of Digital Twins, wherein Digital Twins are realized through the integration of physical
models to mirror the life of the physical facility [32]. Most definitions come from the manufacturing
and product life-cycle management sector [33] and agree that virtual representations are based on a link
between the virtual and physical object. There is also a broad consensus that sensor data from smart
devices and online measurements serve as data input for simulation models. However, the definitions
differ regarding the real-time capability, model fidelity and level of integration. Furthermore, the
applications of virtual representations depend strongly on the considered industry sector. There are
different applications ranging from the monitoring of the current and future states of the physical object
to maintenance approaches. Additionally, no consensus exists about virtual representations' life-cycle
perspective [34]. The level of integration by Kritzinger et al. [20] and the five mandatory virtual
representation dimensions according to Tao et al. [33] will be explained in detail to enable further
classification of virtual representations. [29]

Subsequently, the level of integration according to Kritzinger et al. [20] is introduced. Therein, the terms
“Digital Model”, “Digital Shadow” and “Digital Twin” are connected with specific levels of integration
to enable a classification of virtual representations. In 2021, the levels of integration were extended by
Aheleroff et al. [35] by the “Digital Predictive Twin”, which represents the most integrated stage of
virtual representations.




Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

Virtual representations in the energy sector

Tab. 2: Selection of virtual representation definitions in literature [29]

No. | Year Definition of virtual representation Key points Fle.ld o.f Ref.
application
“The digital twin is a digital informational construct of a Dicital and physical Product
1 2002 | physical system, created as an entity on its own and linked with gs stem lirr)x k}é d life-cycle [31,36]
the physical system.” Y management
“A Digital Twin is an integrated multi-physics, multi-scale,
probabilistic simulation of a vehicle or system that uses the | Best available physical .
2 2012 best available physical models, sensor updates, fleet history, models Acronautics [32,37]
etc., to mirror the life of its corresponding flying twin.”
“The digital twin consists of a virtual representation of a Different simulation
production system that is able to run on different simulation | disciplines and real-time
disciplines characterized by the synchronization between the | data elaboration, enabling .
3 2012 virtual and real system, thanks to sensed data and connected optimization of the Manufacturing [37, 38]
smart devices, mathematical models and real-time data | system behavior within
elaboration.” each life-cycle phase
“Very realistic models of the process’ current state and its Realistic models to .
4 2015 behavior in interaction with the environment in the real world.” | monitor the current state Manufacturing (37, 39]
Virtual su_bstltutes of real—wqud Vobjects consisting of Vv1rtual Virtual substitutes with
representations and communication capabilities making up L .
5 2016 . . . . L . communication Robotics [40]
smart objects acting as intelligent nodes inside the internet of o
X .8, capabilities
things and services.
6 2016 The simulation of E’he physical object itself to predict future | Prediction of future states Manufacturing [41]
states of the system. of the system
The digital tw%n is actu.ally a living model of the‘physwal asset Living model with '
7 | 2018 | ©F system, which contlnua}ly adapts to_operathnal changes continual adaptation to Alrcraft [42]
based on the collected online data and information, and can operational changes maintenance
forecast the future of the corresponding physical counterpart.” P g
“A digital twin is a digital representation of a physical item or
assembly using integrated simulations and service data. The | Multiple sources across
digital representation holds information from multiple sources the life-cycle deliver Product
8 2018 | across the product life cycle. This information is continuously information, enhance life-cycle [43, 44]
updated and is visualized in a variety of ways to predict current decision-making by management
and future conditions, in both design and operational predicting functions
environments, to enhance decision making.”
“A Digital Twin is a set of virtual information that fully | Fully detailed description
9 | 2018 | describes a potential or actual physical production from the | of a physical production | Manufacturing [44, 45]
micro atomic level to the macro geometrical level.” process
A'Dlgltal Tvs{m is a ylrtual instance of a physical syster’n Continually updated Product
(twin) that is continually updated with the latter’s . . .
10 | 2019 . virtual instance along the life-cycle [44, 46]
performance, maintenance, and health status data throughout .
. L. ,, whole life-cycle management
the physical system’s life cycle.
“DT is defined as a digital copy of a physical asset, collecting Collecting of Product
11 | 2019 | real-time data from the asset and deriving information not real-time %yiata life-cycle [47, 48]
being measured directly in the hardware.” management
“Digital twin can be regarded as a paradigm by means of which Support instrument to
12 | 2019 selected online measurements are dynamically assimilated into | guide physical facilities Maritime 48, 49]
the simulation world, with the running simulation model based on dynamic industry ’
guiding the real world adaptively in reverse.” simulation models
“A Digital Twin is a virtual representation that matches the
physical attributes of a "real world" factory, production line,
product, or component in real-time, through the use of sensors, Matching physical
cameras, and other data collection techniques. In other words, attributes of a factory,
13 | 2019 [ DT isa live model that is used to drive business outcomes, and production line or Manufacturing [17,50]
can be implemented by manufacturing companies for multiple | component in real-time
purposes like “DT of an entire facility”, “DT of a production | by the use of live-models
line process within a facility” or as “DT of a specific asset
within a production line.””
“Themes related to the Digital Twin are the decoupling
between physical and cyber entity, the presence and frequency Presence of sensorial
14 | 2019 of sensorial data flows, the use of computer simulation, the data flows and Manufacturin [51]
control of cyber over physical entity, the co-evolution of | co-evolution of physical &
physical and cyber entity as well as the co-existence of and cyber entities
physical and cyber entity.”
“A complete Digital Twin should include five dimensions: Five Digital Twin
15| 2019 physical part, virtual part, connection, data, and service.” dimensions Industry [33]
“A Digital Twin is a virtual representation that matches the Bidirectional data
physical attributes of a "real world" entity, through measured | communication between .
16 2022 values and domain knowledge and features automated physical and virtual Manufacturing [34]
bidirectional communication with that entity.” facility




Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Virtual representations in the energy sector

In Fig. 3, the levels of integration are visualized. Therefore, the Digital Model defines a virtual
representation with offline data-exchange between physical and virtual component [20, 29, 35]. The
Digital Shadow stands for a virtual representation with one-directional real-time data communication
either from the physical to the virtual component or vice versa. A Digital Twin represents virtual
representations with a bi-directional real-time data communication between the physical and virtual
component to realize automation applications. The Digital Predictive Twin defines virtual
representations with predictive modelling and data communication capabilities to realize for example
predictive maintenance applications. [20, 29, 35]

Iy

Physical
component

Physical
component

Physical
component

Physical
component

realtime

realtime
predictive

Virtual
component

Virtual
component

Virtual Virtual

component

realtime
predictive

il

= |

£1 component
I
I

Digital Model Digital Shadow Digital Twin Digital Predictive Twin

Fig. 3: Virtual representation integration levels of concerning data communication [29]
(Reprinted with permission from [35], Copyright 2021 Elsevier)

In addition to the level of integration of virtual representations, the five-dimension (5D) model from
Tao et al. [33] is critical for the proposed methodology and is therefore explained subsequently. In
Fig. 4, the 5D model is visualized. The previously discussed dimensions of the physical and virtual
component are extended by the data management and service dimension as well as the connection, which
represents the linkage of all other dimensions [29, 33]. Therefore, the 5D model approach defines that
each virtual representation consists of a physical and virtual component, data management, service and
connection dimension. In the context of the energy sector, the physical component refers to an
investigated experimental or industrial facility. The virtual component comprises all process simulation
and 3D-CAD models, flowsheets and specifications belonging to the investigated facility. The data
management is responsible for processing and storage of all gathered data. In the service dimension the
foreseen applications or services are realized. For example, decision-making processes and user-
interfaces are placed in the service dimension. Several connections between the mentioned dimensions,
enable the data communication and make up the fifth dimension. [29, 33]

Service

Connection D-S

Data
management

Physical Connection P-V . Virtual
component component

Fig. 4: 5D model for virtual representations concerning a holistic approach [29, 33]
(Reprinted with permission from [52], Copyright 2021 Elsevier)
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Summing up, the raised definitions concerning various industry sectors are used to find an appropriate
novel definition for the development of virtual representations in the process development of energy
technologies. Subsequently, the classification according to the level of integration and the 5D model is
used for the development of a novel modelling framework for the process development in the energy
sector in chapter 5.

2.2 General superordinate framework of virtual representations

Besides the definition of virtual representations, it is important to discuss a general superordinate
framework approach as a basis for the considerations of the novel modelling framework in the energy
sector. In Fig. 5, a general superordinate virtual representation framework including all necessary
modules is presented. Therein, it can be seen that a virtual representation is always based on
measurement data from different sensors of the physical component. The raw measurement data is sent
to a pre-processing module. Afterwards, the pre-processed data is integrated in a simulation module to
evaluate and interpret the sensor data within a plant model. [29, 53]

Sensing module Pre-Processing module Simulation module
Pre-
- Data recording Raw data - Data storage Processed
» Thermocouples - Data cleaning data - Data evaluation
—» e > . ;
» Pressure sensors - Data standardization - Data interpretation
» Others - Data integration
Simulation
data
v
Actuator module Validation module Decision module
- Set actions i
; : ) Command - Check coherence with Decision :
» Manipulative valves ) - Adaption
- —— business rules — L
gl - Conflict management - Optimization
» Others

Fig. 5: Proposed modules within a general superordinate virtual representation framework [53]

The simulation results are used in the decision module to adapt and optimize several operation
parameters in the physical facility. The decisions are sent to a validation module to validate the decision
values according to business rules and plant constraints. After passing the validation module, the
commands are sent to the actuators to set actions. [29, 53]

Furthermore, the proposed virtual representation modules can be realized in different virtual
representation layers. In Fig. 6, the available virtual representation layers are visualized. Therein, it can
be seen that the physical twins and related data acquisition and control instances are located in the field
layer. The edge layer consists of the local computing power in terms of local servers and all user devices,
which are used to interact with the physical twin via the virtual representation. All cloud-based storage,
services and servers for cloud computing are provided in the cloud layer. The field, edge and cloud layer
are connected via the network layer [54], where the data communication is realized. [55]

In the following chapters, possible applications in the energy sector are summarized. Furthermore,
stakeholders and users of virtual representations are described within the reference architecture model
to raise different energy plant hierarchy layers and life-cycle phases. Finally, the most important virtual
representation properties are gathered and challenges in the development of virtual representations
described.
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Fig. 6: Available virtual representation layers within a framework [55]
(own images or licensed from Adobe Stock)

2.3 Applications of virtual representations

For the development of virtual representations, it is essential to first define the foreseen applications.
Therefore, it is important to gather applications of virtual representations in the energy sector. In

Tab. 3, possible applications of virtual representations along the life-cycle of energy plants are listed.
To cluster these applications, 9 subgroups were formed [29, 30]:

Collaboration stands for cooperation and coordination activities to cross-link plant operators
with internal and external stakeholders.

Documentation applications gather all tasks with the goal to reach state-of-the-art process
documentation along the whole plant life-cycle chain.

Simulation and Monitoring tasks support the plant design and commissioning and observe the
process performance by the use of state-of-the-art simulation models.

Evaluation and Verification comprise all applications with the goal of information analysis,
which helps to optimize the process from the design to the decommissioning phase by
implementing sustainability indicators [29].

The Visualization group summarizes all applications using a detailed 3D model as exemplary
design or maintenance assistant.

Planning and Decision making put together all virtual representation applications with the goal
of scheduling, economic and ecologic dispatching as well as proactive action selection services.
Emulation gathers all tasks which use nearly an exact duplication of the physical facility, by
combining the simulation of the process behavior and the illustration of the plant geometry with
the help of emulators like the flight training device for pilots.

Orchestration stands for all applications which fulfill automation tasks from the design to the
decommissioning phase.

Prediction comprises all applications that help to align future tasks more accurately, ranging
from market analysis to predicting the physical entities' plant lifetime and residual value.

9
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Summing up, by the use of virtual representations a lot of application possibilities arise along the plant
life-cycle. The raised application subgroups help to classify possible use-cases, whereby the
requirements for the simulation model and thus the complexity of the virtual representation increase
from collaboration to prediction. In any case, before developing virtual representations, foreseen
applications must be defined in order to be able to align the properties of the virtual representations
accordingly.

For specific applications in various industries, a reference is made to [20, 30, 33, 35-37, 53, 56-58].
Subsequently, the virtual representation architecture is raised to discuss beside the foreseen applications
also possible stakeholders and users of virtual representations.

