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Summary 

The beverage industry is particularly challenged to produce sustainably and efficiently 

due to rising prices for energy and electricity, as well as economic, environmental, 

social and political conditions, such as the adoption of the United Nations (UN) 

Sustainable Development Goals. The energy-intensive production within the brewery, 

which is characterized by complex and hybrid process chains as well as a variety of 

different machines, represents a good example for the beverage industry. Especially 

for small and medium-sized enterprises (SMEs), there are specific barriers such as 

lack of time, capital and know-how to identify potentials to increase energy efficiency 

and to take appropriate measures. IT-based approaches can overcome these barriers 

and offer decision-makers the opportunity to pursue numerous approaches and make 

informed decisions. However, there is currently no solution that allows for a holistic 

analysis and forecast of the energy and media demand of hybrid production in the 

beverage industry and is also suitable for use in SMEs. Up to now, approaches have 

only focused on partial areas and individual aspects and are characterized by a high 

degree of complexity. 

In this thesis, a method for the holistic and hybrid mapping, simulation and forecasting 

of the energy and media demand in the beverage industry, using the brewery as an 

example, is developed with a special focus on the easy applicability of the method for 

SMEs. 

For this purpose, after analyzing the initial situation as well as the scientific questions, 

this thesis presents a three-step approach for modeling, simulation model generation 

as well as holistic and hybrid simulation of production systems in the beverage industry. 

At the beginning, the complex consumption structures of the different production areas 

of the brewery as well as the main consumers are revealed. The elaboration of the 

barriers which exist, especially for SMEs, to produce energy efficient provides the 

requirements for the application of approaches to increase energy efficiency. The 

approaches available in the scientific literature are presented, categorized, critically 

discussed and the scientific gap, the lack of a holistic method for forecasting the energy 

and media demand for complex production systems, is elaborated. For this purpose, 

in the first stage, a metamodel, which formally describes models, is developed as a 

standardized and generic framework for the representation of production systems, 

divided into the models: plant, process, article/recipe and production plan. The 
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implementation of the metamodel in a user-friendly software allows easy modeling 

without pre-qualification of the user and opens up the method to wider application thus 

creating a broader fact base for further scientific developments. A standardized 

configuration file for the distribution of the model is presented and the software is 

validated by a systematic test and by use cases. Based on the configuration file, the 

simulation model is automatically generated in a simulation environment in the next 

stage. Furthermore, a generic and standardized data structure as well as tools based 

on this structure for the uniform and automatic determination of the required simulation 

parameters are presented. The simulation environment is extended by the integration 

of a production plan and the associated recipe- or article-specific simulation as well as 

by the simulation of batch-oriented production. Detailed validation is performed in both 

production areas of the brewery and simulation experiments are carried out. This 

shows that the method is able to map the energy and media demand of the brewery's 

production systems holistically and to forecast the demand of electrical and thermal 

energy within a deviation of about two percent in total. The final stage is the hybrid 

simultaneous simulation of the batch-oriented production method in the batch area and 

the discrete packaging and bottling area. This opens up far-reaching possibilities with 

regard to the holistic analysis of the dependencies and interrelationships of complex 

production operations by revealing optimization potentials, testing optimization 

measures and quantifying investments. 

In summary, a metamodel-based hybrid simulation approach of production systems of 

the beverage industry regarding energy and media demand is presented. Its feasibility 

and suitability, especially for SMEs, could be demonstrated by the user-friendly 

implementation of the method as well as by simulation experiments. For future studies, 

the deepening of the method with regard to the integration of energy and media 

generation could enable further optimization potential as well as overcoming the barrier 

of data acquisition by directly connecting the production facilities to the method.
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Zusammenfassung 

Die Getränkeindustrie ist durch die steigenden Preise für Energie und Strom, sowie 

durch wirtschaftliche, ökologische, soziale und politische Bedingungen, wie die 

Verabschiedung der UN-Nachhaltigkeitsziele, besonders gefordert nachhaltig und 

effizient zu produzieren. Die energieintensive Produktion innerhalb der Brauerei, 

welche durch komplexe und hybride Prozessketten sowie einer Vielzahl an 

verschiedenen Maschinen gekennzeichnet ist, stellt ein gutes Beispiel für die 

Getränkeindustrie dar. Gerade für kleine und mittelständische Unternehmen (KMUs) 

bestehen spezifische Barrieren wie Zeit-, Kapital- und Knowhow-Mangel, um 

Potenziale zur Steigerung der Energieeffizienz zu identifizieren und entsprechende 

Maßnahmen zu ergreifen. IT-gestützte Ansätze können diese Barrieren überwinden 

und bieten den Entscheidungsträgern die Möglichkeit, zahlreiche Ansätze zu verfolgen 

und fundierte Entscheidungen zu treffen. Allerdings ist zurzeit keine Lösung, welche 

eine ganzheitliche Analyse und Prognose des Energie- und Medienbedarfs der 

hybriden Produktion der Getränkeindustrie ermöglicht und auch für die Anwendung in 

KMUs geeignet ist, beschrieben. Bisherige Ansätze konzentrieren sich bislang nur auf 

Teilbereiche sowie einzelne Aspekte und zeichnen sich durch eine hohe Komplexität 

aus. 

In dieser Arbeit wurde eine Methode zur ganzheitlichen und hybriden Abbildung, 

Simulation und Prognose des Energie- und Medienbedarfs in der Getränkeindustrie, 

am Beispiel der Brauerei, mit besonderem Augenmerk auf der einfachen 

Anwendbarkeit der Methode für KMUs, entwickelt. Hierfür wird nach der Analyse der 

Ausgangssituation sowie der Anforderungen ein dreistufiger Ansatz zur Modellierung, 

Simulationsmodellerzeugung sowie zur ganzheitlichen und hybriden Simulation von 

Produktionssystemen der Getränkeindustrie präsentiert. Dabei werden zu Beginn die 

komplexen Verbrauchsstrukturen der unterschiedlichen Produktionsbereiche der 

Brauerei sowie die jeweiligen Hauptverbraucher aufgedeckt. Die Erarbeitung der 

Barrieren, welche vor allem für KMUs bestehen, um energieeffizient produzieren zu 

können liefert die Anforderungen an die Anwendung von Ansätzen zur Steigerung der 

Energieeffizienz. Die in der wissenschaftlichen Literatur verfügbaren Ansätze werden 

vorgestellt, kategorisiert, kritisch diskutiert und die wissenschaftliche Lücke, das 

Fehlen einer ganzheitlichen Methode zur Prognose des Energie- und Medienbedarfs, 

herausgearbeitet. In der ersten Stufe wurde ein Metamodell, welches Modelle formal 
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beschreibt, als standardisierter und generischer Rahmen für die Darstellung von 

Produktionssystemen entwickelt, unterteilt in die Modelle: Anlage, Prozess, 

Artikel/Rezeptur und Produktionsplan. Die Implementierung des Metamodells in einer 

benutzerfreundlichen Software ermöglicht eine einfache Modellierung ohne 

Vorqualifikation des Anwenders und öffnet die Methode für eine breitere Anwendung, 

wodurch eine breitere Faktenbasis für weitere wissenschaftliche Entwicklungen 

geschaffen wird. Eine standardisierte Konfigurationsdatei für die Weitergabe des 

Modells wird präsentiert und die Software mithilfe eines systematischen Tests sowie 

anhand von Anwendungsfällen validiert. Ausgehend von der Konfigurationsdatei wird 

in der nächsten Stufe das Simulationsmodell in einer Simulationsumgebung 

automatisch generiert. Weiterhin wird eine generische und standardisierte 

Datenstruktur sowie Tools zur einheitlichen und automatischen Ermittlung der 

benötigten Simulationsparameter vorgestellt. Die Simulationsumgebung wird durch die 

Einbindung eines Produktionsplans und der damit zusammenhängenden rezept- bzw. 

artikelspezifischen Simulation sowie durch die Simulation der chargenorientierten 

Produktion erweitert. In beiden Produktionsbereichen der Brauerei erfolgt eine 

detaillierte Validierung und Simulationsexperimente werden durchgeführt. Die 

Ergebnisse zeigen, dass die Methode in der Lage ist den Energie- und Medienbedarf 

von Produktionssystemen der Brauerei ganzheitlich abzubilden und korrekt, mit einer 

