Waste and Biomass Valorization
https://doi.org/10.1007/512649-022-02028-w

ORIGINAL PAPER t')

Check for
updates

Thermal Twin 4.0: Digital Support Tool for Optimizing Hazardous
Waste Rotary Kiln Incineration Plants

M. Hammerschmid'® - C. Aguiari? - F. Kirnbauer? - E. Zerobin?® - M. Brenner? - R. Eisl® - J. Nemeth® - D. Buchberger® -
G. Ogris® - R. Kolroser® - A. Goia*® - R. Beyweiss* - K. Kalch* - S. Miiller' ® . H. Hofbauer'

Received: 8 July 2022 / Accepted: 21 December 2022
© The Author(s) 2023

Abstract

The present paper focuses on developing a novel virtual representation framework for optimizing standalone hazardous waste
rotary kiln incineration plants. A digital support tool can be provided to optimize the plant's waste management, operation,
and maintenance by combining thermochemical-based simulation models with a fuel classification system. First of all, the
virtual representation can be used to determine the waste composition of not entirely analyzed waste streams. Furthermore,
the determined waste compositions of historically fed waste streams can be used to enable further advanced applications. The
determined waste compositions are linked with the appropriate waste code and supplier, which first enables the monitoring
of the delivered waste streams. In the case of recurring fractions, the virtual representation can be used to optimize the barrel
sequence to reach homogenous waste inputs. Additionally, the plant operation can be optimized regarding stable operation
conditions due to the knowledge about waste compositions of recurring fractions. The parametrization results fit very well
with the comparable sensor values. Therefore, the novel virtual representation of the hazardous waste incineration plant
could definitely make a reasonable contribution to optimize the efficiency of thermal waste treatment within the hazardous
waste sector in Austria and Europe.
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H, Hydrogen

H,0 Water/steam

HCI Hydrogen chloride
HEL Heating oil extra light
HEX Heat exchanger system
HHV Higher heating value

HS Heavy heating oil

JSON Data exchange format

m.-% Mass percent wet

M.-%og, Mass percent dry and ash free
MAPE Mean absolute percentage error
MB Masterbatch (solvent mixture)
N Nitrogen

NumPy Python library

0, Oxygen

Pandas Python library

PCC Post combustion chamber
PROFIBUS Field bus communication standard
PW Pasty waste

Python Programming language

RK Rotary kiln

S Sulfur

SO, Sulfur dioxide

SD Steam drum

SH Superheater

vol.-% Volume percent wet

VOL-%4yy Volume percent dry

WHRB Waste heat recovery boiler

WO Waste oil
wWw Waste water
AgH, Enthalpy of reaction at standard conditions

Statement of Novelty

All digital support tools published in the field of waste incin-
eration plants rely on knowledge about the composition of
the introduced waste streams. Therefore, a novel virtual rep-
resentation framework is presented, enabling the determina-
tion of not entirely analyzed solid waste streams. Further-
more, in terms of recurring waste fractions, this knowledge
can be used to optimize the operation, waste management,
and maintenance of hazardous waste rotary kiln incinera-
tion plants. The central part of the virtual representation is
the plant model, consisting of a transient rotary kiln model
and steady-state models of the post-combustion chamber
and waste heat recovery boiler. The plant model validation
was achieved due to the integration of test datasets from the
hazardous waste incineration plant in Vienna.
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Introduction

At least since the Paris climate agreement [1] the energy
transition path towards climate neutrality has been
accepted worldwide and has to be considered in each sec-
tor. Thermal waste treatment deals with well-established
technologies for sanitizing waste streams and reducing the
final waste load for disposal in landfills [2]. Therefore,
thermal waste treatment will be essential in converting
non-recyclable waste streams into valuable products in
a climate-neutral world. In Austria, the waste sector is
responsible for 2.9% of the national greenhouse gas emis-
sions, whereby about half of these emissions are caused by
thermal waste treatment plants [3]. The energy transition
process shall be reached mainly with high shares of renew-
able energy carriers and energy efficiency improvements
[4]. In terms of energy efficiency, digitization enables sig-
nificant productivity improvement rates by implementing
advanced digital methods [5]. A significant optimization
potential regarding efficiency increase and emission reduc-
tion arises in the thermal waste treatment sector. Due to
inhomogeneous waste streams, the operation of waste
incineration plants is challenging. Significantly, batch-
wise barrel combustion leads to peak loads in terms of
temperature and emissions [6]. Therefore, the operation of
waste incineration plants is always a balance between low-
emission and efficient operation. Digital modeling tools
can help to optimize waste incinerators.

Numerous researchers and international institutions
investigate thermal waste incineration plants' different
modeling and optimization approaches. Exemplary, Lei
et al. developed a web-based digital twin of a thermal
power plant to monitor and control the facility [7]. Kabugo
et al. [8] proposed a methodology to monitor and predict
the heating value and temperature of the flue gas stream
of a waste treatment plant. The waste treatment plant in
Mannheim was optimized by implementing a combustion
performance control through fuzzy logic [9, 10]. Addition-
ally, several technology-related modeling and optimization
approaches to this more general thermal waste treatment
optimization concepts exist. Several types of incinerators
exist for thermal waste treatment, which can be classified
by their application fields [11]. Waste incinerators with
mechanical grates are mainly used to treat household waste
[11]. In terms of household waste incinerators, Zhuang
et al. [12] investigated a numerical simulation method of
municipal solid waste incinerators to realize a digital twin
system. Due to the uniform temperature distribution, flu-
idized bed incinerators are primarily built to burn sewage
sludge and municipal solid waste [11]. Rotary kilns are
very flexible in terms of different types of waste streams.
Therefore, rotary kilns are widely used for the incineration
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of hazardous waste [11]. For the optimization of rotary
kilns, many models have been developed. Liu and Specht
[13] investigated the residence time behavior of hazardous
waste fractions in rotary kilns. The heat and mass transfer
of rotary kilns were researched, for example, by Chen et al.
[14] and Silcox and Perching [15]. Further research work
can be classified as thermal conversion investigations in
oxygen-rich [16, 17] and oxygen-free [18] atmospheres,
as well as other topics [9, 19].

Additionally, hazardous waste incineration plants should
be divided into co-incineration plants and standalone incin-
eration plants. Co-incineration plants like rotary kilns within
cement plants are characterized by the treatment of mainly
well-known waste streams. In contrast, standalone hazard-
ous waste incineration plants face various hazardous input
streams [20]. In the research field of co-incineration plants,
Yao et al. [21] proposed a concept for modeling the thermal
efficiency of a cement clinker calcination system. Further-
more, Zhang et al. [22, 23] investigated a co-incineration
system by a numerical simulation to predict mixed waste
streams' granular motion and combustion interactions within
a rotary kiln. Finally, Xu et al. [24] established a soft sen-
sor that can predict the temperature distribution within the
rotary kiln by combining computational fluid dynamics and
multilayer perceptrons. Many digital modeling tools exist
within the context of standalone hazardous waste incinera-
tion plants. Guillin-Estrada et al. [25] published a tool for
predicting mechanical failures in predictive maintenance.
Pirttiniemi [26] investigated a novel methodology to support
the rotary kilns' design process. Furthermore, several ther-
mochemical-based simulation models have been published
to optimize the performance of rotary kiln incinerators
[27-29]. Additionally, Wajda et al. [20] developed a digi-
tal tool for creating batch-wise waste mixtures to optimize
the operation of rotary kilns. Nolte introduced an intelligent
control system for minimizing the CO emission peak loads
within hazardous waste incineration plants [6].