Tab. 3: Possible virtual representation applications in the energy sector along the plant life-cycle phases [29]

Virtual Construction
. Conceptual . . . . PN Decom-
representation K Engineering and Operation Maintenance | Optimization YorBat]
s, design T missioning
applications Commissioning
Collaboration cooperation .Wlth sgpp!lers, coordination coordination coordination cqllaboranon coordination
experts and inter-divisional . L . with external of reuse and
[17, 48,59, 60] S of suppliers of logistics of supplier .
coordination experts disposal

Documentation
[30, 48, 59, 61]

process life-cycle management for up-to-date documentation

Simulation and . . . real-time . reconfiguration
. assistant for constructive and technical condition .
Monitoring rocess desion and construction performance monitorin and design of reuse
[17,37, 44,59, 62] p g monitoring g reconditioning

Evaluation and
Verification
[17,48, 57, 59]

holistic evaluation of p

rocess design

and construction

quality control

fault diagnosis/
anomaly
detection

holistic
optimization

evaluation of
reuse and
disposal

Visualization
[30, 59]

collision check and
merchandising

construction
assistant

support process
understanding

visualization of
3D model or
servicing plan

merchandising
for reuse

Planning and
Decision Making
[17,37,57,59]

scheduling and support

from design to

commissioning

scheduling of
operation and
utility handling

proactive
services

economic and
ecologic
dispatching

schedule for
plant lifetime

Emulation risk assessment virtual support and training of plant operators and virtual decom-

[59, 61-63] commissioning maintenance engineers missioning
Orchestration automation of process design process n?;t;’tr: r?z:relie aggﬁ?rccﬁd )
[17, 36, 48, 59] and construction automation . X

services strategies
_ e diction of
s . . faul pre .

Prediction demand analysis and cosrtsglee tOicf)n p re?:ll;gll;n of predictive al; tE p 1262;2210 " the physical

[36, 48,57, 59] market prediction pict maintenance phys entities' plant
prediction performance entities lifetime

2.4 Virtual representation architecture

After the definition of foreseen applications, it is important to define possible users and stakeholders of
the planned virtual representation. The reference architecture model in the scope of energy plants gives
a holistic view on energy enterprises hierarchy layers and connected life-cycle perspectives of energy
plants. Therefore, the development of virtual representations shall be based on a clear strategy, which
energy plant hierarchy layers and life-cycle phases have to be addressed. [17, 29]

In Fig. 7, the reference architecture model in the scope of energy plants is visualized. The development
of the reference architecture model for the energy sector is based on the reference architecture model
for industry 4.0 (RAMI 4.0) [17, 64] and adapted versions [35, 59]. Therein, a holistic view on
manufacturing enterprises should help to support digitization initiatives in the industry 4.0 context to
point out a holistic framework for the development of future products and business models [35]. The
adapted reference architecture model for the energy sector comprises the view on different energy plant
hierarchy layers and life-cycle phases as well as virtual representation dimensions to show the variety
of players, which could be addressed within the development and application of virtual representations.
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The energy plant hierarchy layers, which are adapted from [EC 62264 [65], range from the process to
the energy system level. The process level stands for the physical process equipment, where energy
conversion takes place. In the field level, the decentral data acquisition through sensors and signals are
realized. In the control level, programmable logic controller (PLC) pool and control subsystems of the
field level. The overarching process control level, is characterized by the supervisory control and data
acquisition (SCADA) system and the connected human-machine interface (HMI), where the monitoring
and control of energy plants take place. In the operating level, the coordination and supervision of
various energy plants within a company takes place, supported by the manufacturing execution system
(MES) originating from the manufacturing industry [29]. The enterprise level is characterized by the
enterprise resource planning (ERP) system, where the coordination of the main business processes
within a company like staff, resource and budget planning takes place. For the interconnection of
different energy provider, distributor and consumer, the energy system level with the grid infrastructure
has to be addressed. [29, 59]

The life-cycle phases of energy plants range from the conceptual design to the decommissioning phase
[59]. In the conceptual design phase, the general plant layout with the definition of all input and output
streams is realized. The following basic and detail engineering phases are based on the conceptual
design, wherein all documents and specifications for the procurement process are generated. The
construction & commissioning phase ranges from the procurement of equipment to the installation and
first operation of the energy plant to prove if the plant works and all contractually specified performance
figures can be reached. In the operation phase, the plant operator runs the energy plant to produce the
desired product. The maintenance phase stands for the service and replacement of sub-systems to ensure
safe and stable operation. The optimization phase includes the holistic optimization of the energy plant
to improve the plant operation regarding chosen performance indicators. In the last life-cycle phase, the
decommissioning of the energy plant takes place after a certain lifetime. To summarize, the development
of virtual representations should be based on a clear strategy, which energy plant life-cycle phases and
hierarchy layers have to be addressed in which process development stage. Furthermore, these decisions
influence the development framework of all virtual representation dimensions. [29, 59]

Energy plant life-cycle phases

Energy plant hierarchy layers

7. Energy system level (Grid)

6. Enterprise level (ERP)

5. Operating level (MES)

4. Process control level (SCADA, HMI)

3. Control level (PLC)

2. Field level (Sensors, Signals)

1. Process level (Equipment)

Fig. 7: Reference architecture model in the scope of energy plants [17, 35, 59, 64]
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2.5 Properties of virtual representations

In addition to the definition of applications and stakeholders, it is essential to define appropriate virtual
representation properties. Therefore, possible properties of virtual representations have to be discussed.
For the development of a virtual representation modelling framework, it should be clearly defined which
properties in the foreseen application have to be addressed. The Gemini principles give a first overall
guideline, which properties a virtual representation have to fulfil [66]. In a nutshell, the Gemini
principles are guiding that virtual representations have to be developed by considering the following
three overarching objectives [66]:

e Virtual representations must have a clear purpose,
e virtual representations must be trustworthy,
e and virtual representations must function effectively.

For identifying the purpose, it is important to define which energy plant hierarchy layers and life-cycle
phases have to be considered, as mentioned in the virtual representation architecture in chapter 2.4.
Furthermore, the definition of foreseen applications of the virtual representation helps to clarify the
purpose. Trustworthy and functional virtual representations can be developed by integrating high-
fidelity models verified and validated by several domain experts. Further verification and validation
sections should be always integrated in the modelling framework for cross-checking of the virtual
representation results and decisions to ensure the functionality. [29, 66]

Besides the overarching guidelines given by the Gemini principles, further detailed virtual
representation properties from literature are summarized in Tab. 4 [29]. The properties are classified in
16 property classes which are grouped according to the virtual representation dimension focus. Each
property class is defined through three to four property levels, which can be used for the detailed
description of a virtual representation.

First of all, there are four overall property classes defined, which describe superordinate properties of
virtual representations. For example, the vertical integration indicates, the ability to deal with different
energy plant hierarchy layers, as discussed in chapter 2.4. Therefore, it is quite important to define,
whether the foreseen virtual representation should work on the equipment, plant, enterprise or the
overarching energy system level [54]. The interoperability stands for the equivalence of different model
representations, ranging from comparable over convertible to standardized models [67]. The
comparability of different model approaches is a prerequisite for developing trustworthy virtual
representations. The final expansion stage is the standardization of virtual representation building blocks
to ensure an easy adaption of virtual representations due to different needs of various applications. The
flexibility regarding integration or replacement of models is covered by the expansibility [67]. Finally,
the reliability and resilience of the virtual representation can be determined by the functional safety
level, which ranges from the systematic capability for detecting failures to the automated replacement
of faulty building blocks [54]. Apart from the properties concerning the entire virtual representation,
there are individual virtual representation properties for each dimension listed. [29]

The physical component, which represents the experimental facility or industrial plant, can be classified
by the technological scale-up possibility, degree of automation and physical safety. The technological
scale-up possibility enables the classification of processes regarding scalability of all sub-units [68]. The
degree of automation indicates the ratio between manual and automated tasks executed during the plant
operation and maintenance phase. The physical safety can be divided into primary, secondary and
tertiary safety measures [69]. The safety measures range from primary safety measures, summarizing
all measures for preventing hazardous operation condition, to tertiary safety measures, which limit the
impact of incidents. [29, 69]
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Tab. 4: Possible virtual representation properties in the energy sector [29]

hierarchy layers

hierarchy layers

Property levels
Property classes Focus Ref.
Level 0: Level 1: Level 2: Level 3:
Vertical integration Equipment Plant Enterprise Energy system (54, 67]
level level level level
Interoperability Comparable Convertible Standardized [54, 67]
Overall Fixed Adaptabl Al d
Expansibility ixe aptable utomate [67]
layout layout layout
Functional safety Systerrllz%tlc Implement.ed 'Predlctable' Automated (54, 70]
capability redundancies failure analysis replacement
Technological
68,71
scale-up possibility Modular Partly scalable Fully scalable [68, 71]
Degree of automation . Manual Semi-automated | Fully automated [72]
Physical
component : 4
Terti Secondary + | e
Physical safety Yy Tertiary ary [69]
safety measures Tertiary
safety measures
safety measures
Vlrtuafl.representatlon Static Quas1sta'F1c/ Ad-hoc Predictive (73, 74]
capability Dynamic
Virtual representation Virtual Black bOX. . Gray bo?c Whlte box'
fidelit component (macroscopic (intermediate (microscopic [67, 74]
Y P level) level) level)
Virtual representation . Partial Autonomous
. 3,74
intelligence Human triggered Automated Autonomous (self-evolving) (73, 74]
Connectivity mode Manual Uni-directional Bi-directional Automatic [73, 74]
Data integration level Data Manual Semi-automated | Fully automated [60]
management -
Update fi and Yearly/Monthly | Weekly/Dail Hourly/ Imrlne'dlatj 54,73, 74
pdate frequency connection early/Monthly eckly/Daily | . by minute rea —tlme [54,73,74]
event driven
Cybersecurity Role-based Dlscretlonary Mandatory Verified (54, 75-77]
access control access protection | access control access control
Human interaction Smart user devices Virtual and . Smart hybrid [73, 74]
Augmented Reality
Service Multiple without Multiple with
User focus Single interaction of fully interaction [60]
energy plant of energy plant

The virtual representation capability, fidelity and intelligence constitute the virtual component property
classes. The time-dependency of the used simulation models is described with the virtual representation
capability [74]. Static and quasistatic virtual representation capabilities stand for simulation approaches
with time-independent simulation models and input parameters. Dynamic approaches are based on time-
dependent simulation models and input parameters. The difference between dynamic and quasistatic
simulation models is that dynamic models consider changes in previous time steps by feeding time series
of input data to calculate time series of output data while quasistatic models calculate each time step
separately until a steady state is reached. The ad-hoc capability of virtual representations is defined by
the use of current input parameters (live operational data) to enable real-time simulation. The ad-hoc
model can either be based on quasistatic or dynamic behaviour models. The predictive modelling
approach, enables look-ahead applications like predictive maintenance [74]. The virtual representation
fidelity indicates the knowledge of the simulation model about the internal processes and structures such
as geometry, thermodynamic, kinetic or control behaviour [67, 74]. As an example, a simulation model
of a heat exchanger purely based on mass and energy balances can be defined as black box model. If
fouling factors are added to simulate the poorer heat transfer due to deposits, this could be defined as
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gray box model. The additional integration of geometric factors or flow properties to determine the exact
heat transfer could be defined as white box model. Finally, the virtual representation intelligence covers
the ability of automated decision making. [29, 74]

The following four virtual representation properties classify virtual representations in terms of the data
management and connection dimension. The connectivity mode describes the data exchange level
ranging from manual over uni- and bi-directional to automatic data exchange [73, 74]. The automatic
data transmission stands for flexible communication pathways based on predefined rules, which could
be the application of addressing different simulation models depending on operating states. The degree
of automation of the data transmission can be classified with the data integration level [60]. The update
frequency depends on the foreseen application and ranges from a yearly data frequency to a real-time or
event driven data exchange [74]. The term “real-time” is seen very differently in various applications of
virtual representations. In the field of robotics, real-time approaches have to interact within several
milliseconds. In contrast, in the energy sector, very sluggish processes are usually observed, which
means that second-by-second data transmission often is more than adequate. In the context of the update
frequency, topics like latency, jitter, throughput and bandwidth have to be considered. More details can
be found in [54]. Finally, the cybersecurity property should be addressed within the data management
and connection dimensions to implement protection features against unauthorized access [77]. In
addition to authorization and verification, the cybersecurity should also focus on the topic of
cryptographic protection. [29, 54]

The virtual representation service dimension can be classified by two further properties. The human
interaction describes the control possibilities for users exemplary via smart user devices or virtual and
augmented reality glasses or a mix of both (smart hybrid) and the user focus implies the amount of users
in different hierarchy layers. [29, 60, 74]

In summary, the presented properties for virtual representations give the possibility to define
requirements for future applications or to classify and compare existing virtual representations.
However, it should be explicitly mentioned that the order of the levels does not provide any value
judgement on the quality of virtual representations, since every application has different requirements.
Therefore, often lower property levels in various dimensions are sufficient.

