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Abstract: Facing environmental challenges, high energy costs and a growing public awareness, the

global brewing industry is increasingly publishing ambitious targets toward a more sustainable

production. Small and medium-sized enterprises of the brewing and beverage industry cannot

ensure energy and media efficiency mainly due to capital and knowledge inadequacy. This article

addresses this problem and presents a pragmatic method to determine the energy and media demand.

Accordingly, a modeling editor as well as a standardized data structure and automatic simulation

parameter determination tools were developed to implement the method. A given production plant

can be modeled with adequate details using the presented editor. Based on a configuration file, a

holistic simulation model can be generated automatically in a simulation environment. A beverage

bottling plant was studied, and the necessary datasets were obtained for implementing the proposed

editor and, thereby, the method. It was confirmed that the simulated values of electrical energy

and compressed air consumption match the measured empirical data. The measures to increase

energy and media efficiency were also found effective. Using the presented method, enterprises

of the brewing and beverage industry can easily uncover avenues for potential savings, test the

effectiveness of optimization strategies, and substantiate possible investment decisions.

Keywords: bottling; modeling; simulation; energy and media demand; validation

1. Introduction

For a clean and sustainable production, the brewing and beverage industry is chal-
lenged to optimize its energy efficiency [1]. Facing environmental challenges, high energy
costs and a growing public awareness, including the United Nations sustainable develop-
ment goals [2], the global brewing industry is required to produce more sustainably. Large
brewery groups, in particular, publish ambitious targets regarding a more sustainable
production [3–5]. When discussing sustainable production, different issues, which should
be considered at the same time, must be taken into account [6]. In addition to the material
efficiency of the materials of the primary production, energy efficiency plays a particularly
important role [7,8]. The material efficiency requires knowledge of the previous production
processes. With the help of a simulation, which is also mentioned as a tool for optimization
in the course of the digital factory [9,10], the energy efficiency can be improved [11]. The
simulation is primarily used for the holistic analysis of complex production systems and
is suitable for uncovering the optimization potential without interrupting the ongoing
production [12,13]. The beverage industry is challenged by the conflicting demands of
high product quality and diversity and cost-effective production. Increasing energy ef-
ficiency and flexible production can sustainably reduce costs and consequently increase
competitiveness [14,15]. However, simulation studies are usually associated with high
costs and require a high level of expertise, especially for modeling complex systems [16].
In addition, a comprehensive database is essential for the success of simulation studies [12].
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However, these data are subject to uncertainty. This presents insurmountable barriers
for a sustainable production for small and medium-sized enterprises (SME) [17,18]. The
beverage industry, whose production is very energy- and media-intensive [1], is charac-
terized by small companies: 90% of the German brewing landscape consists of small and
medium-sized breweries [19]. About 30% of the electrical energy demand and about 25%
of the thermal energy demand can be attributed to bottling/packaging [1,12]. Accordingly,
this complex and multi-layered area holds a potential for increasing energy and media
efficiency. Osterroth et al. [20] provides a detailed overview of the consumption structure
in beverage bottling plants.

An overview of the simulation and other methods for increasing energy efficiency
in batch-oriented processes and the discrete packaging area in the beverage industry is
given by Bär and Voigt [12]. Publications in the bottling area consider a wide variety of
aspects [21–24], mostly with a focus on increasing efficiency, but not on energy and media
consumption [25–28]. Approaches considering an increase in energy and media efficiency
are limited with regard to various factors. To enable simple, quick, and cost-effective
analyses and optimizations for SMEs, these barriers must be overcome.

To map real behavior, the entire beverage bottling plant, with its interlinkages, must
be considered [29]. Few approaches deal only with partial areas or machines or selected
types of energy and media. Dilay et al. [30] describe the detailed optimization of a tunnel
pasteurizer by investigating the energy impact of various input parameters. As a result,
various concepts were presented regarding a structural modification of the machine to
achieve considerable savings of thermal and electrical energy. In their green brewery
concept, Muster-Slawitsch et al. [31] describe the increase of energy efficiency and the use
of renewable energy sources in the brewery—inter alia, in the bottling area. The reuse
of thermal energy through hot water management is investigated and optimized. The
simulation of water flows in a dairy is used by Marchini et al. [32]. The impact of the plant
layout on water consumption is investigated using two use cases, and savings of 7.2% are
achieved in theory. Using the integration of life-cycle assessment in a discrete-event based
simulation, Johansson et al. [33] simulate an aseptic packaging line for fruit juices. The
entire plant is examined in terms of its emissions and waste, and a validation is carried out
by comparing with real consumption values. It is shown that discrete-event simulation is a
suitable tool for the rapid and cost-effective estimation of optimizations.