Abweichung von insgesamt ca. zwei Prozent, zu prognostizieren. Die finale Stufe bildet 

die hybride Simulation der chargenorientierten Produktionsweise im Batch-Bereich 

sowie des diskret arbeitenden Verpackungs- und Abfüllbereiches zur gleichen 

Laufzeit. Dies eröffnet weitreichende Möglichkeiten hinsichtlich der ganzheitlichen 

Analyse der Abhängigkeiten und Zusammenhänge von komplexen 

Produktionsbetrieben durch die Aufdeckung von Optimierungspotentialen, dem Testen 

von Maßnahmen und der Quantifizierung von Investitionen. Zusammenfassend wird 

ein metamodellbasierender, hybrider Simulationsansatz von Produktionssystemen der 

Getränkeindustrie hinsichtlich des Energie- und Medienbedarfs präsentiert. Dessen 

Durchführbarkeit und Praxistauglichkeit, wird durch die anwenderfreundliche 

Umsetzung der Methode sowie durch Simulationsexperimente gezeigt. Für zukünftige 

Studien könnte die Vertiefung der Methode hinsichtlich der Einbindung der Energie- 

und Medienerzeugung weiteres Optimierungspotential ermöglichen und durch die 

direkte Anbindung der Produktionseinrichtungen an die Methode die Hindernisse der 

Datenerfassung überwunden werden. 
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1 Introduction 

The adoption of the UN Sustainable Development Goals obliges member states to 

integrate them into national targets. In view of climate change and the resulting 

environmental challenges, as well as the economic progress, ambitious goals have 

been set until 2030 [1]. Furthermore, companies are currently confronted with rising 

prices for energy and electricity and are thus forced to produce in a particularly 

sustainable manner and to save energy in order to be able to continue to exist on the 

market and to meet the requirements of customers [2]. Global industrial energy 

consumption is expected to increase by 29% from 2020 levels by 2040 [3]. Germany 

is the world's seventh largest consumer of primary energy, with German industry 

playing a major role [4]. The energy demand of the food and feed industry ranks 

sixth [5], where the two economic indicators "Production of food and feed" and 

"Beverage production" account for around 16 % of the total German industrial energy 

demand of the manufacturing industry [6]. The food and animal feed industry leads the 

way in investments to increase energy efficiency [7] as it ranks third with the highest 

energy expenditures [8]. In 2020, the German food industry generated sales of 

EUR 164 billion [9], while the beverage industry accounts for 8% of sales [10]. This 

shows the importance of reducing production costs, and not only for German beverage 

producers, in order to remain competitive. Beer production is one of the most energy-

intensive production processes in the food industry and is characterized by numerous 

heating and cooling processes in the brewhouse depending on biological and chemical 

influences as well as the use of numerous pumps and motors for material movement, 

and complex packaging and filling processes [11–14]. In addition, the beverage 

industry is challenged by high market dynamics, which require a large product range 

and extremely flexible production as well as high product quality in combination with a 

cost-effective production. The energy saving potentials are manifold and can be 

uncovered and addressed in all areas as well as facets [12]. Energy-efficient 

production can sustainably reduce costs and increase competitiveness [15, 16]. 

Therefore, precise knowledge of the processes is essential [17]. The world's major 

brewing companies are ambitious about their sustainability, proclaiming goals such as 

CO2 neutrality and halving water consumption by 2040 [18–20]. However, sustainable 

and efficient production also concerns SMEs. 90% of German breweries are SMEs 

with an annual production of less than 50,000 hl [21]. They are, in particular, required 
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to produce sustainably and energy-efficiently to withstand the enormous competitive 

pressure [22]. However, SMEs of the beverage industry are confronted with 

insurmountable barriers such as lack of capital and human resources as well as 

insufficient data and information to achieve efficient and sustainable production [23, 

24]. Furthermore, they often lack the time and knowledge to identify and implement 

suitable energy efficiency measures [25]. IT-supported analysis and prediction 

methods, such as simulation, represent an opportunity to uncover optimization 

potential and can thus contribute to energy efficiency and sustainability [26, 27]. The 

advantages of simulation lie in the representation of complex processes and 

interrelationships as well as in experimental analysis through the adaptation of models 

without interrupting or influencing ongoing production. In addition, simulation can be 

used for holistic forecasting of complex production systems [28, 29]. However, 

simulation studies are usually associated with high costs and require a high level of 

expertise, especially for the modeling and creation of complex simulation models. In 

addition, a comprehensive database, which is necessary for the determination of 

reliable simulation parameters, is essential for dependable simulation results [30]. 

The ability to quickly and easily analyze and simulate production systems in the 

beverage industry in terms of their energy and media demand would represent added 

value for the entire beverage industry. This applies in particular to SMEs, which would 

otherwise not be able, or only at great expense, to carry out simulations and thus 

forecasts of the energy and media requirements of their production systems in order 

to achieve sustainable, energy- and media-efficient production. Previous approaches 

also focused only on sub-areas and selected energy and media types and require 

specific knowledge in the area of modeling and simulation. In the following sections, 

the essential basics of modeling and simulation of production systems in the beverage 

industry will be discussed and the most important previous approaches will be 

summarized. This provides the necessary basis for the understanding of the present 

work. The objective of this work is presented and the scientific questions addressed by 

this work are outlined. 
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1.1 Modeling 

A system describes a set of elements (E) which are separated from their environment 

and are connected with each other [31]. The system is characterized by the definition 

of boundaries with respect to its environment as well as by interfaces describing 

interactions with this environment. Interactions of input (I) and output (O) variables can 

be described, which include, for example, material, energy and media as well as 

information. Within the system, system elements, which can adopt system states (S), 

can be defined up to the required level of detail [32]. State transitions of the elements 

result from continuous or discrete changes of state variables due to processes 

occurring in the system. In addition, individual elements contain a flow structure, which 

are described by specific rules regarding the states [33]. 

 

Figure 1: Visualization of the system concept (adapted from [32]) 

If the aim is to analyze a system in terms of its performance and functionality, this can 

be represented in a model. The examination of a system is only conditionally 

purposeful, since it can be a fictitious system or interventions in the system are not 

possible without restrictions. The model remedies this by representing the system in 

an abstracted manner with clear system boundaries and with all properties and 

parameters relevant for the model purpose [32]. The level of detail (granularity) is a 

measure of the accuracy with which a system is represented in a model [33]. 

Complex systems can be represented in models in a simplified manner by examining 

and representing selected objects in a purpose-oriented manner as part of the overall 

design process [32, 34]. Essential for the simplification of a real system is the prior 

definition of the purpose of the model, which is why the system optimization should be 

done in terms of system structure, behavior and function [35]. A too high a level of 

detail can be counterproductive, as the models become more complex and the level of 
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detail may not be necessary for the goal of the study. Furthermore, this also leads to 

increased effort and thus costs [33]. 

Metamodels represent higher-level models for the formal and conceptual description 

of other model concepts and thus comprise the essential elements of the models to be 

described. A metamodel describes models in a generic way for specific research 

purposes, standardizes them and is therefore particularly suitable for the interpretation 

and analysis of highly complex models [36]. Figure 2 shows schematically how higher-

level models (M2 to M1; M1 to M0) in a specific language (S1) can be reformulated 

into another model (M1, M0) in another language (S0) and thus describe it. A 

metamodel can therefore be compared to a module kit for models, in which the 

interfaces of the individual elements are also described [37] 

 

Figure 2: Relationship between metamodel and model [38] 

The UML (Unified Modeling Language) modeling language of the OMG (Object 

Management Group) is often used to describe a metamodel with the aid of class 

diagrams. The advantage lies in the standardized definition and representation of 

objects including all attributes as well as relationships and dependencies. In particular, 

classes consisting of structurally identical objects guarantee the unambiguous model 

specification of the model components within a delimited system. Another advantage 

of using the graphical and formal notation of UML is the transformation of the complex 

structure into other languages, such as XSD (XML Schema Definition), which excels 

for the formal description of XML (Extensible Markup Language) files [39]. XML is 

suitable as a language for the simple and textual description of structures and 

dependencies as well as their data contents and is capable of a platform-independent 

exchange of information and can therefore be used for the transfer to systems such as 

simulation environments [40]. The transformations between the individual (meta-) 

models with their specific languages can be realized automatically via transformation 

patterns [41, 42]. 