2.6 Virtual representation challenges

For the development of suitable virtual representation frameworks, it is important to adress beside the
foreseen applications, stakeholders and properties, potential problems and challenges. Possible
challenges have to already be discussed in the concept phase. The main challenges for the development
of virtual representations in the energy sector can be summarized very well by referencing to
Chen et al. [36], Singh et al. [61], Sharma et al. [78] and Juarez et al. [53]. Chen et al. summarized that
most of the challenges can be classified as time-, safety- or mission-critical [36]:

Time-critical challenges:
o  Checking of data resolution, quality and latency [36] =» should be reconciled with the foreseen
application

e Use of a stable high-fidelity two-way data connection [36, 78] =» a reliable data connection is
the most important aspect within the development of virtual representations — for critical
applications, backup solutions should step in during outages

Safety-critical challenges:
e Decoupling of control system and virtual representation [36] = control system of plant should
be controllable at any time, independent of virtual representation, to ensure manual intervention
in case of failures
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Cybersecurity safety measures [36, 61, 78] =» data privacy, confidentiality, transparency and
ownership of data must be guaranteed at all times - additionally, clearly defined access controls
must be in place at various hierarchy levels

Mission-critical challenges:

Use of standardized data interfaces and communication protocols [36, 53, 61, 78] = The
consolidation of heterogeneous software tools and equipment requires the use of standardized
interfaces — use of standardized data interfaces enables the development of exchangeable
modelling blocks — standardized virtual representation framework with exchangeable modelling
blocks enables quick adaptation with regard to in-house changes of standards or software tools
or the use of the models for other applications

Use of simulation models which are robust and valid for a wide range of operation points and
applications [36] =» to cover a wider operating range, several models can also be used depending
on the operating condition

Parametrization of simulation models should be fast and user-friendly [36, 78] = quick
intervention in different types of drifts (model, concept and data drift) must be possible — if
changes are predictable or can be estimated, adaptive modelling techniques can also assist

Periodic verification and recalibration of whole measurement equipment [29, 36] = virtual
representations rely on trustworthy measurement data — therefore, continuous verification and
recalibration of measurement equipment is indispensable to avoid sensor drifts

Consideration of inconsistencies between physical and virtual system [36] =» emerging
deviations between model predictions and reality must be taken into account — compensation
calculations based on the knowledge of measurement inaccuracies or disturbance values can
help — if necessary simplified back-up models (e.g. black box models) are also conceivable

Keep simulation models as simple as possible according to the desired application [36, 61]
= model complexity must be in line with application to save computational costs — reduced
order modelling can help

In the course of the development of virtual representation frameworks, the summarized challenges must
be addressed in order to avoid operation breakdowns and thus high costs. After defining future
applications, stakeholders and properties for the virtual representation and identifying potential
challenges in advance, the next chapter will focus on process development.
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3 Evaluation and Verification of process development

Many energy technologies have already been developed to commercial maturity, such as thermal
combustion of biomass or waste, as well as solar PV and wind turbines. Nevertheless, there is still
potential for optimization, especially through the interaction with virtual representations. However, in
order to achieve climate neutrality in 2050, new renewable technologies must also be researched in order
to drastically reduce greenhouse gases as quickly as possible.

For the assessment of the physical development progress of energy technologies, the Technology
readiness level (TRL) has been introduced. In analogy, the Modelling readiness level (MRL) was
proposed by Miiller in the year 2022 [29, 79] for virtual representations. Additionally, sustainability
indicators are summarized in this chapter to evaluate and compare different energy technologies along
the process development. Furthermore, the sustainability indicators help to verify the optimization
potentials by using virtual representations.

3.1 Technology vs. Modelling readiness level

The process development of energy technologies from concept to commercial scale is defined by the
TRL, which was first introduced and used by NASA [80] for the development within the aerospace
sector. The TRL scale comprises 9 levels which are shown on the top in Fig. 8. The first development
steps of an energy technology are characterised by TRL 1, which means that the basic technological
principles have been scientifically proven. Commercialization of energy technologies can be said to
have succeeded when the system has been proven in the operational environment, which is characterized
by TRL 9. Additionally, TRL 1-3 can be summarized as the concept and lab scale phase. Pilot plants
are used within TRL 4-5. The following phase from TRL 6-7 is accompanied by a demonstration plant.
Finally, TRL 8-9 are put together as the commercial scale phase. [29, 79]

. - . . . . . \© .
\ TRL1: TRL2: TRL3: 1\ TRL4A: ' TRL5: TRLE: TRLZ: O\ TRLS: ‘\\‘\ TRLY:
; basic \\  technology \\ core system \‘\\‘-.\ technology '\\\ technology '\ technology '\  prototype \\ system A\ system proven
principles concept ) ) experimentally by validated \j' validated in >> demo ;> demoin );  complete , in operational ‘
scientifically //  formulated /) proven '/:‘ in laboratory ,/: relevant /»’t/' in relevant ’,’ operational ” and certified // environment f.-’
proven ;x:« P /:;." /"/‘ environmem_/'/ environment{. environ ment‘_;‘:_-’ N ‘/.-
concept . : ;
PL, ‘ pilot plant demonstration plant commercial plant ‘

lab facility

b

MRL1: \\ MRLZ: MRL3: MRL4: \\ MRL5: \\ MRL6:

\ \ \] N & MRLZ: MRLE: \\ MRL 9:
\ operation & \\ model \\  integrated \\  pilotplant \\  pilotplant ' evaluationof \\  virtualind. \\ commercial \\ platform
\ performance \\ development '\ modellibrary \\  model Y\ model Vo utilities& -\ plant available \yooplantvalid. Y based \
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/ 1/ 1/ 1/ 4 1/ completed // // // {

Fig. 8: Technology and modelling readiness level for the evaluation of the process development progress [29]
(own images or licensed from Adobe Stock)

The virtual representation is characterized by the MRL, which also is visualized at the bottom of Fig. 8.
In analogy to the TRL, the MRL also ranges from 1-9. Thus, the MRL proposes that within the concept
and lab scale phase of MRL 1-3, the operation & performance indicating equations should be raised and
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integrated in a simulation model. As a consequence, an integrated model library for the investigated
energy technology is available and helps by the validation of test series within the lab scale facility.
Subsequently, from MRL 4-5 the virtual representation should be adapted according to the pilot plant
phase. In contrast to the lab facility, the pilot plant already comprises all main process units. In the lab
facility, only the core process unit is typically investigated. Therefore, within MRL 4-5, the simulation
model has to be enlarged by all main process units and validated with experimental data from pilot plant
test runs. In the demonstration plant phase, the virtual representation has to reach MRL 6-7.
Demonstration plants are characterized as a first prototype in an operational environment, which means
that all production steps beginning from utility logistics up to product logistics are in place. Thus, for
the first time the virtual representation can analyse the complete process chain through sustainability
indicators based on experimental campaigns. Consequently, all the plant documentation in form of the
3D model and specification sheets as well as the accompanying simulation model are henceforth
available as an integrated Digital Twin. In the final commercial plant phase from MRL 8-9, the existing
plant documentation and simulation model are validated and evaluated with operational data from
commercial plants over a longer period. As a result, the virtual representation is ready for the platform-
based implementation, monitoring & sharing to ensure a knowledge transfer to all subsequent
commercial plants. [29, 79]

For the best possible support within the development process of energy technologies, Miiller proposed
that the MRL should always be one level ahead to predict the future behaviour of energy technologies
and therefore the virtual representation helps to design plants of the next development stage. [79]

3.2 Sustainability indicators in the energy sector

In addition to the TRL and MRL, the sustainability indicators help to evaluate the performance of energy
technologies. Furthermore, a comparison of different energy technologies becomes possible and the
optimization potential of energy technologies through the integration of virtual representations can be
quantified.

In Tab. 5, selected sustainability indicators are summarized [29]. The sustainability indicators are
divided into four groups. In the first group, all the technical indicators are gathered to describe the
performance of a plant regarding conversion rates, efficiencies, lifetime and availability. [29]

The second group represents the environmental indicators, which are classified into the air, soil, ground
and water conditions, natural resources, utility consumption and waste production. A detailed
investigation of environmental indicators is only possible through life-cycle assessment (LCA). Further
details regarding LCAs especially in terms of fundamentals, requirements, frameworks and guidelines
can be found in DIN EN ISO 14040 [81], DIN EN ISO 14044 [82] and others e.g. [29].

In addition to the technical and environmental indicator group, the economic indicators are gathered.
Therein, the levelized production costs (LCOP) compares the amount of product produced to the cost of
investment, operation and maintenance over a given plant lifetime. Therefore, the LCOP helps to
compare and evaluate different renewable energy technologies regarding economic viability.
Additionally, the operating cash flow, the net present value, the payback time, the return on investment
and the gross domestic or regional product are further economic indicators to evaluate the performance
of energy technologies. [29]

The fourth group summarizes all social indicators. Therein, all parameters are collected that can quantify
the direct impact on humans. Listed examples are the human toxicity or the job creation potential [29].
After explaining the basics of virtual representations and highlighting the specifics of process
development, in the following chapter the investigated energy technologies are explained.
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Tab. 5: Selected sustainability indicators for the evaluation of energy technologies [29]

Sustainability indicators Unit Description Ref.
Measuring the performance of a reactor or plant by
Conversion rate** % observing the converted amount of a specific [71,83]
2 compound during a reaction.
§ Measuring the performance of a technology by
= | Energetic efficiency % comparing the energy content of [84]
& input and output streams.
o -
8 . . o Measuring the performance of a technology by
B Exergetic efficiency % considering the irreversibility of a process. [83]
>3
& | Plant lifetime a Measuring the usable period of a plant. [84]
Plant availabilit FLH/a Measuring the degree of utilization per year of a reactor (84, 86]
¥ or plant by referring to an operation at nominal power. ’
Global warming potential Measuring the insulating effect of greenhouse gases in
(c.g., CO,, CH & II\)I 0, ctc.) kg CO,-eq/FU* the atmosphere preventing the earth from losing heat [87-93]
£, 002, L, TR0, Cle. gained from the sun.
.5 o . . Measuring emissions resulting in acid rain, which harms
g éc1d1§1]c(z)1t10§ Opoteetrclt;al g SO,-eq/FU* soil, water supplies, human and animal organisms, [9807_’9828],
2 £ NP DU €1C. and the ecosystem.
.2 ; ;
% Groupd air quality kg PM,p-eq/FU* Measuring gaseous and solid emissions which affect the [87, 88,
g (particulates, photo- ke NMVOC/FU* d level at h 90-92,
M chemical oxidants) £ ground fevel atmosphere. 94]
Measuring the depletion of the ozone layer in the 87, 88
Ozone-depleting potential kg R-11-eq/FU* atmosphere caused by the emission of e.g., chemical 90:92]’
foaming and cleaning agents.
Measuring concentrations of nitrates and phosphates,
“ o @ Lo 2 % which can encourage excessive growth of algae and -
E & 5 Eutrophication g PO-eq/FU reduce oxygen levels within freshwater [88-92]
g g —g and marine water.
E go S Measuring the potential for biological, chemical or
= — 8 | Ecotoxicity kgl,4-DB-eq/FU* physical stressors within freshwater, marine [90, 92]
E 3 g or terrestrial ecosystems.
ater consumption g H, easuring the amount of consumed process water. —
E % i kg H,O/FU* Measuring th f d [87-90]
=] .
=
E Egﬁ?ﬁgpi?:;g_yfossﬂ MJ/FU* Measuring the total fossil energy demand of a process. [93,95]
5 =
'% Primary energy MJ/FU* Measuring the total renewable energy demand [93, 95]
g consumption - renewable of a process. ’
§ 5 Electricity consumption kWh./FU* Measuring the total electricity demand of a process. [87,93]
] -
= I s o Measuring the amount of carbon converted from the [83,
= é Carbon utilization factor % fuel to the product within a process. 96, 97]
:; Q Measuring the over-extraction of minerals, fossil fuels 87
§ & | Abiotic depletion kg Sb-eq and other non-living, non-renewable materials which .
52 can lead to the exhaustion of natural resources 88,90]
o 3 -
P
E < | Wastewater amount kg H,O/FU* Measuring the amount of produced wastewater. [87]
<
é Solid waste amount kg ash/FU* Measuring the amount of produced disposable waste. [87]
“ Land use mYFU* Measuring the amount of land needed for the [87, 90]
construction of a plant. i
Measuring the price that would need to be charged per [28, 91
Levelized production costs EUR/FU* functional unit to achieve a net present value of zero 98—’1 OO’]
for an investment.
» . Measuring the profit/losses generated over a specific [28, 98,
E Operating cash flow EUR/a time period during regular operation. 100, 101]
]
= Evaluates the technology investment by considering [28, 98,
E Net present value EUR the time value of money. 100, 101]
9 . . .
= . Measuring the time required for return of the technology [28,
g Payback time a investment by revenues. 98, 102]
s - - -
S . o Measuring the return of an investment by comparing
= | Return on investment % profit and investment, [101]
. . Measuring the added value created through energy
%%SIS, /((i}ofr{l;e)snc/reglonal product EUR provision in a country (GDP) or considered region [87,103]
(GRP) within a certain period.