The complexity of the methods poses another challenge with respect to their ease of
use. Hubert et al. [34] present a simulation based on reference networks. An approach for
optimizing wastewater production by scheduling processes in a beverage bottling plant is
presented. Compared to a genetic algorithm approach, 10% of wastewater could be saved
and water demand reduced accordingly. A validation based on real data is not carried out,
which is another cornerstone of the approaches described in the literature. Furthermore,
water consumption is simulated with regard to chemical oxygen demand, a criterion of
water quality [35]. A validation with real data shows the good fit of the simulation. Based
on an extensive database, Osterroth et al. [36] analyzed the electrical energy consumption
of the machines at a beverage bottling plant in detail. The operating state depended on
the consumption behavior of the individual units and is proven, and time-dependent
consumption levels within the states are introduced. An extensive validation underpins
the method, which, however, covers only electrical energy. Forster [37] describes a holistic
approach to the modeling and simulation of beverage bottling plants with regard to energy
and media consumption. The discrete-event simulation environment Plant Simulation is
used, and a model is represented by predefined components. Various energy and media
consumptions are machine-specifically simulated using state models, and the results are
outlined by way of example. However, no detailed insight is given into how energy
and media consumption are mapped. The validation is also insufficiently presented and
does not provide any information about the suitability of the method. Information on
the framework conditions, such as the production process, is not given. The inclusion
of a production plan enables a description of the energy consumption during inactive
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production times [38]. Hubert [39] describes in a comprehensive work a simulation based
on reference networks of a beverage bottling plant over a period of one week regarding
the electrical and thermal ernergy demand as well as the water consumption. The failure
behavior of certain aggregates of the plant is described by a Weibull distribution for the
operation and the failure, and, furthermore, the start-up as well as the production and
the final phase of the bottling process are described. It is shown that the bottling area is
one of the main consumers of the above-mentioned energy and media types and therefore
represents an enormous potential for improving energy and media efficiency. Simulation
studies for the entire brewery, based on the variation of production schedules by adjusting
the start times of the respective recipes, were carried out to reduce the electric peak
loads. Savings in the double-digit percentage range were achieved. The work describes
an interesting holistic approach, whereas no validation with real data takes place. To
overcome the mentioned barriers, user-friendly modeling and the automatic generation of
simulation models are recommended.

However, the available database, which is usually insufficient, poses a challenge, in
particular for validation [40,41]. There are numerous applications for validating simula-
tions, such as the comparison with other models or with recorded data [42]. The choice of
the appropriate validation technique depends on the degree of subjectivity [42,43]. Oster-
roth et al. [36] use the average percentage deviation (APD) and Theil’s inequality coefficient
(TIC) for the statistical validation of the simulation results, which tests the credibility of the
model. This method is also used in some other publications [44–47]. Al-Hawari et al. [25]
and Johansson et al. [33] both use the simple comparison of simulation results with the
results of reality for the validation of their model.

The barriers listed are taken up in this work, and a method for the automatic genera-
tion of simulation models for the holistic simulation of energy and media consumption for
beverage bottling plants is developed. Figure 1 shows an overview of the approach in its
major steps. For a simple and fast modeling of complex production systems, an already
presented modeling concept, implemented in a user-friendly software, was used [48]. With
an extensive database, it was possible to model and parameterize beverage bottling plants
with regard to the physical plant, the articles, and the production plan. The simulation
model is automatically generated via an extensible markup-language (XML)-based config-
uration file in a time-discrete simulation environment. A holistic production plant with
regard to all energy and media demands, including a production plan, could be simulated.
The methodology is validated in detail and use cases are applied in this work.

 

Figure 1. Overview of the main steps of the approach.

2. Beverage Bottling Plant Investigated and Database

The subject of the study is an industrial refillable glass beverage bottling plant for
mineral water and soft drinks of one of the 10 largest mineral water companies in Germany
(according to sales) [49]. The main product of the plant includes mineral waters, which
are distributed nationwide. The plant is shown in simplified form in Figure 2 and gen-
erally represents the schematic structure of this type of plant. The plant is divided into
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three sections, depending on the transport equipment used (pallets, crates, and containers).
The interlinking of the conveyors enables the buffering of downtimes caused, for example,
by the failures of individual machines. If the buffer time of the conveyors is exceeded,
downtimes lead to failure propagation, which is characterized as a lack or tailback situation.
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Figure 2. Schematic of the beverage bottling plant investigated.

The empties are brought into the plant on pallets, and the crates are destacked by
the depalletizer. The empty crates pass through the unscrewing machine, and the glass
bottles are unpacked by the decrating machine onto the container conveyor. The bottles are
transported to the bottle cleaning machine, where they are cleaned and disinfected. The
bottles are inspected for damage and remaining impurities by the empty bottle inspector
and are then filled and capped with product in the filling and closing machine. The filled
bottles are inspected in the full bottle inspection machine for, e.g., glass splinters, and labels
are applied in the labeling machine. The bottles are then packed in previously cleaned
crates in the crating machine and stacked on pallets by the palletizer. The crate bypass
stream is represented in simplified form by a crate magazine, since a complex throughput
system for the crate transport is implemented in the real plant. In the pallet stream, the
pallets are also buffered in a magazine.

In addition, a returnable PET beverage bottling plant is used as part of a use case. The
plant follows the scheme shown above but differs in the additional machines and in the
design of some machines. For example, a sniffer which detects the previous product of
a bottle and rejects the unwanted bottles accordingly is used. In addition, a rinser and a
flash pasteurizer are in operation. The filling process is further described in detail, among
others, by Manger [50].

Both plants are connected to an in-house data acquisition system (DAQ). The mode,
operating status, and electrical energy consumption of each individual unit (see Figure 3)
are recorded every two seconds. In addition, the demand for thermal energy, water,
CO2, and compressed air is recorded for the entire plant. The data points follow the
declaration of the Weihenstephan Standards [51], which are a standardized data interface
between the individual machines and a higher-level system. It defines the unique and
standardized semantics of the individual data points as well as the transmission method.
This makes it possible to receive and process equivalent data from each machine, regardless
of the manufacturer.