To summarize, there are a lot of investigations published
in the fields of hazardous waste incineration plants. How-
ever, all these optimization approaches rely on knowledge
about the composition and properties of the introduced
waste streams. Since many hazardous waste fractions can-
not be analyzed [27], there is a need for an advanced digital
support tool. Therefore, a novel virtual representation of a
hazardous waste rotary kiln incineration plant is first intro-
duced in this work. Combining transient and steady-state
thermochemical-based simulation models with a machine
learning algorithm enables the determination of historical
hazardous waste feed streams. The determination of multiple
historical hazardous waste feed streams allows the creation
of a fuel analysis data base, which is the basis for optimizing
the performance of each standalone hazardous waste incin-
eration plant due to using the data base knowledge in terms

of recurring fractions. The present paper describes the novel
digital support tool, which is based on the virtual representa-
tion methodology. Furthermore, the virtual representation
will be applied and validated within Vienna's hazardous
waste incineration plant at Simmeringer Haide. Thus, the
paper discusses the following sections:

e Definition of virtual representations within the energy
sector

e State of the art of hazardous waste rotary kiln incinera-
tion

e Methodology of the thermochemical-based plant simula-
tion model

e Methodology of data processing for waste input streams

e Test series for parametrization and application of the
plant simulation model

e Methodology for the overall virtual representation frame-
work

e Simulation results for parametrization test series

e Applications for optimizing the hazardous waste incin-
eration based on the virtual representation

The methodology and simulation results of the novel
virtual representation for the hazardous waste incineration
plant are based on the funded research project Thermal Twin
4.0 [30]. The holistic virtual representation framework for
the determination of waste stream compositions and further
applications for the optimization of the hazardous waste
incineration plant is reached by interdisciplinary collabo-
ration between experts in the research fields of chemical
engineering, energy systems, and thermodynamics as well
as informatics.

Concept and Methodology

The overall concept and methodology of the virtual rep-
resentation framework of the hazardous waste incineration
plant are based on the broad definition of virtual representa-
tions within the energy sector. Furthermore, the state-of-the-
art hazardous waste rotary kiln incinerators, the leveraging
thermochemical-based plant simulation model, and the data
processing approaches are the building blocks for the overall
virtual representation framework. Finally, investigated test
series with the hazardous waste incineration plant of Wien
Energie in Vienna at Simmeringer Haide are explained to
parametrize and validate the plant simulation model.

Definition of Virtual Representations in the Energy
Sector

First, to develop a virtual representation frame-
work, it is essential to discuss the definition of virtual
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representations in the energy sector. The term”virtual
representation” can be used as the overall expression of
virtual objects mirroring a physical process [31]. In litera-
ture, there are several terms like”digital model”,”digital
shadow”, digital twin” and”digital predictive twin” used
synonymously for virtual representations [31, 32]. Kritz-
inger et al. [32] and Aheleroff et al. [33] classified these
terms according to the data integration level. In Fig. 1,
the virtual representation classification levels of data
integration are visualized. Therefore, the digital model
represents a virtual representation with only manual data
communication between physical and virtual components
[32]. Digital shadows are based on uni-directional and
digital twins on a bi-directional real-time data commu-
nication [32]. The highest data integration level can be
reached within digital predictive twins, where the virtual
models and the data communication can predict future
operation conditions [33].

Additionally, to the virtual representation definition
concerning the data integration level, Tao et al. [34] pub-
lished the 5D model, which defines that each digital twin
shall be based on five dimensions. Within this work, the
5D model is used for any kind of virtual representation
independent on the data integration level. The five dimen-
sions are the physical and virtual component, data man-
agement, service, and the connections in-between [31,
34].

Subsequently, the state of the art of hazardous waste
rotary kiln incineration plants, the considered waste
incineration plant in Vienna at Simmeringer Haide, and
the developed thermochemical-based simulation models
and data processing steps are discussed. The definition of
virtual representations in terms of data integration level
and dimensions forms the foundation for the following
virtual representation framework in the implementation
section.
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Hazardous Waste Rotary Kiln Incineration

The thermal treatment of hazardous waste fractions is con-
ducted to eliminate harmful substances and compounds and
minimize the amount of deposited waste, which reduces the
related greenhouse gas emissions [35]. The thermal conver-
sion of waste streams is based on exothermic oxidation reac-
tions of the waste with atmospheric oxygen [11, 36]. Com-
bustible waste streams consist mainly of carbon, hydrogen,
oxygen, sulfur, nitrogen, and chlorine, which are building up
together the ultimate analysis. Furthermore, the amount of
ash and water is building up together with the fixed carbon
and volatile compounds the proximate analysis. The ther-
mal conversion of solid waste streams is initiated through
heating. In contrast, the combustion of liquid and gaseous
waste streams is started by exceeding the ignition tempera-
ture with the presence of a spark. Furthermore, for complete
combustion, enough temperature, enough turbulence for a
thoroughly mixed fuel with air, as well as sufficient resi-
dence time is needed [36]. Therefore, the mix of fuel and
air is essential to reach complete combustion. Excess air
means a decrease in the combustion temperature, resulting
in incomplete oxidation or efficiency decrease. Lack of air
also results in incomplete combustion. In addition to the
combustion air input, oxygen is provided through the fuel
itself, which decreases the required oxygen amount from the
combustion air. Further details about combustion and reactor
types can be found in [11, 36, 37].

The present work focuses on integrating a virtual rep-
resentation in the hazardous waste rotary kiln incineration
plant from Wien Energie in Vienna at Simmeringer Haide.
Therefore, a 3D visualization of the considered plant in
Fig. 2 and a basic flow diagram in Fig. 3 are shown. Therein
it can be seen that the rotary kiln is the central combus-
tion unit. The waste feeding to the rotary kiln is realized
through several input lines in the front wall of the rotary
kiln. As shown in Fig. 3, four solid waste streams are fed to
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Fig. 1 Virtual representation stages concerning the data integration level [31-33]
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Fig.2 3D visualization of the hazardous waste rotary kiln incinerator in Vienna at Simmeringer Haide [38]
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Fig. 3 Basic flow diagram of hazardous waste rotary kiln incinerator in Vienna at Simmeringer Haide

the rotary kiln, which are direct and shredded barrels, bun-
ker, and hospital waste. Bunker waste and direct barrels are
fed through the same front wall input. The shredded barrels
are mixed with parts of the bunker waste, which are mainly
screenings from the sewage treatment plant. Additionally,