a .. Measuring the quantity of substances emitted to the [87
— _DB- * >
E ‘3 Human toxicity kgl.4-DB-eq/FU environment that harm humans. 89-92]
3 fé Job creation _ Measuring the number of jobs created by (87, 103]

& the erection of a new plant. ’

* FU: functional unit

(quantifiable description of the product function that serves as a comparable reference basis for all calculations) [81, 82]

** specific parameter for carbon-based technologies
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4 Fundamentals of investigated energy technologies

Within this doctoral thesis, several use-cases of virtual representations as digital support tools for energy
technologies are investigated. In this chapter, the underlying fundamentals of these energy technologies
are presented. In Fig. 9, the technology portfolio of this doctoral thesis is visualized. Therein, the
investigated process routes are sketched:

e Hazardous waste incineration

Residuals and waste from industry and municipality can be converted via thermal combustion process
to hot flue gas. The hot flue gas is cleaned in several gas cleaning steps and the flue gas heat is used
within a waste heat recovery boiler (heat exchanger system) to produce superheated steam. The
superheated steam is converted within a steam turbine to district heat and electricity. [104]

e Biomass-to-Gas

The Biomass-to-Gas (BtG) process is based on a fuel flexible dual fluidized bed (DFB) gasification
process for the thermo-chemical conversion of biomass to product gas. In the fluidized bed gasification
system, a variety of residuals and waste from industry and municipalities as well as nearly all other types
of residuals and energy crops from agriculture and woody biomass can be used [105, 106]. The generated
product gas passes through several gas cleaning and cooling steps to reach syngas quality. The following
methanation step converts the clean product gas, which is called syngas, to raw synthetic natural gas
(raw-SNGQ). In further gas upgrading steps, undesired gas components are removed to produce the final
product, which is called synthetic natural gas (SNG). The resulting SNG fulfills the required gas quality
and can be fed to the Austrian gas grid. [83]

e Biomass-based production of reducing gas via OxySER process

The OxySER process also uses the same DFB gasification system for the production of the product gas.
The difference lies in the bed material used and the operating conditions. If limestone is used instead of
olivine and the gasification temperature is decreased, a H,-enriched product gas can be produced in the
so-called sorption enhanced reforming (SER) process [98, 107]. The H-enriched product gas, is
favorable for several synthesis processes or the production of H,. The product gas is further cleaned,
cooled and used in this setup as reducing gas for the iron and steel industry. The necessary heat for the
gasification process is provided by a coupled combustion reactor, where pure oxygen is used instead of
air as oxidation agent, which allows the production of nitrogen-free flue gas, which is called oxyfuel
combustion. The produced flue gas mainly consists of CO, and can be used for carbon capture and
utilization (CCU) applications or stored in underground deposits (CCS). [98, 107, 108]

e Biomass-to-Liquid

The Biomass-to-Liquid (BtL) process is in analogy to the BtG process based on the DFB gasification
process with subsequent gas cleaning and cooling steps. Instead of a methanation process, the clean
syngas is converted within a Fischer-Tropsch (FT) reactor into FT syncrude. The FT syncrude consists
of FT waxes, FT diesel, FT naphtha and further short-chain hydrocarbons. The short-chain hydrocarbons
together with the unconverted gas (mainly H,, CO and CO»), which is together called tail gas, is reformed
and recirculated before the FT reactor. In further product upgrading steps, the FT waxes are
hydrocracked to increase the yields of FT naphtha and FT diesel. The FT diesel fraction is further
upgraded in a hydrotreater to fulfill the legal requirements for synthetic diesel. The by-product
FT naphtha is further upgraded within a refinery. [109—113]

e Power-to-Liquid

The Power-to-Liquid (PtL) process is based on the electro-chemical conversion of carbon dioxide (CO»)
and water (H20) to syngas (co-electrolysis), which is in chemical terms similar to the syngas from the
biomass gasification process. The CO, used in the PtL process can come from a variety of sources.
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However, renewable CO; sources like biogas or biomass power plants are preferable. For the electro-
chemical conversion, a co-electrolysis unit is used, which is able to simultaneously convert CO, and
H,O to hydrogen (H:) and carbon monoxide (CO). Thereby the required H,/CO ratio for the following
FT synthesis process can be adjusted. The resulting FT syncrude is further upgraded within a refinery.
[114, 115]

In the following subchapters, the fundamentals of the underlying key technologies for the investigated
process routes are explained in further detail.
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Fig. 9: Technology portfolio of doctoral thesis (own images or licensed from Adobe Stock)

4.1 Thermal combustion of hazardous waste

The overarching goal in thermal-combustion processes is to convert the chemical energy of the solid
streams as efficiently as possible into heat. The combustion process passes through various stages,
whereby the solid streams are first heated and the resulting conversion products are subsequently
oxidized. In the first stage, the solid streams are endothermically dried and heated up to 200°C. Therein,
the free and bound water in the cells is removed. In the following endothermic pyrolytic decomposition
phase between 200-600°C, the organic macro molecules from the dry solid streams are broken up. As a
consequence, molecule fragments in the form of volatile compounds are released. The emitted volatile
compounds enclose the solid fuel and prevent contact with the surrounding gas atmosphere. Therefore,
not the entire fuel is volatilized and char and ash are produced during the pyrolytic decomposition phase.
If the thermo-chemical conversion process is interrupted at this point, it is referred to as pyrolysis [116].
After the pyrolytic decomposition phase, the endothermic gasification phase takes place between
600-1000°C. Here, the char is partly oxidized by a limited supply of air or oxygen. In the gasification
reactions, the char is converted into a flammable gas, called product gas, that consist of compounds such
as carbon monoxide (CO) and hydrogen (H,). If the thermo-chemical conversion process is interrupted
at this point, it is referred to as a gasification process. In the final oxidation phase, the intermediate
products of the previous stages are completely oxidized. Therein, the energy content of the oxidized
components is released in form of heat. Therefore, the oxidation phase is an exothermic process, which
covers the heat demand for the previous thermo-chemical conversion stages. At the end of the oxidation
phase, the occurring flue gas mainly consists of oxidation products carbon dioxide (CO,) and water
(H20). The discussed thermo-chemical conversion stages can take place under different operating
conditions and gas atmospheres. Furthermore, the individual stages can also proceed spatially separated
one after another. If all stages are passed through, the process is called thermal combustion. [98, 116]
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In terms of thermal treatment of hazardous waste fractions, the thermal combustion helps to decrease
the amount of deposited waste [117]. In case of thermal waste treatment, the thermo-chemical
conversion process is based on atmospheric oxygen (air) [118, 119]. Hazardous waste streams can either
be solids or liquids. The thermal conversion process of solid waste streams is initiated through heating,
while the conversion of liquid waste streams is started by vaporization and exceeding the ignition
temperature within the presence of a spark [104]. To reach complete combustion conditions, enough
temperature, turbulence and residence time is required [119]. Furthermore, the amount of atmospheric
oxygen fed to the combustion chamber is important. Too large amounts of excess air cause a decrease
of the combustion temperature, which negatively effects the efficiency. On the other hand, lack of air
results in incomplete combustion [104, 119]. Further details to fundamentals of thermal combustion can
be found in [118-120].

In addition to the criteria for achieving complete combustion, it is necessary to select the correct reactor
type depending on the fuel. In the field of hazardous waste incineration, rotary kilns are often used
because of their flexibility. In the following, the basics of the rotary kiln are briefly described, since it
is investigated in the current work for hazardous waste incineration. In Fig. 10, a 3D visualization of a
hazardous rotary kiln incinerator can be seen. There are several feeding options located in the front wall.
With hospital waste and the so-called direct barrels, two different kinds of barrels can be fed to the rotary
kiln. Furthermore, bunker waste can be transferred from the waste bunker via a crane into the feed
hopper and then conveyed into the rotary kiln. Additionally, a front wall burner is installed for the
thermal combustion of waste oil and lances for the thermal treatment of solvent mixtures. Primary air is
blown into the rotary kiln through the front wall together with the various waste streams. Subsequently,
the released flue gas is post-combusted in a post-combustion chamber under the supply of enough
secondary and tertiary air to ensure complete combustion. The wet deslagger at the bottom of the post-
combustion chamber is responsible for the removal of ash and slag. Subsequently, the hot flue gas is
used to produce superheated steam in the waste heat recovery boiler. Finally, the superheated steam is
fed to a steam turbine for producing electricity and heat. The cooled flue gas is cleaned in several gas
cleaning steps to fulfill all the legal emission guidelines. [104, 118]
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Fig. 10: 3D visualization of the hazardous waste incineration plant in Vienna at Simmeringer Haide [104]
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4.2 Fluidized bed gasification of biomass and waste

In the previous chapter, the fundamentals of thermo-chemical conversion of biomass and waste were
explained. The thermo-chemical conversion of biomass and waste can either be done directly via a
complete oxidation as it is the case in the thermal combustion process or indirectly via intermediate
stages to produce a secondary energy carrier. Gasification is an example of indirect thermo-chemical
conversion, in which the biomass or waste is first heated and then converted into a combustible gas,
called product gas, through several solid-gas and gas-gas reactions with an oxidizing agent. [98, 116]

Different concepts and technologies are available for gasification like the fixed-bed gasifier, fluidized
bed gasifier and the entrained-flow gasifier. At TU Wien, the DFB gasification technology has been
researched for several decades. Therefore, the gasification-based technologies in this thesis are all based
on the DFB technology, which is discussed in more detail below [100, 105, 106]. In Fig. 11, the concept
of DFB gasification is visualized. As can be seen, the technology is based on two fluidized bed reactors.
In the gasification reactor, the drying and heating, pyrolytic decomposition and the gasification of
biomass or waste take place in the presence of the gasification and fluidization agent steam at
temperatures between 800-850°C. In the gasification reactor, product gas is released with the main
components being hydrogen (H»), carbon monoxide (CO), methane (CH4) and carbon dioxide (CO>).
Further components are longer chain hydrocarbons like ethane (C2He) and propane (CsHs), water (H,O)
as well as impurities like hydrogen sulfide (H»S), ammonia (NH3), hydrogen chloride (HCI), dust, char
and tar. The product gas can be subsequently cooled and cleaned and further used for synthesis
processes. The necessary heat for the endothermic gasification reactions is provided by the hot bed
material, olivine, which is circulated between the two reactors. From the gasification reactor, the
remaining char is transported together with the bed material to the combustion reactor. Therein, char is
combusted under the presence of the oxidizing fluidization agent air at temperatures between 900-
950°C. If required, additional fuel, like recirculated product gas, can be added to obtain the desired
temperatures in the gasification reactor. Most biomass and waste types contain sufficient amounts of
fixed carbon to provide the necessary amount of heat in the combustion reactor. In the combustion
reactor, the bed material temperature is increased through the exothermic combustion reactions. Thus,
the hot bed material can be transferred back to the gasification reactor to provide the necessary heat for
the gasification process. In the combustion reactor, flue gas similar to a thermal combustion process is
produced, which is also further cooled and cleaned. [105, 106, 116]
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Fig. 11: Concept of dual fluidized bed gasification
(Reprinted with permission from [107], Copyright 2019 Elsevier)