The database of the returnable glass bottling plant comprises two measurement
campaigns, the first covering a period of two months and the above-mentioned data scope.
In contrast to the period of the second measurement campaign, the first data collection was
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characterized by an almost continuous production (apart from the weekend). For external
reasons, the beverage bottling plant was in operation for only about 3 days per week during
the second period (4 weeks). The individual units were equipped with measuring devices
for recording the demand for compressed air and were connected to the DAQ. Further,
units such as the empty bottle inspector, the full bottle inspector, and the decorker were
added to the current measurement. The only consumer of thermal energy and water is
the bottle cleaning machine, as its warm wastewater is used for the crate washer. The
filling machine is the only unit requiring CO2 for the production of certain articles. A
manufacturing execution system (MES) served as a source, for both plants, for detailed
plans, which includes the production times, quantities of the articles produced, and long
downtimes, caused by failures as well as maintenance and cleaning. The database for the
returnable PET bottling plant comprises a period of 2 months, including data points such
as the mode, the operating state, as well as the electrical energy demand of all machines.

 

Figure 3. Layout and units of the simulated beverage bottling plant in the modeling editor (detailed version as presented by
Bär et al. [48]).

The measured data from the DAQ are converted to a uniform data structure, which
also serves as the structure for the data generated by the simulation. The data within the
structure are divided into interval data, which include information such as the mode and
operating state, and timestamp data, which cover all data, such as consumption values.
The corresponding machines as well as data points are referenced via keys, which allows
for an easy extension of the data structure.

3. Energy Consumption Behavior

Based on the findings of Osterroth et al. [36], the operating state-related consumption
behavior of packaging machines is used in the modeling and simulation and assigned
to the following energy and media types: electrical energy, thermal energy, compressed
air, water, and CO2. The time-dependent intermediate-level application is omitted due
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to the granularity of the modeling on the unit level (see Chapter 5). In the definition
of the consumption levels, the operating mode (WS_Cur_Mode) and the operating state
(WS_Cur_State) [51], which is described by a state model, are used. Table 1 shows the
assignment of the individual modes and states, which appear in the real data, to the
consumption levels.

OL is described by the off-mode (inactive) in the data point WS_Cur_Mode. This is
present in standstill, e.g., on a weekend in which no production is planned. It is proven
that most of the units also have a demand for energy and media in this case [36]. During
production, the listed operating states (WS_Cur_State) can be present. These are basically
divided into the normal operation of the machine (CL), a lack or tailback situation (DL1), as
well as failure situations (DL2).

Table 1. Assignment of the consumption levels according to WS_Cur_State/Mode (Mode/State and Integer coding).

Consumption Level Description Value of WS_Cur_State Value of WS_Cur_Mode

OL Off-level (Inactive) - Off (1)

DL1 Downlevel in Lack/Tailback

Prepared (04)

Automatic (4)

Lack (08)
Tailback (16)

Lack_Branchline (32)
Tailback_Branchline (64)

CL Consumption Level in Operating
Operating (128)

Idle (32768)

DL2 Downlevel in Failure

Equipment_Failure (1024)
External_Failure (2048)
Emergency_Stop (4096)

Held (16384)

4. Determination of Simulation-Relevant Parameters

For an automatic determination of simulation parameters, such as consumption levels
as well as parameters for the description of the failure behavior, an evaluation software
was developed. The parameters can be specific to various evaluation criteria, such as
article-based, container type-based, or based on any time periods.

The mean consumption levels of the individual energy and media types are calculated
in the intervals in which the same operating state is present. In addition to the machine-
specific determination of the total consumptions, a detailed statistical evaluation of the
consumption values (weighted mean value, standard deviation, variance, standard error,
and 95% confidence interval) is performed.

Failure behavior is determined using the operating state of a machine [22]. The TTR
(Time To Repair) refers to the duration of downtime, while the downtime-free running
time between two successive downtimes is defined as TBF (Time Between Failures). To
determine the TTR, the times of the states of the DL2 are combined, and for the TBF, the
states of the DL1 as well as CL are combined (see Table 1). The availability results are shown
in Formula (1).

Availability = MTBF/(MTBF + MTTR) (1)

In addition, the operating and downtimes are examined with regard to the distribution
curve of the failure behavior. The suitability of the Weibull, negative exponential, and
lognormal distributions was examined by Voigt [22], whereby the Weibull and exponential
distribution achieve the best fit. This could be confirmed graphically by means of his-
tograms and QQ-plots, including the chi-square test. The neg. exponential distribution is
used in this work because random failures with a constant failure rate are assumed, and
this describes the behavior sufficiently accurately. Moreover, the exponential distribution
can only be described by one variable (β) [22].
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Apart from the data from the DAQ, it is necessary to determine further parameters
directly in the plant. Therefore, the topological data of the plants as well as all machines and
transport equipment were determined as part of performance analyses in accordance with
DIN 8743 [52]. The set performance of all individual units was analyzed using measuring
light barriers and manually by means of a minimum triple determination. Further, the
capacities per filling article of the individual units as well as the global rejection rates of
inspection machines were determined. All buffer sections were investigated with regard to
their buffer capacities and times.

5. Modeling Approach

Since modeling is one of the biggest barriers for SMEs, a modeling editor, presented by
Bär et al. [48], was used. The editor was developed with special attention to a user-friendly
and simple application to enable modeling for users without a specific pre-qualification.
This was successfully validated and demonstrated by using a systematic test and exemplary
simulation studies. The holistic modeling of production systems with respect to their energy
and media consumption is made possible by the use of context-free modeling columns.
The editor generates a standardized XML-based configuration file, which contains all
required simulation-relevant parameters and structures of the columns, for any subsequent
simulation environment. The parameters must be entered manually in the modeling
editor. Numerous help functions support the user, and the modeling can be simplified
and accelerated. The modeling approach implements existing standardizations, such as
ANSI/ISA S88 [53]. The modeling columns consist of a physical model to represent real
existing plants, a process model to represent batch production processes by an article
model and a production plan model. The modeling depth of the editor is to the unit level
(e.g., the filling machine). This is mainly related to the scope of the required parameters as
well as to the complexity and accuracy of the models and is sufficiently discussed by Bär
et al. [48]. If the batch-oriented production process is modeled, the process model, which
describes the energy and media consumption behavior at the process operation level, is
used. The article model allows for the modeling of different filling articles, which can
be produced on the process cells of the physical model. Each unit can be parameterized
with regard to its consumption and performance-describing parameters, but also with
regard to the container type, as well as the packaging ratios. The production plan model
describes the production to be processed in the simulation. It comprises, inter alia, a shift
plan for the definition of the production and non-production times [52], e.g., a weekend,
when no production is planned. Further, a sequence plan, which determines the sequence
of the articles and quantities to be produced, is defined. In a matrix table, the required
changeover and cleaning times, which are required between the articles in the sequence
model, are determined.