four liquid and pasty input lines are installed. Two lances
are feeding mainly masterbatch (MB) fractions, which are
solvent mixtures as well as extra light heating oil (HEL),
heavy heating oil (HS), and waste oil (WO) during heating-
up. The front wall burner mainly processes WO and again
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HEL for the heat-up procedure. Furthermore, a pasty lance
is installed, wherein a mix of pasty waste and waste water
is fed. These waste streams are burned with primary air in
the rotary kiln and the post-combustion chamber (PCC) at
900-1400 °C [11]. In the PCC, secondary air is introduced
to provide oxygen for combustion. Tertiary air and addi-
tional waste water are also mainly introduced to control the
combustion temperature. Afterwards, the hot flue gas heat is
used in the waste heat recovery boiler (WHRB) to produce
superheated steam for the steam turbine to produce electric-
ity and district heat. The WHRB consists of two superheat-
ers (SH), two evaporators (EV), one economiser (ECO), the
steam drum (SD), and the coated fin wall, which is also part
of the evaporator system. Finally, the flue gas is cleaned
with an electrostatic precipitator, two scrubber units, and an
activated carbon filter. The heat exchanger system (HEX) is
installed to use the flue gas heat before the scrubber system
to heat-up the flue gas after the scrubber system to reach the
required temperature for the following activated carbon bed.
After the last coarse cleaning step, the flue gas is introduced
to the overall fine gas cleaning steps starting with a selective
catalytic reduction unit. The fine gas cleaning units at the
Wien Energie site are used to clean all flue gas streams out
of different combustion lines.

The operation of a hazardous waste rotary kiln incinera-
tion plant is very challenging. One of the main challenges
arises from batch-wise waste feeding, which results in peak
load emissions of mainly carbon monoxide and soot [6].
Besides the batch-wise feeding of barrels and bunker waste,
it is also essential to introduce a balanced mix of waste
streams in the rotary kiln, which is more or less constant
over time regarding the heating value. The solid fractions
are not entirely analyzed regarding waste composition and
heating value. As a consequence, it is challenging to realize
constant operation conditions. Therefore, the rotary kiln's
standard operation and the WHRB must be far from the
design point. Typically, an average steam production load of
around 80% from the design point of the WHRB is pursued
to allow reserve capacity to cope with the peak loads due to
batch-wise feeding of inhomogeneous waste streams [27].

Concluding, the operation of the hazardous waste incin-
eration plant is more reactive than proactive in tackling the
challenging operating conditions due to inhomogeneous
waste input and composition. To solve this problem, the vir-
tual representation of the hazardous waste incineration plant
is developed to determine the not entirely analyzed waste
fractions. Furthermore, the knowledge about the composi-
tion and heating value of recurring waste streams is used to
optimize the rotary kiln operation. Subsequently, the virtual
representation main building blocks with the thermochemi-
cal-based modeling approach and the executed data process-
ing steps are explained.

@ Springer

Thermochemical-Based Plant Model
of the Hazardous Waste Incineration Plant

A thermochemical-based simulation model was developed
to enable the determination of not entirely analyzed waste
fractions. The simulation model is written in Python and is
built up of transient and steady-state models. As shown in
Fig. 3, the whole hazardous waste rotary kiln incineration
plant is divided into nine sub-units. The rotary kiln (sub-unit
1) and the PCC (sub-unit 2) form the combustion process.
Afterwards, within the WHRB (sub-units 3-5), the flue
gas heat produces superheated steam as input for the steam
turbine. After steam generation, the flue gas is introduced
to the gas cleaning section (sub-units 6-9). The simulation
model does not cover the gas cleaning section to optimize
the calculation time. The overall simulation model is based
on a sequential modeling approach. Subsequently, the ther-
mochemical-based simulation models of the implemented
sub-units rotary kiln, PCC, and WHRB are explained.

In Fig. 4, the thermochemical-based modeling approaches
of the rotary kiln according to [39] and the model of the
PCC are visualized. Therein, it can be seen that the rotary
kiln is implemented in the overall plant model as a thermo-
chemical-based transient model. Therefore, the rotary kiln
is discretized through a one-dimensional cylindrical grid
divided into a predefined number of uniform sections in the
axial direction. The rotary kiln is divided into 1 m sections
in the axial direction for this approach. The wall of each
axial section is further discretized in the radial direction to
model the heat losses to the environment. Additionally, the
front wall is discretized in the axial direction to implement
the front wall cooling. The waste fractions are introduced in
the first rotary kiln section (cell 1). The lumpy waste frac-
tions with bunker and shredded waste are treated as solid
phases with decreasing bed height along with the rotary
kiln, according to [40, 41]. The direct barrels and hospital
waste fractions can be treated as discrete barrel elements by
considering that the barrels are firstly heated up before the
liquid and solid fractions inside are converted to gas species.
In the present work, the barrel fractions of direct barrels
and hospital waste are treated as solid phases to simplify
the model. Additionally, the pasty waste fraction is mixed
with waste water and can be fed into the rotary kiln over
an additional lance. However, the pasty waste fraction is
treated as solid fraction due to the similar physical behavior.
Therefore, the bunker waste, shredded waste, direct barrels,
hospital waste, and pasty waste fractions are treated as solids
and simplified introduced as a solid mixture into the rotary
kiln for this approach. The front wall burner converts the
liquid oil model, mostly WO, to a gas model within the first
cell. Therefore, the flame length is set to 1 m to end within
the first section. The MB fractions, fed through two lances
together with atomized steam, are treated as liquid phases,
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Fig.4 Modeling approaches of the rotary kiln and post-combustion chamber

which are assumed to fully react over a defined spray length,
where the gaseous reaction products are added as sources to
the gas phase and the solid products (e.g., ash) to the solid
bed phase. Additionally, primary and front wall burner air
are added as gas models to deliver the necessary oxygen
for the combustion reaction. The ash fraction, which is part
of the solid and liquid model, is assumed to be inert and is
transported with the solid bed phase to the PCC, where it is
entirely removed through the wet deslagger. The ash frac-
tion is modeled as fixed inert composition with SiO, as main
component. Therefore, the influences of heavy metals and
salts due to fouling are modeled by fixed values and influ-
ences due to emission peaks are neglected. The residence
time of the solids within each cell could be implemented
through a mean residence time dependent on the geometry,
volume flow, and the rotary kiln speed according to [13].
For this approach, the residence time of the solids, which is

dependent on the solid phase bed height, is assumed to be
constant due to a constant rotary kiln speed. A reference is
made to [39] for further information on material transport.
In addition to the material transport, heat transfer is inte-
grated into the simulation model [42]. In the rotary kiln the
following heat transfer mechanisms are considered:

heat conduction through the wall depending on the brick-
work,

thermal convection between gas/solid, gas/wall and wall/
solid,

and thermal radiation between wall/solid, gas/solid, and
gas/wall.