Steam

The DFB gasification can be undertaken in different gasification modes. Different operation modes can
be set by changing temperatures, bed material and fluidization agents in both reactors. In Fig. 12, the
concept of sorption-enhanced reforming (SER) in combination with oxyfuel combustion (OxySER) is
visualized as it is used in one of the use-cases in this thesis. In contrast to the classical DFB gasification,
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limestone is used as bed material instead of olivine. Further, the gasification temperature is decreased
to 600-700°C by cooling the bed material between both reactors. Additionally, the bed material
limestone is not only used as a heat carrier but also as a CO; carrier. At lower gasification temperatures
between 600-700°C, carbonation reactions take place. The calcium oxide (CaQO) reacts with carbon
dioxide (CO) in the gasification reactor to form calcium carbonate (CaCOs), which is transported to the
combustion reactor. At high temperatures of about 880-980°C in the combustion reactor, the calcination
of limestone takes place by producing again CaO and releasing CO,. The combustion reactor is
additionally operated in oxyfuel mode, which means that instead of air as fluidization agent, pure oxygen
is used to produce a nitrogen-free flue gas. For combustion temperature control, flue gas is recirculated
and cooled to reduce the inlet oxygen concentration. In comparison with the conventional dual fluidized
bed steam gasification process, in the SER mode a H-enriched product gas can be produced.
Furthermore, selective CO; transport from the gasification to the combustion reactor and further to the
flue gas is achieved. Additionally, the OxySER operation mode enables, the production of a nitrogen-
free flue gas with high CO, concentrations above 90 vol.-%gry. [98, 107, 108]
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Fig. 12: Concept of sorption-enhanced reforming in combination with oxyfuel combustion
(Reprinted with permission from [107], Copyright 2019 Elsevier)

4.3 Solid-oxide electrolyzer operating in co-electrolysis mode

Another option to produce syngas for synthesis processes is the electro-chemical conversion. Various
electrolysis technologies are available, whereby a distinction is made between low-temperature and
high-temperature electrolysis. Low-temperature electrolysis mostly works with temperatures below
100°C. The most common technologies are the alkaline water electrolysis and the proton exchange
membrane electrolysis. In contrast, high-temperature electrolysis works with temperatures up to
1000°C. In Fig. 13, the differences between both electrolysis modes are visualized by the composition
of the total energy demand as a function of the operating temperature. The total energy demand for
electrolysis is nearly independent on the operating temperature and is composed of heat and electricity.
While almost the entire energy requirement for low-temperature electrolysis must be provided by
electricity, the energy requirement for high-temperature electrolyzers can be shifted to heat as the
operating temperature increases. Shifting energy demand from electricity to heat can help if excess heat
is available from surrounding processes. [115, 121]

For high-temperature electrolysis, the solid-oxide electrolyzer (SOEC) is particularly noteworthy.
Electrolyzers of this type are operated at temperatures of 800-900°C and are based on catalyst systems
with dispersed nickel in an yttria-stabilized zirconia framework [122]. Another advantage is that at
higher temperatures, beside H,O, CO- can also be converted within the electrolyzer unit, which is called
co-electrolysis. In Fig. 14, the concept of a SOEC unit is visualized. Therein, it can be seen that through
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the provision of electrons H>O and CO; can be converted to H> and CO at the cathode. Additionally, the
reverse water-gas-shift reaction is active to support the production of CO out of H, and CO». According
to Wang et al. [123] nearly the whole produced CO amount is attributable to the reverse water gas shift
reaction. The oxygen ions released at the cathode are transported to the anode by the solid electrolyte.
The oxygen ions are oxidized at the anode to gaseous O,. [115, 121, 123]
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Fig. 13: Composition of total energy demand in electrolysis as a function of the operating temperature [115]
(Reprinted with permission from [121], Copyright 2020 Elsevier)

The solid-oxide electrolyzer in co-electrolysis mode is able to produce syngas with the desired H./CO
ratio for the subsequent synthesis process. The H»/CO ratio from the produced syngas is mainly
influenced by the ratio of feed mass flow rates of H,O and CO,, whereas the affects according to the
cell operating conditions are negligible. The total power demand of SOEC units is between
3.2-3.7 kWhe/Nm®y, depending on the literature source. [115, 124, 125]
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Fig. 14: Concept of a solid electrolysis cell on co-electrolysis mode [123, 126]
(Reprinted with permission from [123], Copyright 2017 Elsevier)
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4.4 Gas cleaning and cooling

The flue gas and product gas out of the different thermo-chemical conversion steps must be purified in
several gas cleaning steps in order to be released to the environment in the case of flue gas or to be
further processed in synthesis processes in case of product gas. Furthermore, purification and treatment
of CO, from various renewable and fossil sources is also required, to meet the requirements for electro-
chemical conversion. Additionally, heat exchangers are necessary to adapt temperature levels between
different process units accurately.

Particle separation units are necessary for the separation of solid particles from the product or flue gas
depending on the particle size, size distribution and number of particles. According to the different
functions of particle separation, a distinction is made between cyclones, filtering separators and electro-
static precipitators. Further details to particle separation can be found in [116, 127-130].

In gas scrubbers, a scrubbing liquid, the so-called absorbent, is used to remove contaminations, the so-
called absorptive, from gas streams. A wide variety of adsorbents are available to remove different kinds
of absorptives. Further details to gas scrubbing can be found in [116, 127, 131].

In adsorption, gas molecules are physically bound to the surface of an adsorbent by means of van der
Waals forces, dipole forces or chemical reactions. For the continuous operation of adsorption columns,
an interplay between adsorption and desorption must take place in order to be able to separate the
impurities from the adsorbent again and thus regenerate them. Further details to adsorption can be found
in[116, 127, 132].

In nearly every energy plant, heat exchangers are necessary to adapt temperature levels between process
units or for heat recovery. The selection of the most suitable heat exchanger type depends on the
operating pressure and operating temperature, temperature difference between both mediums, corrosion,
leakage and safety aspects, phase change, costs and space requirements. Further details regarding heat
exchangers can be found in [127, 133].

4.5 Gas utilization

From thermal combustion, hot flue gas is produced, which is used for the production of superheated
steam in a waste heat recovery boiler. The superheated steam is fed to a steam turbine for the production
of heat and electricity. The cleaned syngas from the fluidized bed gasification process and the syngas
after the electro-chemical conversion is suitable for different kinds of synthesis processes. The most
important key figure in case of synthesis processes is the ratio between H, and CO. Different syngas
compositions are advantageous depending on the synthesis application. The synthesis processes
methanation and FT synthesis are described in more detail below. However, the syngas would also be
suitable for other syntheses such as methanol synthesis.

4.5.1 Steam turbine

In the steam turbine, the superheated steam is expanded without heat exchange to the environment in
order to produce heat and electricity. The incoming steam drives turbine blades, which drive the turbine
shaft and generate electricity through a generator. The most simplified model for the description of
steam power processes is the Clausius-Rankine process, where the following process steps are
determined [116, 127, 134]:

e Isentropic expansion of steam in steam turbine

e Isobaric and isothermal liquefaction of steam in condenser

e Isentropic compression of water in feed water pump

e Isobaric heat exchange with the working fluid in the steam generator and superheater
(waste heat recovery boiler)
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The efficiency of steam turbines is determined by the temperature levels of the heat input and output.
Thus, the efficiency can be influenced by an increase of the pressure and temperature level of the
superheated steam, a decrease of the condenser pressure level, intermediate superheating of steam and
regenerative feed water preheating. Steam turbines are built in radial and axial designs, whereby radial
steam turbines are only used for smaller power ranges. [116, 127, 134]

4.5.2 Methanation

In the methanation process, the cleaned syngas is converted in a methanation reactor to mainly methane.
For this process, a Ho/CO ratio of 3:1 is favorable. If enough hydrogen is available, CO; can also be
converted to methane in addition to CO. The reactions that take place are strongly exothermic and occur
in the presence of a catalyst. The most common type of catalyst is nickel-based. The reactions occur
between 200-650°C and at pressure levels between 1-80 bar. Available reactor types are fixed-bed,
fluidized bed or bubble column reactors. Due to the exothermic reactions, all reactor types are
constructed to dissipate the reaction heat to protect the catalyst and to shift the reaction equilibrium to
the product side. Fixed-bed reactors are usually designed with multiple stages in order to dissipate the
reaction heat by intermediate cooling stages. In contrast, the fluidized bed methanation reactor design
enables a simpler heat extraction and therefore a nearly isothermal operation. Furthermore, fewer
methanation stages are necessary to achieve high methane contents. Experimental investigations by
Bartik et al. [135, 136] showed that methane contents of > 70 vol.% can already be achieved with only
one fluidized bed methanation stage for stoichiometric gas compositions. The resulting raw synthetic
natural gas (SNG) needs to be upgraded after methanation to meet feed-in requirements [137]. In any
case, the CO,, H,O and possibly H, must be separated for this purpose. [83, 116, 127, 138]

4.5.3 Fischer-Tropsch Synthesis

The cleaned syngas can also be used for the production of FT products. For the FT synthesis, a H,/CO
ratio of 2 is favourable, which is lower compared to methanation processes. In FT synthesis, paraffines,
olefins and oxygen compounds are produced, whereby mostly straight-chain hydrocarbons (alkane) are
formed in different chain lengths. A large number of reactions take place simultaneously and the
resulting FT product distribution is determined by the operating conditions and the catalyst used.
Typically, iron-, nickel-, cobalt- or ruthenium-based catalysts are used for the FT synthesis. The
reactions take place at temperatures between 200-350°C and a pressure range of 10-40 bar. Higher
temperatures are favourable for the production of short-chain hydrocarbons. Higher pressure levels
increase the conversion rates. Depending on the temperature level, the synthesis processes are divided
into low temperature Fischer-Tropsch (LTFT) and high temperature Fischer-Tropsch (HTFT) processes.
The easiest model for describing the FT product distribution is the Anderson-Schulz-Flory (ASF)
distribution. The ASF model describes the FT product distribution by defining a chain growth
probability, which is dependent on the operation parameters, the reactor type, the syngas quality and the
catalyst. Typical chain growth probability values are in the range between 0.8 and 0.9. Low values
favour the production of short-chain hydrocarbons and high values the production of long-chain
hydrocarbons. In case of an average chain growth probability of 0.85, mostly naphtha (C4-Co) and diesel
(Ci10-Cy9) are produced. Waxes (Czo+) and the light fraction (C;-Cs) are produced only in smaller
proportions. The produced light fraction is recirculated and reformed within a steam reformer to increase
the conversion rates of the FT process. Naphtha is the raw product for the production of gasoline. Diesel
can be used as Drop-in fuel [100, 139] in diesel engines after hydrotreating. Suitable reactor types for
the FT synthesis are fixed-bed, fluidized bed, slurry and microchannel reactors, whereby microchannel
reactors are a special form of fixed-bed reactors. [109, 110, 114, 116, 127]
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4.6 Raw product upgrading

The raw products from the synthesis processes need to be upgraded to satisfy various criteria. To meet
the feed-in requirements, the water from the raw-SNG still has to be removed using a condenser and a
glycol scrubber. The CO; in the raw-SNG is removed using e.g. an amine scrubber. Gas scrubbers are
already explained in chapter 4.4 and are not further discussed here. The FT products from the FT
synthesis, are a mixture of the light fraction (C;-Cs), naphtha (C4-Co), diesel (C10-Ci9) and waxes (Cao+),
which is called FT syncrude. First of all, the FT syncrude needs to be separated to obtain the individual
fractions. This separation can be fulfilled by several types of distillation or separation units. Due to the
different boiling points of the individual fractions, separation into the individual components can take
place via heat supply [116, 140, 141]. The light fraction together with the unconverted gas, which is
called tail gas, is recirculated and reformed to syngas within a steam reformer. Under high temperatures
between 800-1100°C, the short-chain hydrocarbons are reformed with the addition of steam and heat
[112, 116, 127, 141, 142]. The FT waxes are further processed within a hydrocracker, where the waxes
are converted to shorter chain fractions like Ci-Cjo. At pressures between 30-70 bar and temperatures
between 300-400°C, and with the addition of hydrogen, the hydrocarbons are cracked [112, 116, 140,
141, 143—146]. The unconverted waxes can be recirculated. With the help of the hydrocracker, the yields
of naphtha and diesel can be increased. After a further distillation unit, both diesel fractions are
processed in a hydrotreater to fulfill all requirements for synthetic fuels according to DIN EN 15940
[139]. Therein, under the presence of a nickel-, cobalt- or molybdenum-based catalyst and hydrogen,
alkene hydrogenation, hydrodeoxygenation and the reduction of aromatics takes place [112, 116, 141,
145-148]. The naphtha fraction is not further processed but can be sold as a crude product to the refinery,
where it is upgraded to gasoline [112, 115, 135].