6. Simulation Environment

All simulation studies were carried out using the “PacSi” simulation environment [54]
developed by SimPlan AG, Dresden, Germany. The software follows a discrete-time
approach with regard to the applied simulation method and is based on a simulation
of the material flow. The simulation environment is further described by Römisch and
Weiß [55] and was used for various applications [21,56]. Model creation within the software
is based on building blocks, which differ fundamentally in functionality, the separation
and merging of material flows, and parameter sets. The individual units are assigned
a stochastic failure behavior, and failure propagation is achieved by the chaining of the
machines by transport devices.

Failure behavior is described by the variation, by means of a random number generator,
of the seed key, which initializes a random number stream. Thus, these streams for the
MTTR and MTBF are newly generated according to the distribution function (negative
exponential) with each simulation run, and the times and durations of the failures are varied.
Therefore, different results are obtained with each simulation run, whereby statistical
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certainty can be achieved over long simulation durations, on the one hand, and multiple
repetitions of the experiments, on the other.

In the scope of this work, the simulation environment was extended by numerous
functions. The most important extension is the automatic generation of simulation models
based on the configuration file of the modeling editor. The different specific building
blocks of the modeling editor are therefore mapped to the existing ones of the simulation
environment. By using a coordinate system as well as the edges of the elements in the
modeling editor, the topology and logical structure can be reformulated in the simulation
environment. During simulation model creation, the parameter sets of all units are loaded
from the configuration file and reformulated if necessary, and the simulation model is
parameterized. A special feature here is the integration of a production plan, i.e., the
shift plan, the sequence of different recipes and articles, as well as the changeover matrix.
This is mainly solved by sources, elements in which material is released in the simulation,
by storing the non-production times as well as the times between the recipes/articles
and their specific article number. This indexing allows for an element-specific parameter
change and thus enables a recipe/article-specific simulation within the production plan.
Non-production times defined by the shift model are also a special feature, as the newly
implemented off-consumption level (OL) is active in this time. Consumption in the produc-
tion times is described by the respective operating state. The simulation results, which are
generated every second, are stored in a SQLite database.

7. Evaluation, Verification, and Validation

The aim of verification and validation is to reduce the erroneous statements of simula-
tion studies and thus to minimize the risk of the resulting wrong decisions. Verification
involves the transformation of a model from one type of representation to another. In the
present case, the correct transformation of the model from the modeling editor to a simu-
lation model is meant. Validation, in turn, is to ensure the correct behavior of the model
in relation to the original model. The validity of the model for the specific application
purpose is checked [42].

For validation, the corresponding periods were simulated with 10 repetitions. The
simulation results of the cumulative consumption of the entire plant and the individual
units were each statistically examined. The mean values were compared with the corre-
sponding real values, and the percentage deviations were calculated. Furthermore, the
consumption values with regard to the individual filling orders were determined and
compared with the real values. The production counter of the filling machine constitutes
the reference point for the end or start of a filling order. In parallel, the production quan-
tities and times were determined and compared with the real values. Use cases should,
among other things, reveal the optimization potential with regard to the energy and media
efficiency of the beverage bottling plants investigated in the validation periods presented.
The savings achieved should be higher than the deviations determined in the validation to
avoid erroneous statements.

8. Results

8.1. Validation Periods and Parameter Determination

Two different time periods considering different factors are available for validation.
Validation period 1 comprises the electrical energy demand of the units, and an extensive
production schedule including non-production times such as a weekend is simulated.
Validation period 2 includes the full energy and media demand of the units of the beverage
bottling plant, but a shorter time period with only two articles is included.

Consumption parameters were article-specifically determined for period 1 and container-
type specifically for period 2, due to the insufficient article-specific database here. According
to Sargent [57], the orders of the articles produced within the validation periods were not
included in the periods of consumption parameter determination. The values describing
the failure behavior of the machines were determined specifically for the corresponding
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orders in the validation periods. A detailed overview of the validation periods with regard
to the articles produced as well as the production times and quantities is given in Table 2.

Table 2. Validation periods including produced articles (quantities and times) as well as the extent of the consumption
parameter determination.

Validation
Period

Article Article Information
Output

(Bottles)
Duration [h]

Changeover
Time (to Next
Article) [min]

Extent of Consumption
Parameter

Determination [h]

1; (193.2 h)

1
Mineral water sparkling; 12 ×

0.5 L
417,521 21.8 46 19.60

2
Mineral water low sparkling;

12 × 0.5 L
425,552 20.4 99 35.72

3 Mineral water still, 12 × 0.5 L 377,060 19.7 252 18.97
4 Mineral water still, 12 × 0.75 L 1,339,097 79.2 - 347.81

2; (61.9 h)
4 Mineral water still, 12 × 0.75 L 1,248,702 59.0 80

380.835 Lemonade 12 × 0.75 L 35,285 1.7 -

The real data recorded by the DAQ of the production plan were converted to the
presented data structure, and the simulation-relevant parameters were determined auto-
matically by executing a self-programmed software in MATLAB 2020b. This resulted in a
total of approximately 1250 parameters for all five articles. Table A1 (Appendix A) shows
the state-related energy and media-specific mean consumption data for each consumption
level, including the 95% confidence interval, and the failure behavior data (within the
validation period) exemplary for article 4. The correct operating status reports of the
individual units were randomly checked during operation. The changeover times between
the individual articles for possible required conversions or cleaning were taken from the
validation periods of the real data. The basis for this is the production counter of the filling
machine (no increment over a longer period means a changeover). Due to the lack of
repetitions, it was not possible to consider several changeover periods.