Finally, the mass transfer within the rotary kiln is
defined. Therefore, the solid fraction passes through the
drying, devolatilization, gasification, and oxidation phase

Table 1 Considered combustion reactions in the transient rotary kiln model [6, 44]

Important heterogeneous reactions (solid—gas)

Partial oxidation of carbon C+ %02 - COo ARH, = —110.5kJ/mol (1)
Complete oxidation of carbon C+0, - CO, ARH, = —393.5kJ/mol 2)
Important homogeneous reactions (gas—gas)
Oxidation of carbon monoxide CO + %02 - CO, ARH, = —283.0kJ/mol 3)
Oxidation of hydrogen 2H, + 0, = 2H,0 ARH, = —241.8kJ/mol 4)
Oxidation of methane CH, +20, — CO, +2H,0 ARH, = —802.6kJ/mol (5)
Oxidation of volatiles C.H,0. + (x " iy _ %Z)O2 — uCO, + %yHZO ARH, < 0kJ/mol ©)
Oxidation of sulfur S+ 0, - S0, ARH, = —574.0kJ/mol @)
Hydrogenation of chlorine Cl+ % H, — HCI ARH, = —213.6kJ/mol 8)

@ Springer
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[43]. The liquid fractions are evaporated, and the gas
fractions are oxidized according to the available oxygen.
Nitrogen is assumed to be inert. Furthermore, global reac-
tions are defined to consider the reaction kinetics. The
considered reactions, except the evaporation of water, are
summarized in Table 1.

Further details regarding combustion reactions in rotary
kilns can be found in [6, 36, 39]. Ash melting phases are
not considered within the transient model of the rotary kiln.
Concluding, the transient gas and solid mass and species,
as well as the coupled energy balance of gas, solid, and
the inner wall cell balances, are solved iteratively for the
whole kiln. After each iteration, the radial energy balance
of the outer kiln mantle wall cells and the axial energy bal-
ance of the outer front wall cells are solved. The boundary
conditions are updated for each time step. Hence, transient
changes in fuel feed are included. The boundary conditions
within each cell enable the transient approach, which hands
over the energy state to the following cell. This approach
ensures the transient behavior because the rotary kiln model
is aware of the mass and energy balances of the previous
periods. Therefore, a continuous fuel feed can be balanced.
After the time step calculation of the kiln, the gas and solid
results at the kiln outlet boundary are handed over to the
steady-state model of the PCC, where the gas is further oxi-
dized by the secondary and tertiary air inlet stream. The
secondary air is increased by a fixed cooling air, discovered
by an extensive false air measurement campaign [38]. In the
PCC also, waste water is introduced, which is evaporated

immediately. In addition to the gas model, also the ash
is handed over from the rotary kiln to the PCC, which is
entirely removed from the system by the wet deslagger in the
form of slag and scrap. Therefore, the PCC model simplifies
that no ash is transported with the gas phase to the WHRB.
Furthermore, water from the wet deslagger is evaporated
in the PCC and transferred to the gas model in the form
of vapour. To determine the evaporated water from the wet
deslagger, a fixed ratio dependent on the solid input stream
is introduced. To summarize, the PCC consists of gas—gas
reactions and water evaporation from the waste water lance
and the wet deslagger.

After the PCC, the resulting flue gas is introduced in the
steady-state model of the WHRB. The steady-state model
approach for the PCC and WHRB is chosen to decrease the
calculation time of the simulation model. Compared to the
rotary kiln combustion processes, the reaction time of the
gas—gas reactions in the PCC and the heat exchange in the
WHRB are much faster. Therefore, the steady-state approach
also delivers reasonable solutions. The WHRB, visualized in
Fig. 5, consists of two tube bundle evaporators, two super-
heaters, the injection cooler, the economiser, and the steam
drum. Additionally, the WHRB is coated with a fin wall,
which is not visualized in Fig. 5. In the fin wall, water evapo-
ration occurs in the same way as within both evaporators.
Firstly, the hot flue gas is introduced to the first natural circu-
lation evaporator for steam generation. Afterwards, the flue
gas is used for steam superheating in a two-step process. The
remaining flue gas heat is used for steam generation within a

‘ flue gas, TO
— cell 1: evaporator 1

water/steam
mixture

‘ flue gas, T1 =L

flue gas, T2 cell 2: final superheater ‘ —
saturated steam
r =13 l‘ injection cooler

L cell 3: pre-superheater <,t| @C—u
v

‘ flue gas, T3
steam drum
r— cell 4: evaporator 2 |:>
‘ flue gas, T4
feed water, TO J feed water, T1 drum:water
) ) |  cell5: economiser e
‘ flue gas, T5

L

Fig. 5 Modeling approach of waste heat recovery boiler
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second natural circulation evaporator and in the economiser
to preheat the feed water. The preheated feed water is fed
to the steam drum, which is connected with the two natural
circulation tube bundle evaporators and the fin wall. The
evaporator units return a water-steam mixture to the steam
drum, where the mixture is separated. Saturated steam is
fed to the pre-superheater, wherein it gets overheated in the
first step. Finally, the superheated steam is cooled down via
injection cooler before introducing it into the final superheat-
ing step. The overheated steam is converted within a steam
turbine to electricity and heat. In the steady-state model of
the WHRB, the following heat transfer processes are con-
sidered according to [42]:

e heat conduction through the tube bundles and the fin
wall,

e thermal forced convection between gas/fin wall, gas/tube
bundles, steam/tube bundles, and water/tube bundles,

e thermal free convection between water-steam mixture/fin
wall and water-steam mixture/tube bundles,

¢ and thermal radiation between gas/fin wall and gas/tube
bundles.

The heat loss from the steam drum and fin wall to the
environment is neglected in the WHRB model. The fin wall
is divided into five sections related to the number of sub-
units in the WHRB (see Fig. 5). Therefore, the evaporation
and heat transfer from the fin wall is partly considered in
each unit. For solving the steady-state model of the WHRB,
the mass- and energy balances are solved through a sequen-
tial approach. Firstly, the mass- and energy balances of the
evaporator 1 are solved. Afterwards, the following cells final
superheater, pre-superheater, evaporator 2, and economiser
are solved. This results in an iterative approach to implement
the characteristics of natural circulation. For this reason, the

produced amount and steam temperature in the superheaters
influence the flue gas temperature and vice-versa.

Finally, the transient rotary kiln model and the steady-
state model of the PCC and WHRB have to be connected.
Therefore, the plant model, shown in Fig. 6, delivers the
sequential approach for solving the thermochemical-based
hazardous waste incineration model. The plant model is fed
with input data for a given time interval. For this approach,
a minute timestep is chosen. First, the solver must be ini-
tialized, wherein materials, reactions, and other properties
like spray and flame length are defined. Furthermore, the
sub-units have to be created to form the plant model. Sub-
sequently, the plant model starts after initializing the tran-
sient rotary kiln solver, which is solved for every timestep.
Afterwards, the rotary kiln solver results are handed over
to the PCC solver, where the mass- and energy balances
are solved with new input values for the PCC. Finally, the
results of the PCC, together with new inputs, are fed to the
WHRB to solve the final mass- and energy balance for steam
production. Each mass- and energy balance delivers itself
a unique solution. Due to the linkage of a vast number of
mass- and energy balances, an iterative solution must be
applied. Therefore, the mathematical solution of the plant
model's mass- and energy balances is found by applying
the linear algebra function of the NumPy library [45-47]
based on Python. Each solver runs as long the stop criterion
is not reached. Therefore, a predefined number of iteration
steps are executed, or the iteration changes are less than a
predefined value.