After the upgrading section, the main products are ready for use. The FT diesel fulfills all requirements
for synthetic fuels according to DIN EN 15940 [139]. The FT naphtha is sold to the refinery as
by-product. After processing, the SNG is also ready to be fed into the gas grid, as it meets all the
requirements for the Austrian gas grid integration according to G B210 [137].

After explaining the fundamentals of virtual representations, process development, and the process
concepts studied, the following chapter builds on this by proposing a framework for co-developing of
virtual representations during process development to create synergies between the physical facility and
the virtual representation. Afterwards, four use-cases for virtual representations in different process
development stages are discussed to present the developed framework by means of applications. Finally,
the developed virtual representations of different energy technologies are used to discuss market
integration scenarios. In one scenario, the appropriate market is investigated from the perspective of the
renewable technology and in a second scenario from the perspective of a municipality, to find out which
energy technologies are best suited for achieving climate neutrality in 2050 based on local
circumstances.
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5 Framework for the development of virtual representations

Based on several years of domain experience and comprehensive literature research about the state of
knowledge of virtual representations, this chapter proposes a novel framework for developing virtual
representations in the energy sector. First of all, a Ten-point plan and an adapted definition for the
development of virtual representations in the energy sector are mentioned. Furthermore, the physical
and virtual process development are linked by combining the TRL and MRL presented in chapter 3.
Finally, a novel modelling framework is visualized to enable a holistic model development along process
development stages. All the content is based on the review paper [29] (Paper I).

5.1 Ten-point plan for the development of virtual representations

For the appropriate development of virtual representations in the energy sector, it is important to follow
a sequence of design steps. Therefore, a Ten-point plan was developed to list the necessary design steps
for the development of virtual representations:

1. Definition of planned virtual representation applications

First, the foreseen applications along the virtual representation life-cycle must be defined in order to
align the development path. In chapter 2.3, possible applications in the energy sector are summarized.

2. Definition of foreseen virtual representation stakeholders and users

Based on the definition of the applications, the foreseen stakeholders and users, which are working with
the digital support tool should be defined. In chapter 2.4, the virtual representation reference architecture
model, gives a holistic view on possible actors and life-cycle stages of plants in the energy sector.

3. Derivation of necessary virtual representation properties

Based on the definition of planned applications and the connected stakeholders and users, appropriate
virtual representation properties have to be defined to fulfill the foreseen applications. In chapter 2.5,
several virtual representation properties for each dimension are summarized.

4. Risk assessment to list possible hazards and challenges

Afterwards, possible hazards and challenges have to be discussed within a risk assessment to take all
risks into account in the subsequent framework development. In chapter 2.6, possible virtual
representation challenges are collected.

5. Definition of sustainability indicators to set up the development goals

Before developing the overall virtual representation framework, it is essential to set up virtual
representation development goals by defining sustainability indicators according to chapter 3.2.

6. Development of an appropriate virtual representation framework based on the 5D model

Next, the overall virtual representation framework can be defined based on the 5D model. Therein, all
modelling blocks in each dimension must be selected according to the previously defined foreseen
applications, stakeholders, properties, challenges and development goals. In chapter 5.4, a framework
for the development of virtual representations in the energy sector is proposed.

7. Development of the individual modelling blocks for the physical, virtual, data management,
service and connection dimension

As soon as the overall virtual representation framework is ready, the individual modelling blocks for the
five virtual representation dimensions can be developed.

8. Parameterization and testing of the individual modelling blocks in the overall framework

Before integrating in the overall framework, each block has to be tested with historical offline plant data.
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9. Linking, parametrization and testing of the overall virtual representation

After the individual tests, all modelling blocks can be inserted into the overall framework. Subsequently,
the overall virtual representation can be parametrized and tested in the real operational environment.

10. Use, continuous improvement, as well as maintenance and servicing of virtual representation in
the operational environment

After completion of all test runs, the virtual representation can be used in the operation environment for
the foreseen applications. It has to be mentioned, that a continuous improvement and servicing of the
virtual representation is essential to avoid model drifts over time.

5.2 Novel definition for virtual representations in process development

After discussing the necessary development steps within in the Ten-point plan, it is important to find a
suitable definition for virtual representations in the process development of the energy sector. Many
definitions from various industries are collected in chapter 2.1. Based on this, the following definition
for virtual representations in the process development of energy technologies has been established:

Virtual representations in process development of energy technologies are digital reflections of
physical facilities. The virtual component contains an abstracted model that is fitted as close as
necessary to the physical component through the integration of measured values
and domain knowledge [29].

Consequently, virtual representations in process development serve to secure the acquired knowledge
along the process development chain. Furthermore, the virtual representation can be used to support a
scale-up to the next larger physical unit during the individual process development stages and to preserve
a digital reflection that is based on state-of-the-art knowledge. However, the virtual representation can
not only be used to support engineering, but also in connection with the physical facility to help monitor
and optimize plant operation and maintenance activities. In addition to the stated novel definition, the
virtual representation should fulfil the following properties along the process development chain:

e Parallel development of all five model dimensions (physical component, virtual component,
data management, service and connection) along the process development chain

e The same defined development goals in terms of sustainability indicators must be monitored
along the entire process development chain

e The virtual representation should be one development step ahead of the physical plant

e The virtual representation should consist of exchangeable modelling blocks in order to be able
to adapt the digital reflection as easily as possible depending on the application

In order to compare the development progress of the virtual representation with the physical facility, the
following chapter links the TRL and MRL.

5.3 Interaction of physical and virtual process development environment

In Fig. 15, the TRL and MRL are connected with specific contents and results which should be achieved
along the four development stages from concept and lab-scale over pilot and demonstration scale to
commercial-scale. On the top, the TRL levels with the expected results, investigated process behaviour
and realized infrastructure is visualized. Below, the MRL connected with the underlying process
description, virtual representation properties as well as expected results are presented.

As mentioned before, the virtual representation should always be one step ahead of the physical plant.
Therefore, in the first process development stage, a process flow diagram (PFD) is generated and an
operating point typically for nominal power is simulated with a static simulation model using literature
data. Based on these initial considerations, calculations of basic technical, economic and environmental
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sustainability indicators are carried out to verify feasibility and reasonability. The virtual representation

helps with the collaboration, documentation, simulation and evaluation at this stage, based on the first
plant specification and steady state simulation of the core process unit. The dimensions of data
management, service and connection are still performed manually at this stage. The first simulations
with the virtual representation allow the engineering and construction of the physical lab-scale facility,
which consists of the core process unit. Subsequently, the physical facility is tested to find stable
operation points within short-term test runs with the result to enable a first proof of concept of the
investigated energy technology.
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Fig. 15: Technology and Modelling readiness level along the process development life-cycle of
energy technologies [29, 79] (own images or licensed from Adobe Stock)

30



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

Framework for the development of virtual representations

The first tests allow the validation of the simulation model in order to carry out the first scale-up step to
the pilot plant. In the pilot-scale stage, the virtual representation is based on a quasistatic or dynamic
simulation model to investigate operation point changes and part-load performances. Further application
possibilities arise and the sustainability indicators can become more detailed. The quasistatic state or
dynamic simulation model from the main process units is coupled with manual or semi-automated data
management, service and connection dimensions. As a result, the first detail engineering of the energy
technology becomes possible, which comprise mainly a piping and instrumentation diagram (P&ID), a
process visualization with all connected specification sheets, a control and operation strategy as well as
a safety and utility supply concept. Based on the documentation, a physical pilot-scale facility can be
built, which consists of the main process units without product and utility logistics. The facility allows
to investigate operation point changes and part-load performance. By integrating the measured values
in the simulation model, validated mass and energy balances are produced, including detailed design
values for an optimized operation point.

Should the pilot scale experiments prove successful, the virtual representation can be further developed
to demo-scale, which is characterized by the investigation of the whole process chain including product
and utility logistics. Therein, the simulation model should be based on ad-hoc model capabilities to
analyse dynamic behaviours like fouling and aging as well as start-up and shutdown process in real-
time. At this stage, the simulation model is coupled with a process virtualization and semi- or fully
automated data management, service and connection to enable further applications. This results in
optimized design values for the establishment of a demonstration plant for the investigation of long-
term behaviour. In this physical demonstration facility, the long-term process behaviour can be analysed
and lead after the validation with the simulation model to optimized design values for the continuous
plant operation.

Finally, the virtual representation can be further developed to reach commercial-scale. Based on all
previous test runs, a predictive simulation model can be developed to compile the full process behaviour
knowledge. At this stage, a virtual representation based on a predictive simulation model and a detailed
virtualization coupled with automated data management, service and connection is available, which
allows to apply the virtual representation for all kind of applications from collaboration to prediction.
The detailed investigation of various sustainability indicators enables the development of not only the
detail engineering documents, but also a suitable marketing concept. As a result, commercial-scale
plants can be planned and operated with the goal of an optimized competitive energy provision.

The virtual representation in each development stage can be named after the data integration level
according to Kritzinger et al. [20] and Aheleroff et al. [35]. They can be referred to as Digital Model,
Digital Shadow, Digital Twin and Digital Predictive Twin to symbolize the increasing model
intelligence along the process development life-cycle.

5.4 Modelling framework in the energy process development environment

In order to know, which components make up a virtual representation and how to develop them in the
course of process development, a novel framework is proposed in this chapter. In the development of
virtual representations, the overarching goal is to develop frameworks that allow to link exchangeable
modelling blocks. In Fig. 16, the novel virtual representation framework, which was first published in
[29], is visualized.

The framework follows the 5D model from Tao et al. [33] as discussed in chapter 2.1. This shows that
different unit operations must be developed in all five dimensions, which ideally can be used in a
modular way. The framework is structured in such a way that infrastructure must be available in each
dimension as a basis for the development of the individual units, which are built on the infrastructure
using a bottom-up approach.
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Fig. 16: 5D virtual representation framework in the process development environment [29]
(own images or licensed from Adobe Stock)

The physical component represents the physical facility ranging from lab- to commercial-scale. As
physical infrastructure, e.g. an appropriate laboratory or plot of land is required. This allows the
establishment of the physical facility consisting of the process equipment and the utility and product
logistics. For monitoring and controlling the plant, process analytical technology (PAT) sensors,
actuators and safety devices are necessary. The measuring and control devices are monitored and
controlled via a programmable logical controller (PLC). Depending on the size of the plant, it is
controlled by one or more PLCs via the control system.

The measurement data is subsequently transferred from the physical plant to the data management
system. The data management is based on middleware infrastructure, which can be either on-premise or
cloud-based. In large plants, data processing is usually performed in two stages. In the first stage, all
raw data from the physical plant is stored locally and pre-processed to reduce the amount of transferred
data. Subsequently, in a second stage, the pre-processed data is temporarily stored in a cloud-based
storage and further processed to create appropriate data sets for various software tools. Additionally,
data from internal or external data bases like laboratories can be integrated and processed together with
the measurement data in the data management section. Finally, workflow management tools can be used
to provide subsequent software tools and data bases with data sets in an automated way.

In the virtual component, the processed data sets are used in several software tools. Similar to the
middleware the virtual infrastructure can either be on-premise or cloud-based. The underlying process
flow sheet and utility supply documentation enables the simulation of the process according to the
process layout in a suitable software tool. In the process simulation, first of all simulation units of each
individual process unit are developed and stored in model libraries. The single process units can be
modelled by the use of physics-based or semantic-based relations or a mix of both [48, 149]. The
individual process simulation units are either connected in flowsheet- or script-based simulation
environments. In addition to the model library, substance data bases are required for the definition of
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process media. By using an appropriate solver, the underlying mathematical system of equations can be
solved. The process simulation is directly connected and can interact with the 3D plant model via the
plant dimensioning unit and the associated design equations. In correlation with the 3D process
visualization, the P&ID, specifications, the control and operation strategy as well as safety concepts can
be either developed or optimized. Finally, the process simulation results and the plant specifications can
be used to evaluate and validate the energy technology by the use of sustainability indicators.