8.2. Model of a Beverage Bottling Plant

The beverage bottling plant investigated in this work was modeled in the described
editor (Figure 3) and is a more detailed version, as already presented by Bär et al. [48]. The
main differences are due to the representation of further units, such as inspection machines,
decorker, etc., which could be examined within the scope of the additional data acquisition.
The main material flow (thick arrows) starts with the main source at the top left and runs
clockwise to the source at the bottom left. The two secondary flows (thin arrows) for pallets
and crates are located on the left side and in the middle, respectively. The articles produced
in the validation periods were modeled with article-specific parameters in each case.

The present model covers a much larger scope than already presented, since numerous
articles, including their article- or container-specific parameters, are modeled. In addition,
the schedule within the production plan was parameterized with the articles and produc-
tion quantities per filling order listed in Table 2. The changeover times were transferred to
the matrix to define the times between the individual articles. The shift times for validation
period 1 could be determined from the real data (non-production from Saturday 08:30 am
to Monday 07:00 am) and were parameterized in the modeling editor.

8.3. Verification and Validation

8.3.1. Model and Simulation Verification

A verification of the model creation and the function of the simulation environment
was performed by hand in three steps. Therefore, the configuration file from the modeling
editor was loaded in the simulation environment, and the model was generated auto-
matically. The topology of the beverage bottling plant and the correct connection of the
elements were successfully checked. After a simulation run is started, the respective unit-
and article-specific parameters are loaded. By regularly stopping the simulation to check
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all articles, the parameters were successfully compared with those of the model in the
modeling editor. A verification of the correct functioning of the simulation environment
was performed using the result data, which were analyzed, on the one hand, using the
open source software HeidiSQL_11, which allows access to, and the viewing of the SQLite
databases; and, on the other hand, via the described evaluation tool. In particular, the
application of the correct consumption levels with regard to the operating status of the
individual unit was checked. In addition, the main source, which is the origin of the main
flow and thus represents the production plan, was checked for correct functioning with
regard to production quantities and changeover times. In all cases, the verification was
carried out continuously with the development process of the simulation environment and
was successfully completed.

8.3.2. Validation of Energy and Media Demand in Period 1

The focus in the first period is on electrical energy consumption and on the complex
production plan. Figure 4 shows the measured and simulated electrical energy consump-
tion of the beverage bottling plant. The subdivision shows the four articles, which differ
by a distinct total power requirement, as well as the production-free weekend, which
represents idle time (duration 46.25 h) [52].
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Figure 4. Total current electrical consumption in kW (blue: measured values; red: simulated values)
of the beverage bottling plant in validation period 1 (193.2 h); Subdivision in articles (1–4) as well as
a weekend (idle time).

The production quantities of all articles show a deviation of less than ±0.1% compared
to the real production counter of the filling machine. The production times of article
1 and 2 are within a range of approx. −6–8% compared to the determined real-time periods.
Article 3 shows a deviation of approx. −4.5%. Article 4 shows a total deviation of −11.2%,
i.e., an accelerated production within the simulation.

Table 3 shows the mean values of the simulated data and the percentage deviation
of these data from the real data for the entire period, as well as the individual production
periods of the articles. Starting with the entire plant, the individual units are listed in
descending order of their electrical energy demand. No measured data are available for the
decorker, empty bottle inspector, and full bottle inspector, as these could only be included
in validation period 2. The bottle cleaning machine, the crate conveyors, and the mixer
could be clearly identified as the main consumers of electrical energy. These account for
about 70% of the total amount of electrical energy and consistently show a very small
percentage of deviation from the measured data. The bottom 50% of the units account for
only 12.3% of the total amount of electrical energy. Over the entire period, a percentage
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deviation of 0.33% for the electrical energy demand of the entire plant could be determined.
In the article-specific validation, it is noticeable that units such as the filling machine, the
pallet transport, and the depalletizer show quite high deviations. The large deviations at
article 4 are due to a long downtime (lack of staff in the plant and in the supply) at the
beginning of the article, which can be explained by the malfunction reports. Since long
downtimes only occur very rarely due to the failure behavior distribution, the simulated
production runs faster and reaches the planned production quantity earlier.

Table 3. Consumption of electrical energy in kWh (measured value (Measured), mean simulated value (M), 95% confidence
interval (95% CI), percentage deviation between measured and simulated (PD [%])) in validation period 1 as well as the
article production periods.