The knowledge of which system is involved is essential for the model creation. Systems 

can be investigated either on the basis of models that represent the system on a 
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laboratory scale, for example, or on the basis of mathematical models. The former 

does not seem to be appropriate for holistic investigations of complex production 

systems in the beverage industry. Analytical solutions of complex models can usually 

only be solved with enormous computing power. This is why the investigation by means 

of simulation is recommended [43–45]. 

In general, a distinction can be made between different types of mathematical models, 

which are divided into static and dynamic models. In contrast to static models, dynamic 

models are characterized by their behavior with respect to the progressing time. 

Furthermore, dynamic models can be described as continuous or discrete in terms of 

time and state. In discrete-time models, the component time is divided into time points 

with equidistant intervals. The expression in the mapping of state transitions can be 

due to coincidences (i.e. stochastic models). In deterministic models, however, the 

subsequent states are unique. When different types of models are combined, they are 

referred to as combined models. The conversion of the respective model into a 

computer model enables the later IT-supported analysis of the model [32]. 

The beverage industry in particular is characterized by the combination of different 

models. The production of the beverages follows the batch-oriented production method 

and the filling and packaging of these is carried out according to the discrete 

production [46, 47]. 

For a practical application or implementation of the modeling, numerous framework 

conditions have to be considered in order to obtain a sound model later on. Therefore, 

in a first modeling step, it is necessary to check which system elements and properties 

are relevant and therefore of interest for the purpose of the model, which results from 

the previously defined problem [32]. A further step involves the implementation of the 

model in a suitable software environment. On the one hand, programming languages 

can be used for textual modeling, and on the other hand, graphical modeling can be 

used within a simulation environment. Table 1 illustrates the advantages and 

disadvantages of the different creation of models of production systems [33]. 
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Table 1: Advantages and disadvantages of graphical and textual creation of computerized 

models of production systems [33] 

 Programming language Simulation incl. modeling 

Pros • Great flexibility in terms of 

application and questioning 

• Required simulator components 

as a package 

• Graphical-interactive model 

creation and modification 

• No programming necessary 

• Direct experimentation 

• User-friendly 

• Little error-prone 

Cons • High effort 

• Error prone 

• Expert knowledge necessary 

• Often specific application areas 

• Less flexibility 

 

In combination with the previous formal description of a model through, for example, 

the use of metamodels, these approaches can also be used to create suitable modeling 

environments. This is referred to as MSD (Model-Driven Software Development) 

approaches, since abstract representations of the aspects of the requirements are 

necessary in this case. Depending on the application purpose, mathematical or visual 

modeling is useful. Especially for the representation of complex workflows and 

processes, graphical modeling is usually appropriate for several reasons [39]. 

MSD consists of the three components: model, notation and generation of executable 

code [39]. For the modeling of production systems in the beverage industry, tools are 

sometimes already available [48–50]. However, these are not suitable with regard to a 

holistic investigation [51], which is why the development of specific modeling solutions 

is recommended. 

For modeling, the selection of a suitable modeling philosophy, such as a petri net-

oriented or building block-oriented approach, is also crucial. Building block-oriented 

modeling is performed using predefined standard elements [33], which can be adapted 

by the user according to the intended use. Within this modeling approach, it is possible 

to fall back on already existing modeling standards and their notation [39]. Examples 

include Business Process Model and Notation (BPMN) [52] as well as standards for 

subdividing production systems, such as American National Standards Institute (ANSI) 
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/ International Society of Automation (ISA)-88 [53]. This is to ensure that the applied 

modeling language explains itself through language concepts, models are consistent 

and uniformly structured, and semantically correct [39]. 

Finally, it must be ensured that the goals and application areas formulated at the 

beginning of the modeling process are achieved. Especially with regard to the 

adequate representation of a production system in terms of the purpose of the model, 

validation is essential [32, 54]. 

1.2 Simulation 

According to Verein Deutscher Ingenieure (VDI) Guideline 3633 for Simulation of 

systems in materials handling, logistics and production, the term simulation is 

understood to mean "the representation of a system with its dynamic processes in an 

experimentable model to reach findings which are transferable to reality". Simulation 

can be applied along the entire development phases: planning, implementation and 

operation phase of processes or production systems and its procedure for application 

is clearly described [33]. Simulation is thus an essential part of process 

engineering [54] and is used for the development, optimization and validation of 

processes [55]. In addition, important principles for the execution of simulation studies 

are described. It is essential that the simulation is carried out before the investment is 

made. Furthermore, a prior definition of the objective as well as an estimation of the 

expenditure are to be carried out in advance and in this course all analytical methods 

are to be exhausted. It is essential that simulation is not a substitute for planning and 

that the mapping accuracy should not be chosen as large as possible, otherwise the 

purpose of the investigation is not met. Regarding the results of simulation studies, it 

is considered that they are directly dependent on the database as well as on the 

processing persons. Nevertheless, simulation allows far-reaching options, such as the 

investigation of real systems, which do not yet exist, without directly influencing them 

and their production. Multiple variants of different extent can be tested without great 

effort and the system behavior can be determined over long periods of time. 

Furthermore, specific phases such as start-up processes, transient phase and 

transitions between operating states can be investigated [33]. 

The simulative concept of optimization specifies that a process is a dynamic system 

equipped with a process logic [54]. Exclusively suitable for the study of complex 
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systems is computer simulation, in which modeling leads to a simulation model that 

can be run as a computer program [32]. 

Dynamic production systems are characterized by their time dependence due to the 

change of states. Several methods have been described for simulation in terms of 

progressive simulation time [43]. 

 

 

Figure 3: Overview of the methods of dynamic simulation [32] 

Figure 3 shows within the dynamic simulation the continuous, discrete and combined 

simulation. The former is defined by a continuous time set and time progress as well 

as continuous state transitions and describes systems mostly by differential equations, 

mathematical relations or empirical models. Since continuous simulation is not applied 

in this thesis, it will not be discussed in detail. On the one hand, the discrete simulation 

can be divided into an event-oriented simulation, in which the simulation time is 

increased when an event occurs. In this case, the previously defined list of occurrence 

times of the future events and thus of the state variables is updated. This procedure is 

repeated until a termination condition is met. Inactive time periods are skipped in the 

simulation. On the other hand, time-controlled simulation describes the progression of 

the simulation by a fixed constant equidistant step size, where the system is observed 

in a corresponding time interval. State changes within a time interval are not explicitly 

considered and are only performed when the next point in time is reached. Depending 

on the choice of the time interval, the simulation is more or less computationally 

intensive [32, 43, 54]. The combined simulation is characterized by the combination of 

the continuous and discrete simulation. In this way, the continuous change of the 

system between events or fixed times of the discrete simulation can be described [43, 

56]. 
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A prerequisite for carrying out simulation studies are executable simulation models, 

which represent the dynamic relationships of the system under investigation. In this 

context, the modeling of time, the stochasticity of the occurrence of events as well as 

the automatic execution of the simulation are of essential interest [32]. Simulation 

studies are generally divided into three phases: preparation, execution, and evaluation. 

The first phase includes the goal formulation of the simulation study, considering the 

analysis of the problem and the costs, including the verification of simulation 

worthiness. Subsequently, data of the system to be investigated are collected and a 

model is created on the basis of this data. This phase comprises by far the largest 

scope and is time and cost intensive [57]. One approach to solving this problem can 

be the automatic generation of simulation models. Here, the basis for a simulation 

model is created from external data sources by means of various interfaces as well as 

acquisition and modeling methods. One possibility can be the statistical determination 

of parameters as well as the manual collection of data by user input [58, 59]. A suitable 

transfer of the entire structures as well as information can be realized via an XML 

file [60, 61]. In this case, the creation of the simulation model itself is the task of the 

simulation environment planned for use, which must reformulate the structure as well 

as all parameters, build and initialize the simulation model, and continuously retrieve 

the corresponding parameter sets [59]. After the simulation has been completed, the 

results can be evaluated and interpreted. Conclusions can be drawn on the basis of 

the results and appropriate measures can be initiated. 