The described thermochemical-based plant model ena-
bles the calculation and validation of operation conditions.
Before running the plant model, several data processing
steps must be executed to feed the solver with appropriate
values.

plant model

solver RK

solver PCC

solver WHRB

Fig. 6 Sequential thermochemical-based plant model

results RK
__inputsPCC

results PCC

inputs WHRB

solver RK
solver PCC

solver WHRB
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Data Processing Approaches of the Hazardous
Waste Incineration Plant

In the previous chapter, the thermochemical-based plant
model is described. In addition to the thermochemical-based
model assumptions, the data sources and the related data
processing have to be discussed. Several data bases need to
provide appropriate data sets to enable a smooth operation
of the plant model. Data inputs of online measured sensor
values from the control system data base provide informa-
tion about flow rates, temperature and pressure profiles,
gas analytics, and much more. Offline measured laboratory
analysis values from the laboratory data base provide infor-
mation about fuel, ash, and slag compositions. Additionally,
delivery data from the delivery data base provide informa-
tion about the delivered waste stream, which consists of the
supplier information, waste code, quantity, and storage loca-
tion. All mentioned data inputs must be preprocessed and
further processed to convert them to appropriate data sets
for the plant model. Furthermore, a fuel classification model
is introduced to connect waste codes according to [48] with
a novel waste code classification.

All data processing steps are based on Python. The pan-
das [49] and NumPy [46] libraries are used for data preproc-
essing and processing all input values for the solver. The raw
data sets are based mainly on sensor data, which detects only
changes in sensor values. Therefore, the data sets must be
preprocessed to deliver uniform periodic datasets. Due to
the slow reaction behavior of the plant, minutely time steps
are chosen. Data gaps are closed through a forward filling
process. The preprocessed datasets are the basis for the fol-
lowing data processing steps:

—_—

selection of a time period,
generation of material inputs for all waste streams,

N

a. determination of a waste composition mixture for all
solid fractions,

b. determination of a waste composition for each liquid
and pasty fraction,

3. generation of material inputs for air streams,

generation of data for other individual sensors,

5. generation of JSON solver input files based on all gener-
ated data.

&

In Fig. 7, the waste stream input determination method-
ology is visualized. Therein, it can be seen that the deliv-
ered liquid and pasty waste streams are mainly mixed to
reach homogenous fuel compositions. HEL and HS are
only used within the burner and lances for heat-up and
holding modes. The mass and volume flow of the liquid
and pasty waste streams are determined via processed

@ Springer

sensor values from the control system data base. The waste
compositions of the pasty and liquid waste streams are
mostly set values. In Table 2, the assumed values for ulti-
mate and proximate analyses are listed. The ultimate anal-
ysis values and the water content are based on laboratory
values [27] and standard values [36]. Except for the water
content, the proximate analysis values are based on own
assumptions, which refer to approximate values from other
liquid fuel compositions [50, 51]. The waste water fraction
is approximated with pure water. The masterbatch waste
composition is mainly based on daily laboratory analysis
values. Not entirely analyzed ultimate analysis values from
MB are based on a determination via the offline analyzed
higher heating value (HHV) and the formula of Boie [36].
Finally, the liquid waste inputs via burner and lances and
the pasty waste and waste water mix via the pasty lance
are handed over to the rotary kiln solver. The waste water
lance input in the PCC is also provided as a liquid fuel to
the PCC solver.

The solid waste stream inputs are mostly not entirely ana-
lyzed. The developed virtual representation shall be able to
close this gap. The applied methodology for handling solid
waste inputs can be seen in Fig. 7. Therefore, the bunker
waste deliveries are directly fed to the bunker after passing
the truck scale and are assumed as a homogenous daily mix.
The mass flow of the bunker waste is determined via the
weight from the crane scale over a specific period. Direct
barrels are converted via the barrel chute in the rotary kiln
as a whole. The daily order of direct barrels is determined,
which are fed via a conveyor belt. The mass flow for the
direct barrel input is determined via barrel counter over
period and barrel weight. The shredded waste is introduced
over a separate input line in the rotary kiln. Harmless bar-
rels are shredded and mixed with bunker waste and small
amounts of liquid fuels. The liquid fuels are neglected
because of the low quantities. The added bunker waste is
mostly screenings. For this reason, the added bunker waste
is assumed as screenings with a share of 12.5 m.%. The
assumed ultimate and proximate analyses for the screenings
are listed in Table 2. For determining the hospital waste
input, the deliveries entry information and the pusher sensor
data for counting the barrels are used. Finally, the solid fuel
input in the rotary kiln solver is determined by mixing the
four solid input lines. The compositions of the solid input
lines bunker waste, direct barrels, shredded waste, and hos-
pital waste are mostly non-analyzed. Therefore, a novel fuel
classification model has been developed.

The fuel classification model is based on a vast fuel
data base. More than 200 samples of proximate and ulti-
mate analysis are listed for regularly used acids, caustics,
oils, biogenic and fossil residues, chemicals, solvents, and
plastics. The development of the fuel data base is based on
the chemical compositions of two available fuel data bases
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Fig. 7 Data processing steps within the hazardous waste incineration plant
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Table 2 Assumed ultimate and proximate analysis values for waste streams
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Refs

Proximate analysis

Liquid and pasty waste streams Ultimate analysis

Fixed C [m.-%] Volatiles [m.-%] Ash [m.-%]

O [m.-% 4] H,0 [m.-%]

Cl [m.-% g,

C M=%y HIM-% ] N[m-% g S[M-% g1l

[27]

90.8

0.9

8.3

15.5 0.2 0.3

84.0

Waste oil (WO)

[36]
[36]
[27]

99.5

0.5

0.2

13.0 0.2 0.1

86.5
84

Extra light heating oil (HEL)
Heavy heating oil (HS)
Pasty waste (PW)

99.5

0.5

1.0
27.6

2.5

11.5 0.5

S

30.9

0.6

68.5

10.5

61.9

100

Waste water (WW)
Masterbatch (MB)?

1 (dry)

8.1

98 (dry)
40.9

Daily analyzed 1 (dry)

50.0

Daily analyzed Daily analyzed 0-14

0.1

5 (fixed)

4-14
0.3

6.19

40-85

1.0

48.5

0.01

44.9

Screenings (bunker waste)

MB daily analyzed (HHYV, S, Cl)—the other ultimate analysis values are calculated daily out of LHV by using the formula of Boie [36] and further constraints (value ranges assumed according

to historical laboratory analysis values), LHV is calculated in relation to the daily analyzed HHV according to [36]

[50, 51], and internal laboratory data from Wien Energie.
Subsequently, the sample data base builds up proximate
and ultimate analysis value ranges based on 3-5 character-
istic sample points. According to [48], the fuel classifica-
tion model comprises the most frequently used waste codes
within the input lines: bunker waste, direct barrels, shredded
and hospital waste. The classification model consists of 29
bunker, 25 direct barrel, 14 shredded, and 6 hospital waste
codes. The fuel classification is visualized in ternary plots
(see Fig. 8), which represent a combination of ultimate and
proximate analysis ranges for each waste code in each solid
waste input line. The general methodology of the ternary
plots highlights high calorific waste streams in the left and
low calorific waste streams in the right bottom corner.

The fuel classification model data base builds the founda-
tion for approximating compositions for the introduced solid
waste streams. Within the data processing approach, ultimate
and proximate analysis values for each solid waste stream
are chosen, built up by a combination of the underlying sub-
classes for each waste code. The determined compositions
for the solid waste input streams complete the required data
inputs for the plant model.