Machine

Total Validation Period 1 Article 1 Article 2 Article 3 Article 4

[kWh] Simulated

Measured M 95% CI PD [%] PD [%] PD [%] PD [%] PD [%]

Total 20,282.1 20,349.8 26.67 0.33 −4.83 −5.3 −5.45 −8.42
Bottle cleaning machine 7070.0 7060.9 5.64 −0.13 −9.45 −7.07 −8.06 −7.69

Crate transport 3686.0 3690.9 26.94 0.13 8.31 2.32 −3.72 −15.79
Mixer 2967.0 3171.5 0.46 6.89 −2.8 −8.97 4.72 −5.18

Container transport 1437.8 1471.6 5.59 2.35 4.73 8.89 8.39 5.24
Filling machine 1450.0 1342.0 0.71 −7.45 −23.53 −8.54 −23.97 −9.84
Crate washer 1216.2 1186.2 0.86 −2.47 −10.04 −20.26 −8.56 −6.48

Labelling machine 510.9 537.2 0.22 5.14 −9.42 −9.15 −2.34 −0.82
Decorker - 498.6 0.26 – - - - -

Pallet transport 473.0 473.8 1.19 0.17 36.48 30.29 −19.76 −26
Palletizer 440.8 423.9 0.31 −3.83 −6.76 −3.9 −8.44 −12.24

Depalletizer 407.1 370.4 0.04 −9.03 −12.35 −30.4 −16.47 −17.33
Crating machine 315.7 315.3 0.33 −0.14 −8.57 −8.55 14.72 −6.03

Decrating machine 307.6 306.3 0.09 −0.43 −9.09 −8.28 −6.91 −5.86
Empty bottle inspector - 148.1 0.00 - - - - -

Full bottle inspector - 85.3 0.01 - - - - -

Figure 5 shows the consumptions of water and CO2 within validation period 1. Since
articles 3 and 4 are “mineral water still”, no CO2 is required. The total consumption shows
a deviation of approximately 5% compared to the measured value. The water consumption
of the bottle cleaning machine shows an overall deviation of −11%.
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Figure 5. Comparison of the consumption of water [m3] (a) and CO2 [kg] (b) in validation period
1 (measured value, mean simulated value, 95% confidence interval) as well as the four production
article periods.

8.3.3. Validation of Energy and Media Demand in Period 2

Validation period 2 is primarily used to validate the compressed air and thermal
energy consumption. The parameters determined were also used in validation period
1. The production quantities of both articles (4 & 5) show a deviation of less than ±0.1%
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compared to the real production counter. The production times of articles 4 and 5 show
a small deviation of approx. −3 to −3.5% compared to the production times required
in reality. Figure 6 shows the current electrical energy demand and Figure 7 the current
demand for compressed air of the bottling plant (measured versus simulated). In each
figure, a downtime (approximately 5 h) due to a technical defect can be seen at the beginning
as well as at the end. During the remaining production period of article 4, the output of the
filling machine was increased, while the filling machine in the simulation runs with the
parameterized set performance. The changeover to article 5 (production time 1.7 h) can be
seen toward the end of the simulation.
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Figure 6. Total current electrical consumption in kW (blue: measured values; red: simulated values)
of the beverage bottling plant in validation period 2 (61.9 h); Subdivision in articles (4 & 5).
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Figure 7. Total consumption of compressed air in Nm3/h (blue: measured values; red: simulated
values) of the beverage bottling plant in validation period 2 (61.9 h); Subdivision in articles (4 & 5).

Table 4 shows the electrical energy consumption in validation period 2. An overall
good fit with a percentage deviation of 0.14% is achieved, as the largest consumers show a
small deviation (about ±3%). Units such as the depalletizer and palletizer, together with
the container transport, show the largest deviations. The deviations (electrical energy and
compressed air) of the time period of article 4 correspond to the values of the entire period.
The deviations for article 5 are noticeably higher, as the article covers only 2.7% of the total
time and is therefore strongly affected by the delimitation method of the articles.
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Table 4. Electrical energy consumption in kWh (measured value, mean simulated value (n = 10), 95% confidence inter-
val (95% CI), percentage deviation between measured and simulated) of the validation period 2 as well as the article
production periods.

Machine

Total Validation Period 2 Article 4 Article 5

[kWh] Simulated

Measured M 95% CI PD [%] PD [%] PD [%]

Total 8766.5 8779.1 10.15 0.14 0.42 13.54
Bottle cleaning machine 3052.4 2958.4 3.89 −3.08 −6.04 5.01

Mixer 1459.2 1517.3 0.00 3.98 −0.69 28.61
Crate transport 1524.1 1493.0 6.63 −2.04 −5.64 15.74
Crate washer 490.7 538.1 0.11 9.68 5.68 34.02

Container transport 467.7 530.2 2.41 13.38 10.00 9.20
Filling machine 527.6 504.7 0.12 −4.33 −6.83 0.69

Labelling machine 221.1 233.1 0.12 5.45 1.50 9.49
Decorker 190.4 183.5 0.21 −3.63 −3.14 −2.86
Palletizer 179.7 162.4 0.12 −9.60 −12.40 53.08

Pallet transport 149.0 159.9 0.67 7.31 7.31 −16.03
Depalletizer 164.9 149.2 0.05 −9.57 −12.19 5.22

Crating machine 117.6 120.6 0.20 2.58 −3.22 8.97
Decrating machine 111.5 115.6 0.07 3.64 0.03 30.05

Empty bottle inspector 53.0 51.9 0.02 −2.09 −4.29 2.83
Product heating 29.5 32.5 0.00 9.86 14.30 11.50

Full bottle inspector 28.3 28.7 0.00 1.60 −2.32 −29.63

Table 5 shows the consumption of compressed air for validation period 2. The four
largest consumers account for about 70% of the total compressed air demand. The small
deviations between the simulated and measured data of these units result in a small overall
deviation. For units such as the decorker and the cycle-based depalletizers and palletizers,
there are large deviations. Due to the small share of the consumption of the product heating,
the high deviations are not decisive to a good agreement of the total consumption.

Table 5. Consumption of compressed air [Nm3] (measured value, mean simulated value (n = 10), 95% confidence interval
(95% CI), percentage deviation between measured and simulated) of the validation period 2 as well as the article production periods.