Verification and validation play an essential role in the execution of simulation studies. 

These ensure in each of the phases that erroneous statements of the simulation 

experiments are reduced and thus wrong decisions can be avoided. Verification 

ensures the transformation of a model from one type of representation to another and 

checks it for validity. Thus, specifically, the transformation of a conceptual model into 

a simulatable model can be verified. Validation ensures that the model correctly 

reflects the behavior of the original system for the specific application purpose. 

Validation occurs at each step of model creation and is the basis for using a model or 

simulation method to create simulation experiments with reliable and reproducible 

results [62]. 
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1.3 Selected scientific literature for the modeling and simulation of 

production systems in the beverage industry 

Approaches for modeling and simulating the energy and media requirements of 

production systems in the beverage industry have already been described in the 

scientific literature. The most relevant publications for this thesis will be briefly 

presented and the resulting scientific gaps, which the present thesis tries to close, will 

be elaborated. The scientific literature research is listed in the corresponding chapters 

of the publications comprising this thesis. Furthermore, these publications contain a 

detailed description of the processes that take place in the brewery, the equipment and 

machinery that occur, their consumption structure and behavior, and the subdivision 

of the brewery as a production system according to ANSI/ISA-88 [53]. The essential 

basis for the modeling and simulation of energy and media demand is the 

understanding of the different consumption behavior and operation of the batch-

oriented and discrete production area. Muster-Slawitsch et al. [51] and Mignon and 

Hermia [63] describe the consumption behavior in the batch area of the brewery as 

depending on the currently running process. According to Osterroth et al. [64], in the 

area of discrete working packaging or filling of beverages, the consumption behavior 

depends on the currently applied operating state according to [65] of the respective 

machine. In their work, a time-dependent behavior within the individual operating 

states is described in more detail [64, 66]. 

An approach for modeling production systems of the beverage industry with regard to 

the automatic generation of Manufacturing Execution Systems (MES) is described by 

Weissenberger et al. [67]. Incorporating already existing standards regarding the 

description of production systems as well as the modeling language, the model 

generation is based on the independent mapping of the production facilities as well as 

the processes. The concrete implementation and application to the brewery is shown 

by Chen et al. [68]. 

Table 2 shows an overview of scientific publications in the field of forecasting methods 

of energy and media demand in the beverage industry. The publications are 

categorized with regard to the methods used, the energy and media type, and the 

areas of application. Based on this, the most important publications for this work are 

discussed. More detailed descriptions of the other methods can be found in 

Publication I (see section 2.1). 
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Table 2: Categorized overview of scientific literature approaches to forecasting methods in the beverage industry with regard to energy and media 

demand (adapted from [69]); (x) ~ partly 

Publication Methods Energy and media type Area of application 

Pinch Simulation Mathematical Reference nets Thermal Electrical Water Brewhouse Cellar/Filtration Packaging Utilities 

Mignon and Hermia [63]  x      x    

Mignon and Hermia [70]  x      x    

Zhelev and Zheleva [71, 72] x      x    x 

Dilay et al. [73]   x   x    x  

Johansson et al. [74]  x    x  (x) x x  

Gahbauer et al. [75] x     x  x x x x 

Dumbliauskaite et al. [76]) x     x  x x  x 

Tokos et al. [77]   x   x  x   x 

Marty et al. [78] x       x  x x 

Muster-Slawitsch et al. [79] x (x)      x x x  

Nagel [80]  (x)  x    x    

Bai et al. [81]   x   x x x x  x 

Sturm et al. [82]  x    x  x x  x 

Forster [83]  x    x    x  

Muster-Slawitsch et al. [84] x    x   x  x x 

Muster-Slawitsch et al. [51]   x  x x  x x   

Marchini et al. [85]  x     x  (x) (x)  

Hubert et al. [86]  (x)  x   x x x x x 

Hubert et al. [87]  (x)  x   x   x  

Pettigrew et al. [88]  (x)  x x x x    x 

Müller [89] x x   x x  x x x x 

Hubert et al. [90]  (x)  x x   x x   

Hubert et al. [91]  (x)  x x  x x x x  

Tibasiima and Okullo [92] x    x   x x  x 

Osterroth et al. [64]  x    x    x  

Hubert [93]  (x)  x x x x x x x  
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Forecasting methods such as pinch analyses and mathematical approaches are not 

suitable for the approach presented in this work as they usually target sub-areas of 

production facilities and are limited to single energy and media types. For example, 

pinch analysis usually describes only the optimization of heat flows and the saving of 

thermal energy. Mathematical models are also only partially able to represent the 

complex interrelationships of production systems in the beverage industry with 

sufficient accuracy and to forecast the energy and media demand. Therefore, the 

following section focuses on approaches for modeling and simulating production 

systems in terms of their energy and media demand. 

The first concrete application for modeling and simulation within the batch area of the 

brewery is described by Mignon and Hermia [63]. With the help of the simulation 

software BATCHES [49], the batch and semi-continuous processes within the 

brewhouse of the brewery are mapped and divided into the units, recipes and 

production plans according to the ANSI/ISA-88 standard. The object of investigation of 

the simulation was carried out in several works on the reduction of the energy and 

media demand by the influence of the plant composition [63], the production plan [94] 

as well as the reduction of peak loads [70]. Another approach is described by Muster-

Slawitsch et al. [51] by modeling the equipment, processes, energy flows as well as a 

production schedule of the brewery by simultaneous non-linear equations using the 

Engineering Equation Solver (EES) software. By changing the process parameters, an 

attempt is made to affect the energy flows in the brewhouse and thus reduce the peak 

thermal energy demand as well as the cooling load. The modeling and simulation of 

reference nets, a further development of petri nets, and their implementation in a Java 

environment is described by Hubert et al. [86] as another main approach in the 

literature. Here, the reduction of the brewery's water demand is investigated. The 

modeling and simulation of water demand as well as wastewater quality by combining 

the continuous and discrete simulation methods for a beverage bottling plant is applied 

in another publication [87]. Furthermore, based on reference nets, a holistic approach 

for the investigation of the overall electrical energy demand of the production facilities 

is presented [91]. In addition to other works on the application of reference nets [88, 

90], Hubert [93] comprehensively describes the application of the method in numerous 

areas of the brewery in his dissertation. Different factors, such as the quality of the raw 

materials and the process quality, but also the electrical energy demand of the 

Cleaning in Place (CIP) system are investigated. With the inclusion of production 
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schedules, the consumption structures of electrical and thermal energy as well as the 

demand for fresh water and the production of waste water are simulated. 

In the area of filling and packaging of beverages, Osterroth et al. [64] deals with the 

simulation of the electrical energy demand of the individual aggregates based on the 

approach already presented using Matlab-Stateflow. A holistic approach developed in 

Plant Simulation for building block-based modeling of beverage bottling plants is 

presented by Forster [83]. In the discrete-event simulation, the machines are examined 

with their state-dependent consumption behavior. 

In general, the following conclusions can be drawn regarding the different approaches 

to modeling and simulation of energy and media demand in the beverage industry 

described in the literature. Currently, there is no generic and holistic modeling 

approach described for the representation of an entire production plant of the beverage 

industry with its different plants, processes as well as recipes and articles including a 

production plan. The advantage of a metamodel and a standardized modeling 

approach would be the generic definition of the data and information needed for 

predictive models. These are not described so far. Furthermore, this represents a good 

basis for the derivation of measurement concepts and data acquisition. 

Furthermore, the complexity of certain modeling approaches, such as the description 

by equations or also by means of reference nets, represents a significant challenge in 

the practical application of the methods. The existing methods require a special degree 

of specific know-how as well as expert experience in the field of modeling and 

simulation and are therefore only suitable for SMEs to a very limited extent. 

Overcoming this barrier would increase access to such a method, making it available 

to stakeholders. Increased application will expand the knowledge and database in this 

field and possible further scientific questions can be uncovered. Implementations of 

the methods in user-friendly environments are not available. This is urgently required 

in order to be able to map above all a holistic method for the creation of simulation 

models, which includes all necessary data.  