To summarize, the plant model in Fig. 7 is fed with pro-
cessed volume and mass flows from sensor values based on
the control system data base. Furthermore, daily analyzed
laboratory data for masterbatch and predefined compositions
for the other liquid and pasty waste streams are introduced
to the plant model. Moreover, the determined fuel composi-
tions of the solid waste streams out of the fuel classification
model, together with the waste code and supplier informa-
tion out of the delivery data base enable the solid waste
characterization for the following plant model. The plant
model is fed with several liquid streams and the solid fuel
mixture, determined through the individual waste streams.
Additionally, ash and slag analysis from the laboratory data
base and further sensor values from the control system data
base complete the input values for the plant model. Finally,
the plant model delivers minutely time-dependent results
for temperature and pressure profiles, flow rates as well as
major and minor flue gas components. The periodic results
are compared with sensor values from the control system
data base. For this reason, the mean absolute percentage
error (MAPE) as metrics is calculated. If the metrics surpass
a certain predefined tolerance, the fuel composition values
of the solid waste streams based on the fuel classification
model are modified and again fed to the plant model until
the results of the plant model fit well with the sensor values.

Test Series of the Hazardous Waste Incineration
Plant

The virtual representation has to be parametrized before
it can be used to determine not entirely analyzed waste
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Fig.8 Fuel classification visualization from the general methodology (top), bunker waste (a), direct barrels (b), shredded waste (c) and hospital

waste (d)

fractions, as mentioned within the first implementation
step. Therefore, a series of test runs were executed in April,
October, and November 2021. The simulation order for para-
metrization of the plant model and the following determina-
tion of not entirely analyzed waste fractions is visualized
in Table 3. Therein, it can be seen that the plant model is
parametrized with data points where only one solid waste
input stream was fed. Within the parametrization step, all the
set values in the plant model are adjusted until the results
are consistent with the sensor values from the control system
data base. Afterwards, the virtual representation is used to
determine not entirely analyzed solid waste fractions. First
of all, test run periods with only bunker and hospital waste
are introduced. Subsequently, data points with bunker waste
and direct barrels and further data points with more and
more waste input streams are considered. Liquid and pasty
waste streams, except HEL for heat-up and holding mode
operation, are not listed in Table 3 for simplification. The
pasty input line is usually in operation as long as there is
pasty waste in the storage. The waste water input line in the
PCC is always in operation and helps with temperature regu-
lation. Furthermore, the burner and one of both lances are

also always in operation. To summarize, the test series from
2021 is the basis for the parametrization described in the
following chapter. Determining not entirely analyzed waste
streams will be the next step after the parametrization and
is not executed within this work.

Implementation of the Virtual
Representation in the Hazardous Waste
Incineration Plant

Finally, the implementation of the virtual representation is
based on the described concepts and methods from the pre-
vious chapters. Therefore, the raised definition of virtual
representations provides the requirements for the devel-
oped framework. Therein, the described thermochemical-
based plant model and the data processing steps are the
main building blocks within the overall virtual representa-
tion framework, which is subsequently presented. After-
wards, the simulation results for the parametrization test
series are explained. The parametrized plant model enables
the determination of not entirely analyzed waste streams to
create a fuel analysis data base. In the end, possible future
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Table 3 Simulation order regarding test series 2021 for parametrization of the plant model and determination of not entirely analyzed waste

streams

Test series 2021 simulation order

Waste input streams (X =in operation / (X) partly in operation)

Bunker waste

Direct barrels

Shredded waste Hospital waste HEL

(lances + burner)

Parametrization Plant model
2nd Nov. 09:30-12:00
9th Nov. 13:00-15:00
23rd Nov. 12:50-15:00

Determination of not entirely ana-
lyzed waste input streams

16th Nov. 14:30-17:00

10th Nov. 17:50-22:20

14th Nov. 09:30-13:20

14th Nov. 14:30-19:15

15th Nov. 09:05-19:25

8th Nov. 10:00 — 9th Nov. 08:00
19th Nov. 14:20-17:20

10th Nov. 07:10-17:50

25th Nov. 18:35-22:05

27th Nov. 12:40-16:20

24th Nov. 08:50 — 25th Nov. 05:00
25th Nov. 23:50 — 26th Nov. 08:35
26th Nov. 12:00 — 27th Nov. 02:40
27th Nov. 03:35-12:15

27th Nov. 16:40 — 28th Nov. 12:35
17th Nov. 10:30 — 19th Nov. 14:20
20th Nov. 09:10 — 23rd Nov. 12:10
29th Oct. 14:30 — 31st Oct. 10:00
17th April 10:00 — 19th April 04:00
19th April 04:00 — 23rd April 16:00
26th Oct. 00:00 — 29th Oct. 08:00

T T e e R T T i e I A S S S T o

T T I R S e

XK XXX
>

XXX X XX

applications of the virtual representation, which are based
on the fuel analysis data base are discussed.

Overall Virtual Representation Framework
for the digitization of the Hazardous Waste
Incineration

The overall virtual representation framework is dependent
on the foreseen application. Therefore, an implementation
concept is introduced, which can be seen as a four-stage
process according to the data integration level of Kritz-
inger et al. [32] and Aheleroff et al. [33]:

1. Digital Model: Determination of not entirely analyzed

historically fed waste streams to create a fuel analysis
data base

@ Springer

2. Digital Shadow: Implementation and use of fuel analy-
sis data base for the optimization of the plant perfor-
mance

3. Digital Twin: Automation or semi-automation of haz-
ardous waste rotary kiln incineration plant operation

4. Digital Predictive Twin: Forward planning of hazard-
ous waste rotary kiln incineration plant operation

To enable the determination of not entirely analyzed
waste fractions, the parametrization of the plant model,
which is explained in the following chapter needs to be ful-
filled. Only the parametrization of the plant model, which
is the basis for all the following implementation levels, is
realized in this work. In the first implementation level (digi-
tal model), all the data communication is done manually to
create a fuel analysis data base based on the results of the
virtual representation simulation approach. Nevertheless, the
following overall virtual representation framework includes
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implementation steps two and three, which are the digital
shadow and the digital twin. The digital shadow can use the
knowledge about recurring fractions from the fuel analysis
data base out of the first implementation step to improve the
plant performance due to optimizing, for example the order
of waste inputs or the air inlet. The digital twin is based on
bi-directional data communication, enabling the automation
or semi-automation of the plant operation or waste manage-
ment. Finally, the digital predictive twin enables the forward
planning of the plant operation or waste management.

An overall virtual representation framework has to be
established to enable the application of the virtual represen-
tation within all the mentioned data integration levels from
the implementation concept. Furthermore, the framework
follows the methodology for developing virtual representa-
tions within the process development framework of energy
plants, presented by Hammerschmid et al. [31]. The overall
methodology combines the aforementioned thermochemical-
based plant model and data processing approaches to form
a novel virtual representation framework for the digitiza-
tion of the hazardous waste rotary kiln incineration, shown
in Fig. 9. Therein, the hazardous waste rotary kiln incin-
erator at the Wien Energie site in Vienna at Simmeringer
Haide builds up the physical component. The control system
data base represents the interface to the data management.