Machine

Total Validation Period 2 Article 4 Article 5

[Nm3] Simulated

Measured M 95% CI PD [%] PD [%] PD [%]

Total 9348.3 9354.3 8.39 0.06 −1.26 8.22
Labelling machine 1962.7 2006.5 1.02 2.23 −1.62 −4.76
Crating machine 1740.1 1665.4 4.20 −4.29 −9.53 54.95
Filling machine 1548.0 1546.7 0.08 −0.08 −2.69 6.23

Empty bottle
inspector 1162.6 1179.2 0.03 1.43 −1.09 9.50

Decorker 573.4 703.8 5.36 22.74 −5.03 −17.87
Full bottle inspector 562.7 568.7 0.00 1.07 −2.16 1.50
Decrating machine 575.8 555.5 0.14 −3.52 −11.95 6.93

Palletizer 475.3 415.4 0.49 −12.62 −14.80 51.23
Depalletizer 369.3 319.9 0.26 −13.38 −15.37 −11.48

Bottle cleaning
machine 318.2 314.0 0.24 −1.35 −5.11 10.32

Product heating 35.1 43.3 0.00 23.36 20.76 7.53
Mixer 30.5 31.0 0.00 1.71 2.41 27.07

Crate washer 5.3 5.0 0.00 −7.43 −10.96 31.19

A comparison of the CO2 consumption values is not useful, as CO2 is needed only for
article 5. The values of the thermal energy demand deviate by a total of +13.61% and the
values of the water consumption by +6.14%. These occasionally large deviations are due to
the relatively short validation period.

8.4. Application of the Method in Use Cases

In one use case, the replacement of the main consumer, the bottle cleaning machine
(year of construction 2012), was analyzed. During parameter determination, it was as-
certained that the consumption values for thermal energy and water significantly exceed
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the values during the warranty acceptance test after the completion of the plant. Water
demand was determined to be 284 mL/bottle (originally 140 mL/bottle) and the thermal
energy demand 15.5 Wh/bottle (originally 9.5 Wh/bottle). In addition, the availability of
the bottle cleaning machine has noticeably decreased, from 90% to 86%. The background to
the changes is unclear. To be able to examine the effects on the overall system in validation
period 2, the consumption levels of the individual operating states and performance values
were adjusted according to the original values. These values agree with the currently
common values determined by Osterroth et al. [20], as well as with the authors’ own em-
pirical values. The adjusted model was simulated with a tenfold repetition and compared
with the total values of the validation. As shown in Table 6, enormous savings of thermal
energy and water demand were determined. Since the bottle washer is the sole consumer
of these types of energy and media, there is a direct connection. The demand for electrical
energy of the entire system is also influenced. The water savings alone correspond to a cost
saving per year in the mid five-digit range (at an average water price of 2 € per m3 and a
production time of 5 days for 50 weeks a year). Added to this are the sustainable aspects of
reduced wastewater production and the required purification of the water.

Table 6. Consumption values and savings of the thermal, electrical, and water demand of the
beverage bottling plant before and after the adjustment of the consumption values of the bottle
cleaning machine.

Simulation
Run

Time [h]

Consumption of

Thermal Energy
[kJ*103]

Water [m3]
Electrical Energy

[kWh]

Original 61.9 68,100 347 8600
Adjusted 58.7 40,452 175 8284

Savings [%] 5.1 40.6 49.6 3.67

In a further simulation study, the suitability of the method is shown with regard to
the simulation of multiple beverage bottling plants. For this purpose, the returnable glass
and the PET bottling plant were modeled with specific articles and production plans over
a period of 8 days. The load profile for, e.g., electrical energy can be determined by the
simultaneous simulation of both plants. This information can be of considerable interest in
the design of supply facilities, such as the electricity supply, for example, in order to be
able to make an efficient and cost-effective investment. Figure 8 shows the operation of the
two beverage filling plants and their total electric energy consumption in validation period
1 (including a weekend as an off-period).
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Figure 8. Current electrical energy consumption of the bottling plants and their total in kW.
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9. Discussion

The simulation-relevant parameters were determined using the presented evaluation
method. Due to the extensive database, the article- and container-type-specific parameters
could be defined. Overall, they show very small confidence intervals (see Table A1).

The use of the described data structure could be an opportunity for SMEs and machine
manufactures. If data are available in this format, the evaluation tool enabling a fast, easy, and
flexible determination of simulation parameters as well as the evaluation of simulation experi-
ments can be used. This can sustainably overcome the barriers for modeling and encourage
SMEs to expand their data collection. The modeling editor proved to be a good support by mod-
eling the plant as well as all articles and the production plan in a structured and standardized
way via modeling columns. Thus, errors in simulation model generation can be avoided.

For the first time, a simulation environment incorporates a detailed production plan
including non-production times and an associated off-consumption level. In addition, arti-
cles can be simulated with specific parameter sets, and the times required for changeovers
can be specified. The automated simulation model generation based on the configuration
file could be demonstrated and successfully verified in the example of a simulation environ-
ment. Since it contains all simulation-relevant parameters and information and is clearly
structured, this could also be implemented in other simulation environments. The combi-
nation of the modeling editor and the simulation environment opens up a great flexibility
with regard to the mapping of production systems and has already been demonstrated [48].
Compared to a time-consuming manual parameter determination and simulation model
creation, which can take several days, depending on its complexity, the present models
could be created within a few hours using the modeling editor, and an executable simula-
tion model including all aspects could be generated. However, this requires the availability
of data according to the presented data structure. A fast model generation represents a
decisive advantage for companies of any size.