After the evaluation and verification of the simulation results in the virtual component, they are stored
in the data management dimension and can be further used in the service dimension to execute the
desired virtual representation applications, ranging from collaboration to process automation and
prediction. Again, the service dimension requires a local or web-based service infrastructure. A multi-
tier architecture is built on top of the service infrastructure. In the framework visualized in Fig. 16, the
three-tier architecture [150] is used. Three-tier architectures are based on three layers consisting of the
data access tier, the application tier and the data visualization or presentation tier. In the data access tier,
simulation results or measurement data from the data management are requested and forwarded to the
application tier. In this tier decisions are made, which can be referred to as service logic. With the help
of internal or external target sets, such as the optimization of the process efficiency, specific data is
visualized in the data visualization tier or control commands are directly sent back to the physical
component. In the data visualization tier, users such as plant operators can interact with the virtual
representation via smart user devices.

The connection dimension is responsible for the interaction of all the other previously described
dimensions. Based on networking infrastructure, which can be made up of local networks like fieldbus
systems, wireless and mobile networks or global networks like broadband internet [151], data
transmission and data mapping protocols are used to enable data connection for the desired service. The
distinction between data mapping and transmission can best be described by the seven-layer ISO OSI
reference model [152], which can be seen as the universal standard for data communication. Therein,
the data communication is divided into seven layers, whereby the first four layers are named as transport-
oriented layers and are responsible for the data transmission. The layers five to seven can be summarized
as application-oriented layers which are responsible for structuring the data, called data mapping [152].
An example of a widely used data transmission protocol would be TCP/IP via ethernet. Examples for
data mapping protocols are FTP, HTTP, MQTT and OPC UA [48, 54, 152, 153]. Finally, a data buffer
is often required to temporarily store or queue data sets before sending them to the desired application.

The underlying framework helps to develop virtual representations which are structured in exchangeable
functional modelling blocks. At this point it should be mentioned that during the whole development
process of virtual representations the data sovereignty, confidentiality and reliability must be guaranteed
all the time independent on the used data interfaces and virtual representation layers.

In chapter 2.5, possible virtual representation properties were explained. To couple the process
development with the properties of virtual representations, target requirements for virtual representation
properties along the process development life-cycle are given. Therein, it can be seen that the process
development stages from lab-scale to commercial-scale are coupled with the following virtual
representation types:

e Concept and lab-scale stage =» Digital Models

e Pilot plant stage =» Digital Shadows

e Demonstration plant stage = Digital Twins

e Commercial plant stage =» Digital Predictive Twins

Based on the virtual representation properties, presented in chapter 2.5, in Tab. 6 the defined target
requirements for virtual representations along the process development of energy technologies are listed.
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Tab. 6: Target requirements for virtual representation properties along the process development life-cycle [29]

Concept, . Demonstration Commercial
Property classes and components Focus lab facility Pilot plant plant plant
Level 0: Level 1: Level 2:
Vertical integration Equipment Plant Enterprise
level level level
Interonerabilit Level 0: Level 1: Level 2:
p y Comparable Convertible Standardized
Overall
properties Level 0: Level 1: Level 2:
Expansibility Fixed Adaptable Automated
layout layout layout
Level 0: Level 1: Level 2: Level 3:
Functional safety Systematic Implemented Predictable Automated
capability redundancies failure analysis replacement
. R Level 0: Level 1: Level 2:
Technological scale-up possibility Modular Partly scalable Fully scalable
. . Level 0: Level 1: Level 2:
Degree of automation 0511111}1;5;:12; Manual Semi-automated Fully automated
roperties :
prop Se];zzzlai}./ 4 Level 2:
Physical safety Tertiary Primary + Secondary + Tertiary
safety measures safety measures
Level 1:
. . - Level 0: o Level 2: Level 3:
Virtual representation capability Static ansmtapc/ Ad-hoe Predictive
ynamic
Virtual Level 0: . Level 2:
t Black box Level I: White box
Virtual representation fidelity componen . Gray box - .
properties (macroscopic . . (microscopic
(intermediate level)
level) level)
Virtual representation intelligence Level' 0: Level I: . Level 2:
Human triggered Automated Partial autonomous
. Level 0: Level 1: Level 2:
Connectivity mode Manual Uni-directional Bi-directional
. . Level 0: Level 1: Level 2:
Data integration level Data Manual Semi-automated Fully automated
management
and Level 0: Level 1: Level 2:
Update frequency connection Yearly/Monthly Weekly/Daily Hourly/every minute
properties
Level 0: Level 1: Level 2: Level 3:
Cybersecurity Role-based Discretionary Mandatory Verified
access control access protection | access control access control
. . Level 0:
Human interaction Smart user devices
Service Level I: Mlhzvié izrith
User focus properties Level 0: Multiple without full inlzeraction
Single interaction of energy £ Y 1
lant hierarchy layers of energy plant
P hierarchy layers
Digital
Virtual representation type Digital Model Digital Shadow Digital Twin Predictive
P typ (MRL 1-3) (MRL 4-5) (MRL 6-7) Twin
(MRL 8-9)

The overview shows that virtual representations are to be further developed along the process
development phases in all dimensions with the goal to enable a wide range of possible applications.
However, the virtual representations must be designed in such a way that simplified modelling blocks
can be used in each development phase in order to serve the entire range of possible applications at any
time. To demonstrate the application of the novel framework, four use-cases in the different process
development stages are presented in the following chapter.
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6 Virtual representation use-cases within the energy sector

In the following chapter, the proposed framework explained in chapter 5 is applied in several use-cases.
For each development stage from Digital Model to Digital Predictive Twin, an application was selected
to demonstrate the usability of the novel framework. In Fig. 17, the four virtual representation use-cases
presented in this thesis are visualized.

First of all, the development of a Power-to-Liquid (PtL) process is accompanied by a Digital Model,
which helps by validating lab-scale experiments and scaling up the process to pilot scale. The Digital
Model of the PtL process uses offline data to deliver validated mass and energy balances as a basis for
the conceptual design of a 1 MW, pilot plant in Graz (AUT) (Paper II) [114].

The second use-case deals with the further development of the sorption enhanced reforming (SER)
process in combination with oxyfuel combustion (OxySER). The accompanying Digital Shadow is able
to process measurement data from the 100 kWy, pilot plant at TU Wien continuously to visualize the
process performance (Paper III) [98].

More advanced applications get possible with the Digital Twin of the third use-case. The Digital Twin
for the Biomass-to-Gas (BtG) process enables the process automation of the 100 kWy, pilot plant at
TU Wien. Therein, the measurement data is processed on a cloud platform and further transferred to a
model predictive control (MPC) unit, where, based on the current process performance, changes of
manipulated variables are sent to the control system directly to reach an optimized operation point. The
simulation model of the MPC unit was also validated within a test run at the 1 MW, demonstration plant
from BEST in Vienna (AUT) to test the scale-up possibility of the used framework (Paper I) [29].
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Fig. 17: Virtual representation use-cases presented in this PhD thesis
(Demo plant image Copyright BEST, Wolfgang Bledl)

Finally, the Digital Predictive Twin for a hazardous waste rotary kiln incineration plant is presented,
which enables several applications. The underlying dynamic simulation model helps to determine the
composition of different not entirely analysed hazardous waste fractions, by using process measurement
data. As soon as the same type of waste fractions from the same supplier return, the virtual representation
can be used to visualize and optimize the process performance by manipulating the order of hazardous
waste fractions. If the waste management data base is coupled with the virtual representation, predictions
can be made for the plant’s performance presumed the waste fractions are incinerated in a specific order.
As a result, not only the order of combustion but also the order of delivery can be influenced. Finally,
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the Digital Predictive Twin can be used for the integration of predictive maintenance applications. For
example, the condition monitoring of the furnace shell or waste heat recovery boiler become possible,
allowing the operator to pre-emptively adjust the operation of the rotary kiln and estimate when the next
maintenance is required (Paper IV) [104].

6.1 Digital Model of a Power-to-Liquid production plant

Synthetic fuels from the Power-to-Liquid process, better known as e-fuels, can definitely contribute to
the reduction of greenhouse gases in the transport sector. Local, preferably biogenic, CO, sources can
be used and converted together with water in a PtL process to e-fuels. The two main units are the solid
oxide electrolyzer (SOEC) unit in co-electrolysis mode to produce syngas, and the Fischer-Tropsch
slurry reactor to convert the syngas into FT syncrude. A detailed process flow diagram for the PtL
process can be found in Fig. Al in the appendix. Up to now, only lab facilities are available for the
production of FT syncrude using this process route, which have been tested and validated over many
experimental campaigns. To achieve pilot-scale stage, it is necessary to develop an overall plant design
to maximize the plant efficiency and minimize the associated emissions and costs.

For this objective, a Digital Model was developed to support the engineering of a PtL plant. The pilot
plant with a rated power of 1 MW, is to be built in Graz on the site location of AVL List GmbH. More
specifically, the Digital Model is intended to be used in the conceptual design phase of the pilot plant to
test a wide variety of plant configurations with the goal to maximize the PtL efficiency. In Tab. 7, beside
the desired applications, the stakeholders and users, challenges, and the investigated sustainability
indicators of the virtual representation are also listed. Furthermore, the TRL and the MRL are discussed
for the PtL process. The core systems SOEC and FT slurry reactor have been validated in a laboratory
scale, but not coupled, which leads to a TRL of 3-4. The virtual representation within this use-case forms
the basis for the planning and construction of a pilot plant with a nominal power of 1 MW, based on
validated experimental data from lab facilities. Consequently, the MRL can be set to 4 [114, 115]. All
the following content regarding the PtL production plant is based on [114] (Paper II).

Tab. 7: General characteristics of the Digital Model

e  Coordination with suppliers, experts and engineering partners
(Collaboration in Conceptual design and Engineering phase)

Applications e  Assistant for constructive and technical process design
(see chapter 2.3) (Simulation in Conceptual design and Engineering phase)

e Holistic evaluation of process design with the possibility to roll-out on a commercial scale
(Evaluation and Verification in Conceptual design and Engineering phase)

e Process simulation experts, plant design engineering and manufacturing partners
Stakeholders & Users (Conceptual design, Engineering and Construction & Commissioning phase)

(see chapter 2.4) e  Plant operator
(Engineering and Construction & Commissioning phase)

e  Use of standardized data interfaces and standardized experimental data
Challenges (Mission-critical challenge)

(see chapter 2.6) e Finding optimized operating points with PtL efficiencies >55%
(Mission-critical challenge)

e Power-to-Liquid efficiency (Technical indicator)

L, m; * LHV;
et e e Npe, = —————,j = [naphtha, middle distillate, wax]
Sustainability indicators Pey,Totar
(see chapter 3.2) e CO conversion rate at system level (Technical indicator)
Xeo = Nco,in — Meo,out

Nco,in

TRL 3-4 (Technology core systems separately validated in laboratory)
=> The core units SOEC in co-electrolysis mode and FT reactor are validated in laboratory separately
=> The validation of the whole process chain in relevant environment is outstanding

Technology Readiness Level
(TRL) (see chapter 3.1)

Modelling Readiness Level MRL 4 (Virtual representation of pilot plant available) =» The virtual representation helps to find an
(MRL) (see chapter 3.1) optimized configuration for a pilot plant
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6.1.1 Framework of Digital Model

The framework of the Digital Model is discussed here to investigate different process configurations to
support the conceptual design and engineering of a 1 MW, (nominal power SOEC) pilot plant. In
Fig. 18, the 5D modelling framework for the Digital Model of the PtL production plant is visualized.
The PtL pilot plant is to be built in Graz at AVL List GmbH site. The following design data is handed
over manually to the data management:

e Development of a modular scalable PtL pilot plant with a nominal power (SOEC) of 1 MW
e PtL efficiency of to be built pilot plant must exceed 55% (CO; from gas bottle)
e The pilot plant must be able to produce 500.000 litres of FT syncrude per year

Besides the design data, internal and external experimental data from different SOEC and FT lab units
are gathered in the data management, which is based on an on-premise data server. Therein, especially
the experimental data are processed and analysed to define appropriate process parameters for the PtL
pilot plant. The processed data is stored and further handed over to the simulation model. The process
simulation is based on the software IPSEpro 8.0 and is executed on a local user device. Therein, different
process configurations and parameters are selected and simulated. In a process validation step, the
simulation results are checked for plausibility and compared with each other. Subsequently, the model
results are transferred to the service dimension also executed on the same local user device. The
simulation results are stored in a model results data base to enable design decisions. By comparing the
model results from the data base, experts from different fields and companies can discuss the advantages
and disadvantages of the selected process configurations and parameters. Finally, the design decision
leads to a frozen design which can be handed over to the basic engineering. All data communication in
this framework is based on manual offline data transmission.
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Fig. 18: 5D modelling framework of the virtual representation related to the PtL plant
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6.1.2 Properties of Digital Model

The framework, presented in chapter 6.1.1 lead to the following virtual representation properties listed
in Tab. 8. Most of the properties of the Digital Model can be defined at level 0 according to the minimum
requirements for a Digital Model in the raised methodology (see chapter 5). The most important
characteristic properties are vertical integration, the virtual representation capability and fidelity and the
connectivity mode. The Digital Model covers the core process units, which leads to the equipment-based
vertical integration level. Furthermore, the Digital Model is based on a steady-state simulation model in
IPSEpro, based on a black box SOEC and gray box FT unit. Therefore, the overall system can be defined
by the lowest capability and fidelity levels. The connectivity mode of the Digital Model can be defined
as manual. All data transmission activities are carried out offline. In the following chapter the underlying
process simulation model of the virtual component is explained.