Therefore, all the online measured sensor values are handed
over to the data management. The data management, which
is the middleware, is located on a local edge device and
based on Python’s Pandas library [49]. Within a two-step
process, the sensor values and values from other data bases
are processed to prepare appropriate datasets for the thermo-
chemical-based plant model. The sensor values are always
recorded if there is any change. Therefore, the sensor values
must be filtered and forward filled in the data preprocessing
step to create appropriate datasets for the raw data storage.
The delivery data base, which includes the waste codes, sup-
pliers, and the delivery quantity, introduces this informa-
tion to the raw data storage via the fuel classification data
base. All the waste code proximate and ultimate analysis sub
classes are stored therein. Thus, the waste information from
the delivery data base allows the selection of an appropriate
ultimate and proximate analysis from the fuel classification
data base, which is determined over a random combination
of predefined subclasses within any waste code. The fuel
analysis determination process can be supervised manu-
ally. Subsequently, the determined fuel compositions are
introduced together with the offline analysis data from the
masterbatch out of the laboratory data base to the raw stor-
age data. Afterward, the collected data sets are further pro-
cessed to mix fuels and create appropriate data inputs for the

connection

PROFIBUS
(field bus communication
standard)
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service

data [ S data
Ly laboratory . processing g storage (clean)
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Fig.9 Overall virtual representation framework for the digitization of the hazardous waste rotary kiln incinerator

@ Springer



Waste and Biomass Valorization

simulation model. The processed datasets are stored in a fur-
ther data storage to enable a data buffer before introducing
the data sets in the thermochemical-based plant simulation
model. Furthermore, the aforementioned implementation
stages have to be considered. The first implementation stage
(digital model) is determining the ultimate and proximate
analysis of historically fed waste streams. The following
stages use this knowledge within a fuel analysis data base to
enable further applications like the optimization of the plant
performance. Within the digital model approach, the virtual
component includes the thermochemical-based plant model
and the process validation step. In the following implemen-
tation steps, the virtual component will be extended by a
machine learning (ML) algorithm. These models are oper-
ated on the same local edge device as the data management
approaches. The plant model is fed with the data sets from
the data management, and the results are validated with sev-
eral sensor values. If the comparison values are close enough
to the results from the plant model, the validated data set is
fed to the service dimension's fuel analysis data base. Sup-
pose the comparison values do not pass the validation step,
the fuel classification data base chooses another combination
of subclasses for the fuel analysis, and the plant model is fed
with new data sets. If enough waste streams are determined
and stored in the fuel analysis data base, these data sets can
be used to train the ML algorithm for advanced implementa-
tion stages. The trained ML algorithm can be used to replace
the random selection of an ultimate and proximate analysis
within the fuel classification data base to simplify the data
management.

The service dimension also depends strongly on the fore-
seen implementation stage. The determination of not entirely
analyzed waste inputs within the digital model stage is based
on a local edge device with a fuel analysis data base, wherein
the valid data sets are stored. Suppose the fuel analysis data
base should be further used to optimize the process perfor-
mance of the hazardous waste rotary kiln incineration plant,
the service dimension has to be expanded by at least two fur-
ther layers. Within the often used three-tier architecture [52],
the data access layer, which is the fuel analysis data base is
expanded by the service application, which represents the
logic layer, and the data visualization, which can be seen as
the presentation layer [52]. The service application can be
local or web-based. To support the plant operation and waste
management, web-based applications could be favorable to
create a platform-independent solution. In the service appli-
cation layer, the knowledge about recurring waste fractions
from the fuel analysis data base can be used to optimize
waste management or plant operating procedures. There-
fore, exemplary knowledge about liquid waste fractions ena-
bles the determination of target values for the solid waste
mix in terms of mass flow and fuel analysis, which are also
fed to the service application layer. The data visualization
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layer presents the proposed actions for optimizing the plant
performance or the order of waste inputs within the waste
management. The data visualization layer is the web-based
frontend where the stakeholders can interact with the appli-
cation. The connection dimension is responsible for data
communication. Within the digital model implementation
stage, only manual communication workflows are realized
to determine the not entirely analyzed solid waste streams,
which results in a fuel analysis data base. In Fig. 9, all the
manual data communication from the physical component
to the fuel analysis data base in the service dimension are
illustrated by dashed lines. For further advanced applications
in the digital shadow and digital twin implementation stage,
the data communication will be realized with PROFIBUS,
a field bus communication standard [53]. In the following
digital shadow implementation stage, characterized by a uni-
directional data communication, all the manual data flows
are replaced by PROFIBUS. Furthermore, the data com-
munication will be extended by a data transfer from the ML
algorithm to the fuel classification data base and the data
transfer within the service dimension from the fuel analy-
sis data base to the data visualization. In the digital twin
implementation stage, the results of the plant model are fed
to the service dimension. In the service application layer,
which represents the logic, control commands will be sent
automatically to the control system data base to optimize the
plant performance. Further control commands can be sent
to the delivery data base to optimize waste management.
Further information regarding data communication can be
found in [54].

Based on this overall virtual representation framework,
first test series were executed to parametrize and validate
the plant model. Finally, future applications of the virtual
representation framework are discussed.

Parametrization of Plant Model

Before the virtual representation can be used to determine
not entirely analyzed waste streams, the plant model's para-
metrization must be executed. Based on the test series in
Table 3, three datasets with HEL as fuel input were cho-
sen to parametrize the plant model. Due to the well-known
HEL input during heat-up and holding modes, these test
runs are suitable for the parametrization process. The overall
virtual representation framework from Fig. 9 was applied
for the parametrization. Therefore, the sensor values from
the control system data base within the test run periods
from Table 3, together with the well-known HEL compo-
sition from the fuel classification data base are processed
within the data management and further introduced to the
plant model. The plant model results are checked within the
process validation stage. If the sensor values from the flow
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rates, pressure, and temperature profiles from the flue gas
and overheated steam, as well as the flue gas major compo-

ber.

nents, deviate too much from the plant model results, the set

values within the plant model were adjusted. The following
set values within the plant model were adjusted:

e fixed air inputs in the rotary kiln and the PCC, which
were detected during a wrong air measurement campaign

[38],

e fixed amount of water which will be evaporated in the

wet deslagger,

e decrease of the heat transfer within the WHRB due to

fouling,

e fixed amount of heat loss in the post combustion cham-

The MAPE has been chosen as a metric to quantify the
deviation between sensor values and plant model results.