Regarding the data needed for a reliable statement of simulation studies, there is 

currently no standardized procedure for the collection as well as for the processing of 

these. Furthermore, no standardized approach for the determination of the required 

simulation parameters is described. The scope of the available database is for the most 

part severely limited in the published approaches. This also leads to a mostly limited 

or non-existent validation of the approaches with real data. Validation is another 
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important point, which is only applied to a very limited extent in existing approaches. 

However, this represents an essential point to ensure the functionality of the whole 

method and to guarantee reliable statements for later simulation studies. 

The approaches described in the literature have in common that not all production 

areas of the brewery are represented and mostly only a reference to partial areas takes 

place. There is no exact definition of a required level of detail of the modeling for the 

simulation of the holistic production. In addition, none of the approaches includes all 

relevant energy and media types, such as electrical and thermal energy as well as 

water, CO2, and compressed air. 

The mapping and simulation of a production plan is only carried out in a small part of 

the approaches. This is accompanied by the consideration of different recipes or 

articles, which in turn means different parameter sets. This has a direct effect on the 

corresponding behavior of the plants and machines as well as their consumption 

values. A simultaneous simulation of the differently operating production areas 

(batchwise and discrete) has not been described for the beverage industry so far. This 

is the prerequisite for a holistic consideration of production systems with regard to their 

energy and media demand, as the complex interrelationships and dependencies must 

be represented. 

The creation of simulation models also plays an important role, since most of the time 

of simulation studies is spent on this. None of the approaches in the scientific literature 

addresses this topic and offers a solution, for example the automatic generation of 

simulation models. 
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1.4 Motivation and objective 

In summary, a comprehensive method consisting of a generic and context-free 

modeling approach based on a metamodel in combination with an automatic 

generation of simulation models can be a solution for the holistic representation and 

prediction of the energy and media demand of production systems in the beverage 

industry. The hybrid simulation of batch-oriented production in the batch area of the 

brewery with discrete production in the beverage filling -/packaging area is of essential 

importance. With the inclusion of a production plan, it becomes possible to achieve a 

holistic simulation with all its interrelationships and dependencies. An implementation 

of the metamodel in a user-friendly software solution, which does not require any 

special prior knowledge for operation, in combination with the automatic generation of 

simulation models based on it, would open up the method to broader application and 

creates a broader fact base for further scientific developments. Furthermore, the 

method would represent a considerable added value for SMEs. Since the German 

brewing landscape is characterized by SMEs and they face particular barriers to 

increasing the energy efficiency of their production, this, as well as the definition of a 

standardized data structure based on which the required simulation parameters can 

be determined, could contribute to achieving efficient and sustainable production. 

Based on the simulation results, unexploited potentials for increasing energy efficiency, 

optimization solutions and innovative scenarios for energy supply can be found and 

defined, and investment decisions can be backed up by valid data. 

The aim of this thesis is the development of a modeling approach, the automatic 

generation of simulation models and the holistic and hybrid simulation of production 

systems of the beverage industry for the prediction of energy and media demand, with 

special focus on the easy applicability of the method for SMEs. The scientific questions 

to be answered by this approach are defined as follows: 
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• Scientific Question 1 (SQ1): Generic metamodel for the modeling of 

complex hybrid production systems 

The challenge on an approach for the holistic and hybrid mapping of complex 

production systems in the beverage industry with regard to their energy and media 

demand is that every possible production system must be able to be mapped. A 

generic metamodel could be used to describe the complex interrelationships and 

dependencies of the existing plants, processes, recipes and articles as well as the 

production plan, in a context-free manner. Flexibility of the metamodel with respect to 

granularity may be of essential interest, so that, on the one hand, individual units can 

be mapped in the required depth of detail with regard to their real consumption 

behavior. On the other hand, entire systems could be modelled with sufficient 

accuracy, e.g. with a focus on only one type of energy. For this purpose, a verification 

of the modeling solution with suitable methods and on real plant complexes is 

essential. This should already result in the information and data required for later 

modeling and simulation. Additional features of the metamodel could be the 

consideration of already existing standardizations and modeling languages. This would 

simplify a later implementation of the metamodel and enable a broad application of the 

method. 

• Scientific Question 2 (SQ2): Implementation of the metamodel in a 

software to enable accessibility to the method 

The scientific question lies on the one hand in the implementation of the hybrid, holistic 

and generic metamodeling approach and on the other hand in the solution finding 

which functions a software has to provide in order to ensure a later broad application. 

The developed generic metamodel should be implemented in a software solution in 

order to represent the context-free modeling of production systems divided in their 

components on one side. On the other side, the interrelationships and dependencies 

of the metamodel should be implemented in the software solution with respect to their 

functionality. For this purpose, the modeling within the individual modeling columns 

should be based on suitable modeling languages or mapping types that fulfill the 

required functionality. A basic component library based on building blocks, which 

represents the majority of the plants and processes occurring in the beverage industry, 

could be a practical solution. Nevertheless, the functionality of the modeling solution 

should be open to extensions and specific adaptations to be able to represent 

innovations and the production systems of other industries. In addition, the software 
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solution should cover all functions required for practical work with it, so that the method 

can be widely applied and thus new facts can be created for further research in this 

field. For this purpose, verification of the modeling solution with appropriate procedures 

is essential. 

• Scientific Question 3 (SQ3): Development of a data structure, 

determination of simulation parameters and usability of the approach 

In order to provide a basis for the information and parameters needed for a simulation, 

a consistent approach should be developed. A generic data structure for hybrid 

production systems with their different energy and media consumption behavior should 

make this possible and could present the data in a uniform and standardized way and 

show their interrelationships. The data structure should serve equally for the raw data 

as well as for the result data of the simulation. Tools based on the structure could 

enable a standardized and uniform determination of the simulation parameters and 

could also take over the evaluation of the simulation result data. These developments 

as well as further implementations along the entire method should be validated in order 

to ensure the usability and applicability of the method and thus the application without 

special knowledge as well as to guarantee the validity and function of the simulation 

models. Thus, the approach can be made accessible through further use and open up 

further research fields. 

• Scientific Question 4 (SQ4): Development of automatic simulation model 

generation 

An automatic generation of prognosis-capable holistic simulation models in any 

suitable simulation environment represents one of the essential scientific questions. 

This would enable the generic application of simulation of production systems on the 

basis of standardized models. Furthermore, the application of simulation would be 

simplified and thus barriers would be reduced. The generation should be based on the 

models created in the modeling solution and without further required settings and 

parameterizations to reduce the effort normally required for simulation studies. For this, 

a solution must be found to reformulate the structures and individual modeling columns 

of any simulation environment. A particular challenge is posed by the differently 

operating production areas of the plants in the beverage industry as well as changing 

parameter sets of the elements in the simulation environment due to the required 

implementation of the production plan and the associated different recipes and articles.  
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• Scientific Question 5 (SQ5): Development of holistic hybrid simulation 

The simulation environment should be able to represent a holistic simulation of 

production plants and systems in the beverage industry. Of special importance is the 

representation and hybrid simulation of the two differently working production areas of 

the brewery, which at the same time represents the scientific question as well as 

essential novelty of this work. Another challenge is the implementation of a production 

plan and the associated recipe and product specificity of the simulation parameters in 

the approach to be developed. In addition, it should be possible to simulate any number 

of areas at the same runtime for a holistic view of an entire production plant in order to 

map the interrelationships and dependencies. To validate the solution to this question, 

the resulting method must be validated and tested with use cases. 