Tab. 8: Digital Model properties for the PtL route

Property classes Focus Property level Description
Vertical integration Level 0: Only core process equipment units simulated
g Equipment level y p quip ’
Process simulation is executed in IPSEpro.
The underlying model libraries are based on the
Level 0: equation-oriented language MDL, which is quite
Interoperability Comi arat;le different to traditional program languages like C or C++.
P Resulting validated physical-based mass and energy
Overall balances are comparable with simulation results from
other software tools but not convertible.
. The process simulation model is based on a model library.
R Level 1: .
Expansibility Therefore, the process layout can be adapted according to
Adaptable layout . .
the desired configuration.
Functional safe Level 0: The mass and energy balances are validated after each
ty Systematic capability simulation run to avoid systematic failure.
Technological Level 0: The SQEC unit is only modularly scalable up to now. The
scale-up possibility Modular FT unit is fully scalable. The selected overall system level
is based on the lowest unit level.
. . The PtL pilot plant should run continuously over several
. Physical Level 1: . .
Degree of automation . weeks. Therefore, a semi-automated operation mode
component Semi-automated .
is necessary.
Physical safe Prima LEVSC;CZ:H dary + The PtL pilot plant must be approved by the relevant
y ty nary ondary authorities and the highest safety standards must be met.
Tertiary safety measures
Virtual representation Level 0: The virtual representation is based on a steady-state
capability Static simulation model in IPSEpro.
The SOEC simulation model is only based on mass
Level 0: and energy balances (black box). The FT slurry reactor
Virtual representation Virtual : model is based on the extended ASF model to simulate the
. Black box o
fidelity component (macroscopic level) FT product distribution based on process parameters
P (gray box). The selected overall system level is based
on the lowest unit level.
Virtual representation Level 0: The simulation model is operated manually by defining
intelligence Human triggered suitable process configurations and parameters.
Connectivity mode Level 01: ) ) .
Manua The virtual representation is based on offline experimental
. data from laboratory, design data and literature.
Data integration level Data II;ZVCI 01'
management anua
Update frequenc and . Level 0: The virtual representation aims to provide an average
p q y connection Yearly/Monthly steady-state design point in the conceptual design phase.
Cybersecurity le-b Lgvel 0: 1
Role-based access contro The virtual representation is executed on an authorized
Level 0: local user devices.
Human interaction -
Smart user devices
Service - - -
User focus Leyel 0: The process simulation model is operated locally by
Single only one developer.
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6.1.3 Process simulation of Digital Model

The virtual component of the Digital Model is based on a steady-state process simulation model
executed in the software IPSEpro 8.0, based on an equation-oriented modelling language called MDL.
User-defined simulation models for each process unit were developed in the so-called model
development kit based on mass and energy balances, which are subsequently interconnected in a
flowsheet-based simulation environment. Furthermore, the SOEC model is based on the applicable
stoichiometry of the chemical reactions for the conversion of H>O to H, and CO; to CO. The FT slurry
reactor model assumes that FT products are solely paraffins and the CO-conversion was assumed with
55%. Additionally, the extended ASF model, developed by Fortsch et al. [154] is used to estimate the
FT product spectrum. The tail gas reformer is modelled as a Gibbs reactor. Furthermore, the
stoichiometry of the chemical reactions for the conversion of CHy, C,Hs and CsHg to CO and H, with
defined conversion rates between 90-99% are used. Further details regarding the underlying simulation
models can be found in [114, 115].

6.1.4 Results of Digital Model use-case

With the help of the virtual representation, optimum design parameters for the engineering of the PtL
pilot plant can be determined. In the study, fixed operating conditions for SOEC and FT synthesis are
assumed and the plant configuration options with respect to tail gas recirculation are investigated. In
Fig. 19, the tail gas composition of the plant configurations with (left) and without (right) tail gas
reforming are compared. It can be clearly seen that in the configuration without reforming, an
exponential increase in CO; at higher recirculation rates occurs, which must be passed through the FT
reactor and product separation. In Fig. 20 (left) the dependency of the tail gas volume flow on the
recirculation ratio is visualized, where the exponential increase is also visible. Consequently, due to the
more efficient use of tail gas in the case of the configuration with reforming together with high
recirculation rates, the highest PtL efficiencies can be achieved, which is visualized in Fig. 20 (right).
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Fig. 19: Tail gas composition of plant configuration with (left) and without tail gas reforming (right) [114]

In Tab. 9, the resulting sustainability indicators for the investigated process configurations are listed.
Therein, it can be seen that the plant configuration with tail gas recirculation and reforming delivers the
best results. The desired performance parameters, as discussed in chapter 6.1.1, can only be achieved
with the plant configuration with tail gas reforming by avoiding the accumulation of CO; in the tail gas.
The PtL efficiency level > 62% and CO conversion rate level > 96% can be obtained and thus more than
550.000 litre of FT syncrude per year can be produced under consideration of high plant availability.
However, the plant configuration with reforming requires a syngas from the SOEC with higher H,/CO
ratios. Furthermore, no additional purge gas in reforming mode is available for the steam production of
the SOEC or external processes due to the internal consumption for the heat provision of the reforming
process itself. The additional tail gas reforming process step also causes higher investment costs.
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Fig. 20: Volume flow rate of tail gas (left) and Power-to-Liquid efficiency (right) both depending on the
recirculation ratio and the plant configuration with and without tail gas reforming [114]

This results in design parameters for the investigated 1 MW, pilot plant, which are visualized in
Fig. 21. Based on a SOEC in co-electrolysis mode with a nominal power of 1 MW, with an operating
temperature of 850°C and ambient pressure level, about 343 Nm?3/h of syngas with a Ho/CO ratio of 3.3
is produced. The reformed and recycled tail gas with a volume flow of 285 Nm?/h and a H»/CO ratio of
1.2 is added to the syngas to reach the required H»/CO ratio of 2. After a water removal step, a three-
stage compression of the gas mixture to reach the required pressure level of 21 bar is conducted.
Subsequently, the gas mixture is converted within the FT slurry reactor at a temperature level of 210 °C.
The reaction heat is cooled by a hot water cooling cycle, which is not detailed further in the conception
phase. The liquid FT product which is removed from the slurry continuously amounts to 18 kg/h and
consists mostly of FT waxes. The gaseous FT product is separated in a multi-stage flash distillation.
From the separation stage, 20.5 kg/h FT middle distillate, 13.7 kg/h FT naphtha and 5.6 kg/h FT waxes
are gained. The tail gas is mostly recirculated (90%) to the tail gas reformer, where the short-chain
hydrocarbons (C;-Cs) are converted mostly to CO and H, while consuming H,O. Furthermore, the rWGS
reaction takes place to convert CO; to CO while consuming H». The necessary heat for the endothermic
steam reforming reactions is provided by the combustion of a minor part (10%) of the tail gas.

Tab. 9: Resulting sustainability indicators for the investigated PtL process configurations [114]

Once-Through Plant configuration Plant configuration
Parameter . . : q . o
(Sustainability indicator) Unit without recirculation without reformer with reformer
(RR =0%) (RR =90%) (RR =90%)
Fischer-Tropsch products’ lpr/a ~ 257 000 ~ 426 000 ~ 556 000
Power-to-Liquid efficiency % 30.8 50.8 62.7
CO conversion rate at system level % 55.0 92.4 96.5
Required H,:CO ratio (SOEC) - 2.0 2.1 33
Purge gas chemical energy kW 365 102 -2
17500 operating hours per year assumed
% purge gas needed for providing heat for tail gas reformer through combustion

For optimization of the provided design data, further studies regarding the CO, conversion within the
SOEC and the FT reactor due to the use of rtWGS active catalysts should be conducted. Furthermore,
the tail gas reforming must be validated in experimental test series. In addition, a holistic optimization
of the whole process route can only be undertaken by conducting experiments with different operating
conditions in the SOEC and FT reactor. In that way, synergies, especially due to process heat integration,
can be achieved, which can be implemented after the validation of pilot scale experiments. Finally, a
techno-economic and ecological assessment is needed for commercial-scale plants. Further details to
the PtL simulation results and first commercial-scale investigations can be found in [114, 115, 155, 156].
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Fig. 21: Design parameters for the plant configuration with tail gas reforming within the 1 MW, PtL pilot plant [114]
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6.2 Digital Shadow of a zero-emission reducing gas production plant

The production of a biomass-based reducing gas for use in the raw iron production can be achieved with
the sorption enhanced reforming (SER) process. By combining the SER process with oxyfuel
combustion a zero-emission reducing gas can be produced utilizing the so-called OxySER process. In
this process with subsequent gas cleaning steps, a suitable product gas for the use within the direct
reduction process can be produced. In the OxySER process, pure oxygen is used instead of air, as a
fluidization agent in the combustion reactor of the DFB gasification. Therefore, a nitrogen-free flue gas
can be produced, which consists mainly of CO,. If the CO; is further used in various industrial
applications (carbon capture and utilization, CCU) or stored (carbon capture and storage, CCS), a below
zero emission reducing gas can be produced. A detailed process flow diagram for the OxySER process
can be found in Fig. A2 in the appendix. For the production of reducing gas with SER in a DFB
gasification process, two pilot plants exist. In the 100 kW, pilot plant at TU Wien several SER test runs
were successfully carried out [98, 107]. In the 200 kW4, pilot plant at University of Stuttgart the SER
and OxySER operation modes were successfully demonstrated [108].

In order to create a further scale up step towards a demonstration plant, large scale simulation studies
are needed based on pilot plant experimental data to determine the environmental and economic
footprint of biomass-based reducing gas production. In addition to the simulation studies, the Digital
Shadow will also enable the coupling of the TU Wien pilot plant with the integrated simulation model
to validate test runs continuously and to visualize sustainability indicators to find optimum operation
points. In Tab. 10, general characteristics and goals of the Digital Shadow are listed. The applications
range from process design investigations in the conceptual design and engineering phase to monitoring,
visualization and validation of process parameters in the operation and optimization phase. Furthermore,
stakeholders and users are defined, in this case process simulation experts and engineering partners for
the investigation of the process design. Additionally, iron and steel industry experts are consulted to
incorporate domain knowledge in the process design phase. Furthermore, plant operators from the pilot
plant at TU Wien are consulted to adapt the intended visualizations to the necessities of the plant
operation. The identified challenges are only mission-critical. The sustainability indicators show that
within the Digital Shadow use-case, besides technical also economic and ecological parameters are
considered. The technical indicators aim to achieve a product gas with the specified gas quality suitable
for the iron and steel industry's direct reduction process. The economic and ecological indicators are
selected to realize a comparison with other comparable technologies. The SER and OxySER process is
already validated in pilot-scale, which leads to TRL of 4-5. The Digital Shadow includes validated
experimental data from pilot plant experiments and helps to predict mass & energy balances, and
economic and ecological footprints for large scale application. Therefore, the MRL can be set to 5-6.
All the following content regarding the SER and OxySER production plant is based on [98] (Paper III).
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Tab. 10: General characteristics of the Digital Shadow

Applications
(see chapter 2.3)

e Assistant for constructive and technical process design
(Simulation in Conceptual design and Engineering phase)

e  Automatic monitoring of process performance by visualization of sustainability indicators

(Monitoring in Operation phase)

e Holistic evaluation and optimization of process design with the possibility to roll-out on a

commercial scale (process parameters)
(Evaluation and Verification in Engineering and Optimization phase)

Stakeholders & Users

e Process simulation experts

(Conceptual design and Engineering & Operation and Optimization phase)

e  Plant design engineering partners
(Conceptual design and Engineering phase)

(see chapt