Furthermore, it has to be noted that the calculation of the

overall MAPE is based on a weighting of the sensor values.
For example, the major gas components are weighted with

the highest and the flue gas temperatures within the WHRB

with the lowest factor. The deviation between the minor

gas component results with the sensor values are neglected

within the parametrization step. The reason is the assump-

tion of complete combustion in the plant model, which leads

Comparing sensor values with solver results - HEL operation 2" November 09:30-12:00
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Fig. 10 Simulation and validation results from the test run of Nov. 2nd with HEL input
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to zero CO emissions. The HCI content is neglected in the
parametrization step due to the assumption of chlorine-free
HEL, which also leads to zero HCI emissions. The para-
metrization of the plant model and the relating adjustments
of the aforementioned set values were executed as long
the MAPE was for all three chosen test runs (see Table 3)
smaller than 12%. In Fig. 10, the simulation and validation
results of the test run from Nov 2nd are exemplarily visual-
ized to show the excellent correlation within the parametri-
zation. The visualized test run period is based on a holding
mode with HEL as fuel input. In the beginning of the cho-
sen test run period, a deviation between sensor and solver
results especially for the temperature values can be seen.
The consistent decrease of the temperature sensor values
in the beginning can be explained by a transient response
from full-load operation to holding mode with HEL. The
assumed ultimate and proximate analysis values for HEL
can be found in Table 2. The fluctuations of the volume flow
sensor value of the flue gas can be explained by disturbances
of the measuring orifice.

Afterwards, the plant model can be seen as parametrized
and is ready to determine not entirely analyzed waste inputs.
Subsequently, the test series from Table 3 will be processed
to investigate the first test runs with only one not entirely
analyzed waste input stream. Then, the test runs with vari-
ous not entirely analyzed waste inputs can be conducted.
Finally, the future applications of the virtual representation
are discussed, which are enabled due to the parametrization
of the plant model.

Future Applications of the Virtual Representation

The parametrization of the plant model enables the broad
use of the virtual representation to optimize the waste man-
agement, operation, and maintenance of the hazardous waste
rotary kiln incineration plant. In Table 4, the possible future
service applications of the virtual representation are listed.
Therein, it can be seen that the possible service applications
are ordered according to the data integration level. Suppose
the virtual representation is used as a digital model, mean-
ing only manual data communication between the virtual
and physical dimensions takes place. In that case, the crea-
tion of the fuel analysis data base can be realized, which is
the basis for all the following services. The digital shadow
is characterized as one-directional data communication and
can be used to optimize the waste input order and plan the
waste delivery. Furthermore, the kiln operation can be moni-
tored and optimized regarding stable operation conditions.
In terms of maintenance, the digital shadow can monitor
the plant components and plan downtimes. The digital twin
enables bi-directional data communication. Therefore, the
automated optimization of the waste management or plant
operation is possible due to automated feedback from the

@ Springer

virtual to the physical plant. The final data integration level
of the digital predictive twin helps to provide a support tool
for the waste management, plant operator, or maintenance
staff to predict future stocks, operation conditions, or down-
times. Finally, the digital predictive twin can be used to train
plant operators. However, the list of service applications is
not exhaustive, and other service applications can also be
investigated.

Conclusion and Outlook

The scope of this publication was the investigation of a
framework to realize a virtual representation for the digiti-
zation of a hazardous waste incineration plant. Based on the
state-of-the-art 5D model and data integration level, a novel
virtual representation framework for the use within a stan-
dalone hazardous waste rotary kiln incineration plant was
investigated. The virtual representation framework consists
of the physical plant, which communicates with the data
management via the control system data base. The sensor
values out of the control system data base together with fur-
ther values from other data bases will be processed to cre-
ate appropriate datasets for the following plant model. The
determination of the waste composition of the solid waste
streams is supported by the novel fuel classification data
base, which returns proximate and ultimate analysis value
ranges based on the delivered waste code. The data inputs
are fed with minutely-based datasets to the thermochemical-
based plant model to calculate the flow rates, temperature,
and pressure profiles of the flue gas and overheated steam.
Furthermore, the major and minor flue gas components can
be determined. The plant model results are compared with
the accompanying sensor values within a validation step.
This virtual representation framework enables the determi-
nation of not entirely analyzed waste input streams to moni-
tor waste deliveries. Furthermore, this information can be
used in terms of recurring fractions to optimize waste man-
agement and plant operation due to the better knowledge of
waste inputs.

The thermochemical-based plant model was validated
with test runs based on well-known waste inputs. There-
fore, three test runs from November 2021 within the haz-
ardous waste rotary kiln incineration plant at Simmeringer
Haide in Vienna with HEL input were used to parametrize
and validate the plant model. Within these test runs, the
waste input is well-defined, and thus the set parameters
within the plant model could be adjusted to reach a good
approximation to the sensor values. The parametrization of
the plant model and the relating adjustments of the afore-
mentioned set values were executed as long the MAPE
was for all three chosen test runs smaller than 12%. The
parametrized plant model enables the application of the
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virtual representation for the determination of not entirely
analyzed solid waste streams. Thereby, the solid waste
compositions are adjusted according to the ultimate and
proximate analysis value ranges out of the fuel classifica-
tion data base as long as the plant model results are near to
the sensor values. Various determined solid waste streams
are building up the fuel analysis data base, which is the
basis for further virtual representation applications. If the
determined solid waste streams recur, the knowledge can
be used to optimize the waste management, operation, and
maintenance of the hazardous waste rotary kiln incinera-
tion plant. The possible applications range from digital
model services with offline data communication to digital
predictive twin services with automatic data communica-
tion coupled with predictive simulation models. First of
all, the creation of a fuel analysis data base by the deter-
mination of not entirely analyzed waste streams is crucial
to enable further advanced applications. To obtain trust-
worthy results, a long-term test run is important to validate
the determined waste stream compositions with offline
laboratory analysis. In this way, the assumptions regard-
ing bunker, shredder and barrel storage can be approved.
The storage management together with set values regard-
ing the wrong air amounts, fouling and heat losses are the
key influencing factors in the virtual representation. For
achieving digital control, it is essential to ensure reliable
measurements. For this reason, periodic control measure-
ment campaigns with accompanying calibration are very
important.

Summing up, the presented parametrized virtual rep-
resentation framework is the basis for the determination
of not entirely analyzed solid waste streams and further
applications to optimize the performance of the waste
management, operation, and maintenance within a fully
digitized hazardous waste rotary kiln incineration plant.
To validate the whole virtual representation framework,
the determination of not entirely analyzed waste input
streams should be accompanied by a comprehensive
fuel analysis test series to enable a proof of concept.
The thermochemical-based plant model can be enlarged
by more detailed reaction mechanisms or fluid dynamic
modeling approaches. Further improvements to the plant
model can be realized by implementing a mechanism to
integrate the aging of brickworks within the rotary kiln.
The comprehensive implementation of heat losses to the
environment within all the sub-units can also be marked
as a possible optimization step. Implementing the flue gas
cleaning units and combining the thermochemical-based
plant model with 3D models could enable further service
applications, especially in the maintenance sector. How-
ever, the presented virtual representation framework for a
fully digitized hazardous waste incineration plant could
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help contribute to a high-efficiency thermal conversion of
hazardous waste. First investigations showed that through
the implementation of the novel framework within the
hazardous waste incineration plant in Vienna at Simmer-
inger Haide, an overall efficiency increase of more than 5%
can be reached. After a long-term test run of the virtual
representation in the foreseen hazardous waste incinera-
tion plant, the tool can be transferred to other identical
hazardous waste rotary kiln incinerators. Furthermore, the
virtual representation can be parametrized to other rotary
kiln incineration plants for example within the cement
and paper industry. Through the modular structure of the
virtual representation, the tool can be also used for other
types of incinerators after adapting the simulation and data
acquisition models.
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