 

This thesis is structured as follows: 

 

1. Literature study for state of art: 

Analysis and Prediction Methods for Energy Efficiency and Media 

Demand in the Beverage Industry 

 

2. Development of a metamodel and software for a holistic model of production 

plants: 

A metamodeling approach for the simulation of energy and media 

demand for the brewing industry 

 

3. Automatic model generation and simulation of the discrete bottling area of the 

brewery: 

Simulation of Energy and Media Demand of Beverage Bottling Plants by 

Automatic Model Generation 

 

4. Simulation of the batch-oriented production of the brewery and holistic hybrid 

simulation: 

Simulation of Energy and Media Demand of Batch-Oriented Production 

Systems in the Beverage Industry 
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2 Results – Thesis Publications 

2.1 Publication I – Literature study for the state of art 

Bär, Raik; Voigt, Tobias. Analysis and Prediction Methods for Energy Efficiency 

and Media Demand in the Beverage Industry. Food Eng. Rev. 2019, 11, 200–217; 

DOI: 10.1007/s12393-019-09195-y 

The energy-intensive production of beverages poses an economic, ecological and 

social challenge to the beverage industry. High costs for energy as well as the 

increasing competitive pressure force companies to urgently act in order to survive in 

the market. Especially for SMEs there are specific barriers like lack of time, capital and 

know-how to identify potentials to increase energy efficiency and to take appropriate 

measures. IT-based approaches can overcome these barriers and provide an 

opportunity for decision makers to pursue numerous approaches and make sound 

decisions. In this literature work the existing barriers to energy efficiency in the 

beverage industry, especially for SMEs, are presented. A detailed insight is given into 

the complex consumption structure within the various production areas of the brewery 

as an example for the beverage industry and its main consumers are identified. Based 

on this, the approaches described in the scientific literature for optimizing energy and 

media efficiency within the beverage industry are categorized and described, and 

summarized in terms of the method used and the areas of application. It turns out that 

no tools or approaches are yet available that allow for simple, holistic analysis and 

prediction. The critical comparison of the different approaches makes it clear that 

simulation could enable a holistic analysis of energy and media demand of the brewery. 

Since the data basis is mostly insufficient and simulation requires expert knowledge, a 

novel modeling and simulation approach is proposed. An easy-to-use and context-free 

modeling environment should enable the generation of a simulation model in any 

simulation environment, with limited expertise or effort and help to overcome the 

barriers of SME. 

 

Contributions of the doctoral candidate (CRediT): 

Conceptualization; methodology; formal analysis; investigation; resources; data 

curation; writing - original draft preparation; visualization; 

Copyright license see Chapter 6.  

https://doi.org/10.1007/s12393-019-09195-y
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2.2 Publication II – Development of a metamodel and software for a 

holistic model of production plants 

Bär, Raik; Voigt, Tobias. A metamodeling approach for the simulation of energy 

and media demand for the brewing industry. Journal of Advanced Manufacturing 

and Processing. 2021, 3; DOI: 10.1002/amp2.10080 

Simulation is a possibility for the investigation of complex production systems like the 

brewery regarding their energy and media demand and enables the testing of different 

optimization measures. The creation of simulation models poses particular challenges, 

since special know-how is usually required. In addition, a comprehensive data basis is 

required to determine the simulation parameters, which have not yet been defined. 

This paper presents a metamodel as a framework for the representation of holistic and 

hybrid production systems such as the brewery in a standardized and generic way. 

The metamodel is described in UML and is based on four modeling pillars (physical-, 

process-, article/recipe-, and production plan model) comprising the complex structure 

and the needed simulation parameters. The metamodel is transformed and 

implemented in a user-friendly modeling tool, which enables a simple hybrid modeling 

without prequalification of the user and allows the wider use of the method which in 

turn provides for a larger fact base for further scientific developments. Subsequently, 

a standardized data exchange file, as basis for a simulation model, is generated. The 

approach is validated via use-cases in a systematic test and by the application for two 

simulation studies within the different areas of a brewery. It is proved, that the 

presented approach provides the opportunity to create a holistic model in terms of 

forecasting energy and media demand. 

 

Contributions of the doctoral candidate (CRediT): 

Conceptualization; methodology; software; validation; formal analysis; investigation; 

data curation; writing - original draft; visualization; 
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2.3 Publication III – Automatic model generation and simulation of 

the discrete bottling area of the brewery 

Bär, Raik; Zeilmann, Michael; Nophut, Christoph; Kleinert, Joachim; Beyer, Karsten; 

Voigt, Tobias. Simulation of Energy and Media Demand of Beverage Bottling 

Plants by Automatic Model Generation. Sustainability 2021, 13, 10089; DOI: 

10.3390/su131810089 

Environmental challenges, high energy costs, and growing public awareness are 

challenging the global brewing industry to produce sustainably and efficiently. The 

filling and packaging of beverages, which are characterized by complex 

interrelationships and diverse machinery as well as a high share of the total energy 

demand of the plants, is a particular focus of attention. 

This paper presents a novel method for the prognosis of energy and media demand of 

beverage bottling plants. Based on the previous presented modeling approach a 

holistic automatic simulation model generation from a configuration file in a simulation 

environment is developed. For the determination of measurement data, a generic and 

standardized data structure is introduced. In combination with an automatic simulation 

parameter determination method, the relevant parameters for the holistic 

representation of article-specific production on beverage bottling plants can be 

determined. A beverage bottling plant was studied in detail and a comprehensive 

model could be created. An extensive validation was carried out based on two 

validation periods in a unit-specific way and especially focused on the electrical energy 

demand and the consumption of compressed air. It was confirmed that the method is 

capable of a realistic representation of the energy and media demand of beverage 

bottling plants and was furthermore applied for two use cases to increase the energy 

efficiency. The approach enables the uncovering of potential savings, the testing of the 

effectiveness of optimization strategies as well as a support for possible investment 

decisions. 

 

Contributions of the doctoral candidate (CRediT): 

Conceptualization; methodology, software, validation, investigation, writing - original 
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2.4 Publication IV – Simulation of the batch-oriented production of 

the brewery and holistic hybrid simulation 

Bär, Raik; Schmid, Sebastian; Zeilmann, Michael; Kleinert, Joachim; Beyer, Karsten; 

Glas, Karl; Voigt, Tobias. Simulation of Energy and Media Demand of Batch-

Oriented Production Systems in the Beverage Industry. Sustainability 2022, 14(3), 

1599; DOI: 10.3390/su14031599 

Large brewery groups are setting ambitious targets with regard to their sustainability 

goals. As the production of beer is one of the most energy-intensive processes within 

the food and beverage industry, there is particular potential for increasing energy 

efficiency. Rising energy and electricity costs are a challenge, especially for small and 

medium-sized breweries, for which there are special barriers. 

This paper presents an extended approach for the prognosis of the energy and media 

demand of the batch-oriented production within the brewery. Based on the already 

presented metamodeling approach and on the extension of the data structure an 

approach for the determination of simulation-relevant parameters as well as the 

automatic simulation model generation from a configuration file for the batch area of 

breweries is presented. Extensive measurement recordings within a brewhouse were 

performed to generate a comprehensive model with recipe-specific parameters and 

detailed production plans. Within the scope of this work, a simulation environment was 

further developed to represent the batch-oriented operation such as the brewing 

process and the simulation model was generated automatically. An extensive 

validation of the electrical and thermal energy demand of the brewhouse for three 

validation periods is presented and overall a good fit could be achieved. In combination 

with the preliminary work, the holistic simulation of the batch-oriented and discrete 

operation production within the brewery is presented and discussed by the example of 

a brewhouse and a beverage bottling plant. The whole method proves to be a good 

opportunity for comprehensive analysis with regard to the energy and media demand 

in the beverage industry 
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3 Discussion 

In this thesis, the approaches available in the literature for increasing the energy and 

media efficiency of production systems in the beverage industry were first examined, 

categorized, critically discussed and the resulting scientific gaps were identified. In 

addition, the barriers existing for SMEs with regard to increasing energy and media 

efficiency were named and the consumption structures as well as the main consumers 

in the brewery, as an example for the beverage industry, were uncovered. A 

metamodel based on four modeling pillars (physical, process, article/recipe, and 

production plan model) for generic, context-free, and holistic mapping of production 

systems is presented. The metamodel is implemented in a user-friendly modeling 

solution, which allows fast and easy modeling without prequalification of the user. As 

a result, a configuration file is presented and the approach is validated with respect to 

its suitability and usability. The configuration file represents the starting point for the 

further application of the method in the two differently operating production areas of 

the brewery. Based on this, the automatic generation of simulation models in a 

simulation environment, which was extended by the hybrid simulation considering a 

production plan, is developed and presented. The development of a standardized and 

generic data structure enables the storage of the measured real data as well as the 

simulation result data. Based on this, simulation parameters can be determined in a 

standardized way with the help of a defined procedure, implemented in software tools, 

and simulation runs can be evaluated. In the two production areas of the brewery, the 

batch area as well as the packaging and bottling area, an extensive and detailed 

validation with real data takes place and use cases show the application and suitability 

of the method. As a final result and as a way for enterprises in the beverage industry 

to achieve efficient and sustainable production, the hybrid simulation of a holistic 

production system is presented. 

This thesis consists of four publications in logical and consecutive order, which step by 

step cover the whole approach of modeling and simulation of production systems of 

the beverage industry regarding energy and media demand. Starting from a literature 

work on the development of a metamodeling approach and its implementation, the 

development of the automatic simulation model generation as well as a hybrid 

simulation solution is presented and a detailed validation as well as application of the 

method based on real data are performed. According to the scientific questions defined 
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in chapter 1.4, the results of this thesis are comprehensively discussed, summarized 

and reflected against the existing literature in the following sections. 

3.1 SQ1: Generic metamodel for the modeling of complex hybrid 

production systems 

The development of the presented metamodeling approach for the mapping of holistic 

and hybrid production systems of the beverage industry is divided into three stages 

and thus represents the basis for the entire methodology for modeling and simulation. 

So far, no metamodeling approach has been described in the scientific literature and 

modeling usually takes place only specifically for concrete use cases. 

First of all, the metamodel, which is modeled in the unified language UML, has to be 

mentioned. Due to the clear graphical notation, the definition of the individual modeling 

columns, which were subdivided context-free according to the ANSI/ISA-88 

standard [53] into plants, processes, recipes/articles as well as production plan, is 

clearly described. Thus, existing approaches [51, 63] for subdivision are adopted, 

combined, extended by the recipe/article as well as production plan model and 

extended to both production areas within the beverage industry. The hierarchical 

subdivision thus means maximum flexibility in horizontal and vertical granularity within 

the individual metamodel domains, since not only the depth of detail but also the scope 

of a model of a production system can be varied. The deepest modeling level of the 

metamodel is described as the “unit” level with respect to the physical model and as 

the “process operation” level in the process model. This level of granularity allows the 

mapping of detailed consumption patterns as well as peak loads. A higher level of 

detail would provide more accurate results, but requires a correspondingly greater 

effort of parameterization. Strict adherence to and implementation of ANSI/ISA-88 

allows for transferability to other batch-oriented and discrete production systems such 

as those in the food, biopharmaceutical, and chemical industries. The description of 

the metamodel in UML also offers the advantage of suitability for Model-Driven 

Software Development (MDSD) approaches and can thus contribute to the 

development of modeling software. 

The second stage is thus described by the transformation of the UML model into an 

XSD file. The terms and relationships stored in the graphical notation of UML can be 

made visible textually in other description types. Thus, the XSD defines all elements, 

attributes as well as data types and represents the structure of the UML class diagram. 
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The generic XSD serves thus as instance for the third stage, the XML configuration 

file, since it defines it and can be used for validation. The XML file is particularly 

characterized by its suitability for the exchange of data content, such as between the 

developed modeling solution and simulation environment used in this thesis. 

Furthermore, the metamodel has the advantage that the system boundaries are 

defined and the information and parameters required for modeling or simulation 

emerge from the approach. This has not been described in the scientific literature so 

far and is therefore an essential contribution for the model development regarding the 

prognosis of the energy and media demand. Especially the data basis as well as the 

simulation parameter determination represent the main challenges here. In most 

cases, as numerous publications in this field show, the data basis is insufficient, which 

makes it difficult to determine statistically reliable parameters. 

Ten different use cases from the publications II, III and IV, which are characterized by 

different plants in different areas, the plant configuration and composition as well as by 

different processes, recipes and articles within varying production schedules, clearly 

show that the developed metamodel is suitable for the entire method. The energy and 

media consumption behavior can be mapped and predicted realistically and simulation 

experiments regarding numerous factors could be performed. 

3.2 SQ2: Implementation of the metamodel in a software to enable 

accessibility to the method 

In the context of simulation studies, especially the modeling of the respective system 

to be examined takes up a large part of the time and specific know-how is usually 

required. Hence, a suitable solution, which implements the presented metamodel 

completely and with all its facets, is required. Therefore, the metamodeling approach 

has been fully implemented in a platform-independent software solution with the aim 

of creating models quickly, easily and at low cost. This is the prerequisite for a broad 

application of the method, which in turn can lead to a larger knowledge base and 

possible further open scientific questions. A strict implementation of the metamodel 

takes place through the context-free, hierarchical modeling columns, enabling generic 

and hybrid modeling. The individual modeling columns were thereby implemented 

considering already available works in modeling. Thus, the graphical modeling of the 

plant and the process model is based on the MES Modeling Language MES-ML [67, 

68]. The physical modeling is done with the help of already predefined components, 
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which are stored in a building block library. The elements are placed on a surface and 

linked with one another. Equivalently the hierarchical modeling of the processes takes 

place after ANSI/ISA-88 [53]. Since in this case MES-ML is based on BPMN, the 

modeling is clearly specified and unambiguously defined. The implementation of 

predefined process operations also standardizes and simplifies the modeling. The 

modeling of recipes and articles as well as the production plan result from the plant 

and process model. This further simplifies the modeling and no specific knowledge 

regarding simulation is required in this context. In this respect, the presented approach 

differs strongly from the complex solutions described in the literature, which are based, 

for example, on reference networks [93] or mathematical formulations [51]. The 

usability aspect of the modeling editor was addressed by specific implementations and 

functions. These implementations are discussed in Chapter 3.3 in context with the 

overall method. 

The correct functioning of the modeling editor could be ensured through the ongoing 

verification by means of the already described XSD as well as a systematic test and 

the application of use cases. The systematic test included the factors 

"comprehensibility", "simplicity", "completeness" and "sustainability", which were 

consistently rated with at least "good" by the test persons. The results of the scientific 

survey on the application of the method were again implemented in the improvement 

of the solution and reviewed again. Thus, this question can be answered that the 

modeling solution is well comprehensible and easy to use. In addition, all relevant 

areas are covered and the editor shows potential for use in other industry sectors, 

which also corresponds to the objective of the metamodel. Although the modeling 

editor is tested in Publication II on the basis of use cases, the main application takes 

place in Publication III and IV on the basis of real plants with extensive databases. 

3.3 SQ3: Development of a data structure, determination of 

simulation parameters and usability of the approach 

To meet the requirement of developing a user-friendly method for predicting energy 

and media demand without requiring any specific prior knowledge or expert know-how 

on the part of the user, numerous implementations, tools and aids were created along 

the entire methodology. This should enable SMEs in particular to increase their energy 

and media efficiency with minimal effort and enable broad access to the method. 

Nevertheless, these developments can serve the entire industry as an aid as well as a 



Discussion 

- 109 - 

template for further applications. So far, such a holistic method with regard to these 

requirements is not described in the scientific literature or commercially available. 

As a first point, the development of the generic and extensible data format for the 

storage of measured raw data as well as simulation result data plays an essential role. 

Hereby it is possible to store all data of a production plant structured and divided into 

units, data points as well as into interval and time data. The data points are defined 

according to the Weihenstephan Standards (WS), which are available for the batch-

oriented area of the brewery [95] as well as for the packaging and filling area [65]. This 

can mean enormous potential for a possible further development of the method (see 

chapter 3.6). The extension of the data structure by a production plan table implies 

maximum flexibility with regard to the determination of simulation parameters, which is 

done on the basis of the structure with the help of software tools. The generic 

parameter determination tools described in Publication III & IV were both developed in 

MATLAB AppDesigner [96]. These tools adapt to the respective database to be 

investigated and can determine simulation parameters with regard to various factors, 

such as recipe, article or also container type, fully automatically, in the discrete area, 

or semi-automatically in the batch area. This also enables comparability of the 

parameters and opens up further optimization potential. In addition to the parameters 

for describing the energy and media consumption behavior, the parameters for 

describing the failure behavior of the individual units are also determined in the discrete 

area. Due to the size of the database and the consistently low confidence intervals of 

all parameters presented in both publications, the values can be assumed to be 

reliable. The time required for parameter determination was demonstrably reduced 

considerably in both cases. This also applies to the creation of the models using the 

presented modeling editor. 

The third point to be mentioned here are the numerous help functions that were 

implemented in the course of the development of the modeling solution. Thus, in 

addition to an extensive help menu with detailed step-by-step explanations, a function 

is also available for automatic checking with regard to the validity and thus the 

simulatability of the model against the XSD file. Furthermore, the predefined building 

blocks for modeling within the libraries, also through their graphical symbols, are 

intended to reduce complexity, thus overcoming the barrier of required expert know-

how and making the method accessible to SMEs. In order to reduce the 

parameterization effort of extensive models and thus to achieve faster modeling, 
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numerous automatic parameterizations have been implemented in the editor on the 

basis of the specification of a small amount of information, such as through the 

specification of the packing ratios or also the automatic calculation of the buffer 

capacity for different bundles. All three points could be tested and verified by the 

systematic test as well as by the application of the method especially in Publication III 

& IV and therefore contribute to a simple and fast model generation. 

3.4 SQ4: Development of automatic simulation model generation 

Based on the XML configuration file of the modeling editor, an automatic generation of 

simulation models for production plants of the beverage industry is described for the 

first time. Since the XSD schema describes and defines XML files, all models resulting 

from the approach follow this specification. As a result, on the basis of the XSD file, 

the connection to any simulation environment can be made once and the automatic 

generation of the simulation models on the basis of the XML files can be ensured. As 

a use-case, the simulation environment developed and used in this work was extended 

by the corresponding function. Therefore, any simulation environment, which masters 

the hybrid simulation of both production areas, can be adapted to the XSD file and thus 

be extended by the automatic simulation model generation. As an example, the 

described simulation of the packaging area in the software Plant Simulation could be 

mentioned [83]. The simulation model generation is based on the reproduction of the 

structures created in the modeling editor depending on the process cell as well as in 

the initialization of the elements with the corresponding parameters. This is based on 

the use of a uniform coordinate system as well as the definition of generalized elements 

that cover the functions required for mapping hybrid production systems. For this 

reason, the elements differ fundamentally in their behavior with regard to their 

operating mode, energy and media consumption, but also with regard to special 

functions that reflect the particularities of the complex units within the beverage 

industry. Another special feature is the continuous change of the simulation 

parameters by different recipes or articles during the simulation runtime due to the 

mapping of the production plan. 

The approach has been intensively verified manually, validated and tested on use 

cases in Publication II. In Publication III a detailed application for the packaging or 

filling area takes place, whereas in Publication IV the application area is the batch area 

of the brewery. In this work, automatic simulation model generation for a holistic and 
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hybrid production system also takes place for the first time. For this purpose, the 

brewhouse is simultaneously generated and finally simulated with a beverage bottling 

plant in one single model. The successful validations show that automatic generation 

of simulation models is the tool of choice for the creation of reliable and fast simulation 

models. 

3.5 SQ5: Development of holistic hybrid simulation 

The holistic and hybrid simulation of energy and media demand in the beverage 

industry using the brewery as an example represents the final objective of this 

dissertation. Through numerous steps, such as the development of a modeling 

approach in Publication II, the automatic simulation model generation and simulation 

in the packaging area (Publication III) as well as in the batch area (Publication IV), this 

goal could be achieved. Both areas were validated individually (Publication III & IV). In 

the packaging area the holistic simulation of all energy and media types for beverage 

filling, based on an extensive database, was described for the first time. It could be 

shown that the description of the energy and media consumption behavior purely 

based on the operating state shows similar results in the validation as the work with a 

further time-dependent consideration within the operating states [64]. Furthermore, the 

simulation of the brewery's batch area for thermal and electrical energy demand 

including a production schedule represents a novelty. Previous approaches are mostly 

limited to the thermal energy consumption in a restricted time period and usually no 

validation is considered in detail. By considering a production plan, the energetic 

consideration is extended by the off-period, i.e. non-production periods, e.g. on a 

weekend, and the related consumption level. In both subareas, the electrical and 

thermal energy consumption values of the real and simulated data are within a total 

deviation of about two percent. Outliers could be explained with the help of additional 

information or attributed to an insufficient database. 

As the use case in Publication IV shows, the hybrid simulation makes it possible for 

the first time to take a holistic view of production operations in the beverage industry, 

such as breweries, which are characterized by differently operating subareas and the 

associated differences in consumption behavior. This enables the interdependencies 

of the brewery's complex production to be analyzed and optimization potential to be 

identified in a holistic approach. This is essential, especially with regard to design 

planning, the use of recuperative energy or also in the testing of optimization measures 

or the quantification of investments. 



Outlook 

- 112 - 

4 Final remarks and outlook 

This thesis presents a holistic and hybrid approach for modeling and forecasting the 

energy and media demand of production systems in the beverage industry using the 

example of a brewery. It could be shown that a metamodel-based modeling approach 

in combination with an automatic model generation is able to create an executable 

simulation model and to perform both validation and simulation experiments. The claim 

of a fast, simple and user-friendly overall method that meets the requirements of SMEs, 

overcomes their barriers to energy efficiency and opens the method for a broad 

application, was proven on the basis of a systematic test in the course of a survey. The 

presented approach can already find practical application in the field of energy 

efficiency optimization in the beverage industry, but still offers further possibilities for 

improvement and further development. 

Thus, it is conceivable to extend the method with regard to the following factors. On 

the one hand, the integration of energy and media sources as well as sinks would add 

another dimension to the simulation method and allow especially investigations 

regarding the generation and reuse of recuperative energy in a much more detailed 

way. On the other hand, the integration of other simulation methods, such as Pinch 

analysis, is also conceivable in this course. 

The application of the method opens up the possibility of extending it to other areas 

within the beverage industry that have not been considered so far, as well as to other 

branches of industry. Thus, the method could be used in similarly operating production 

facilities, such as in the food and pharmaceutical industries. The mapping of further 

areas, such as the supply facilities, makes it possible to investigate the suitability of 

alternative energy sources such as photovoltaic systems or combined heat and power 

plants. In combination with short-term forecasts of the total energy demand, direct 

control of production operations to prevent peak loads, by shutting down facilities or 

via buffering using batteries, would also be conceivable. 

Since reliable simulation studies are heavily dependent on the scope and quality of the 

raw data obtained from the production process and no holistic concept for collecting 

measurement data has been described to date, there is an urgent need for research. 

For the area of beverage filling and packaging, an approach for determining 

consumption data based on operating conditions has already been described [97]. 

Nevertheless, a concept for recording energy and media consumption in the area of 
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batch-oriented production, for which this thesis can be an initial basis, is required. 

Furthermore, a comprehensive, standardized measuring concept with the exact 

description of the measuring points would be advantageous in order to obtain a sound 

and comparable data basis in any case. 

To ensure a reliable and standardized database, the following concept for automatic 

data acquisition can be outlined. Thus, the WS [65] enable far-reaching possibilities in 

the application. On the one hand, numerous standardized data points are available for 

beverage filling and packaging plants as well as for brewing and beverage plants with 

regard to energy and media demand and operating behavior. In combination with an 

appropriate measurement concept, the data could be collected uniformly and stored, 

for example, in the data structure presented. On the other hand, this provides another 

opportunity which could further simplify the entire method. It is conceivable, that higher-

level IT systems, such as a Process Control System (PCS) or MES, or even the units 

themselves can offer the data required for a simulation in the presented data structure 

according to the WS. In connection with Internet of Things (IoT)-capable machines in 

the course of Industry 4.0, the data could also be recorded directly and the entire phase 

of time-consuming measurement data acquisition could become obsolete. 

This opens up a further possibility for simplifying the method presented, since a model 

structure could be automatically created on the basis of this data acquisition and the 

corresponding simulation parameters could be determined directly with the aid of the 

intelligent machines or with the parameter determination tools presented. Thus, it is 

conceivable that also the model generation phase, which still takes a large part of the 

time of simulation studies, can be automated and the simulation models are 

automatically generated based on the data structure. 
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