Based on two production periods of a beverage bottling plant, the extensive validation
is intended to underpin the suitability of the entire method with regard to several factors.
A comparison of the measured and simulated values was conducted. The focus in the first
validation period is primarily on the production schedule with different articles and non-
production times as well as the electrical energy consumption. The production quantities
determined in the simulation match those of reality.

An explicit validation of the off-periods (e.g., the weekend in validation period 1) does
not take place. The graphical comparison (see Figure 4) illustrates a similar consumption in
this period, but could be improved. The deviations in the electrical energy demand of the
entire plant in the first validation period are very low and are achieved by the good fit of
the main consumers. Machines such as the de-/palletizer and the mixer show the largest
deviations. This reflects the findings of Osterroth et al. [36], as the operating state-related
consumption behavior does not fit perfectly for these units. No adjustment was made due
to suitability for the remaining units.

The accelerated production in the simulation has two causes. On the one hand, the
start-up times of the plant in the event of a changeover cannot be represented well enough
in the simulation. In particular, the individual changeover work on individual units must
be mentioned here, as the changeover time is related only to the filling machine. During
flying changeovers, various articles are usually active on the plant. This explains the greater
deviations of the article-specific consumptions. A more precise assessment is possible only
if each machine provides information on the subject of articles as well as on the current
program. In addition, it is not possible to model or simulate any lower outputs of the units
in the start-up and shutdown phases. On the other hand, due to the neg. exponential
failure behavior, long failure times occur only rarely in the simulation and are difficult
to reproduce. Together with all the delays that occurred during real changeovers, this
situation corresponds approximately to the time difference between the measured and
the simulated total time. The long downtimes that occurred in real production must be
documented to make deviations comprehensible.
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The deviations in CO2 demand are within acceptable limits, and a consumption behavior
related to the operating condition can be confirmed. Water demand deviates strongly for article
2, which in turn strongly influences the overall deviation. This can be explained due to the
cyclical filling of the baths of the bottle cleaning machine. However, the deviation of article 4,
which has the largest database, is in an acceptable range of about −6%.

Validation period 2 includes the simulation of all energy and media types, but for
a shorter period. Here, too, the deviations in production times can be traced through
fault logs. The deviations in the required electrical energy quantities mirror the findings
of period 1. Due to the extensive database, an overall very low deviation is achieved,
especially for compressed air. Here, the consumption parameters were determined in
relation to the container type. For the depalletizer, palletizer, and decorker, very high
deviations were found and the operating-condition-related consumption behavior can be
doubted, due to the low confidence intervals of the parameters. The deviations in the
thermal energy demand of the bottle washer are relatively high and can be attributed to
the short period as well as to the cyclical heating of the caustic and should continue to be
investigated more deeply.

One use case investigates a theoretical reduction in energy and media demand. Mod-
ernizing the bottle cleaning machine achieves savings significantly higher than the devia-
tions in the total values within validation period 2. A second use case shows the simulation
results of two different beverage bottling plants to illustrate the breadth of application
of the method. The simulation studies underpin the suitability of the overall method.
Nevertheless, human intelligence is needed to evaluate the simulation results and decide
on the next steps that will ultimately affect system efficiency [58].

In comparison with Osterroth et al. [36], the operating-state-related consideration of
consumption without the application of time-dependent intermediate levels provides a
similar or a sufficient accuracy of the validation results. Particularly when considering
complex overall systems, the simplified application facilitates the creation of the model,
and the consideration at unit level satisfies the requirements.

10. Conclusions

To perform quick and easy forecasts of the energy and media demand of holistic
beverage bottling plants, especially for SMEs, an approach for modeling and automatic
simulation model generation was presented. This can be a chance for SMEs to reach a more
sustainable production. This is made possible by a modeling approach implemented in
a user-friendly editor. In combination with a standardized data format and evaluation
software, simulation-relevant parameters such as consumption and failure behavior data
can be determined automatically. The prerequisite for this, however, is a sufficiently large
database. The approach was applied to a beverage bottling plant and a model with various
articles, and, for the first time, a detailed production plan was modeled. Based on an
XML-based configuration file, the simulation model was automatically generated. This
represents an enormous time saving compared to manual model creation.

The detailed validation of the entire method by comparing the simulated consumption
values of two different time periods to the measured values shows that the approach is well
suited to provide reliable forecasts. The respective main consumers of the energy and media
types are decisive, which confirms the granularity chosen in the modeling environment.
This is also underpinned by Hubert [39]. Therefore, units such as the depalletizer, palletizer,
mixer, and decorker, which sometimes show strong deviations compared to the measured
values, can be mostly neglected depending on their share in the total consumption. For
the first time, a detailed, machine-related compressed air consumption was determined
and analyzed. The compressed air consumption, as well as the consumption of water
and CO2, follow the consumption behavior presented. Furthermore, the validation of the
thermal energy demand does not show a good fit, which means that the consumption
behavior approach should be expanded. Further deviations in the validation can be
explained with the help of fault logs. A recording of the current program of the machines
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as well as the extension for mapping start-up/shut-down ramps and the improvement of
changeovers in the simulation environment would further increase the accuracy. Simulation
studies support the validation of the method, in which savings exceeding the deviations
of the validation results could be achieved. One challenge is the epistemic uncertainty,
i.e., the lack of knowledge on how to interpret the results and how to design further steps,
e.g., simulation experiments, and also the imprecise and coarsedata and information for the
modeling and parameterization of simulation models. Decision models can help here [59].

The method proved to be suitable for creating models of complex bottling plants and
automatically generating simulation models. In the future, it is intended that SMEs will
only use the presented modeling editor [48] to apply the method. Starting from this, the
model of the production system to be simulated is automatically passed on to a cloud-
based simulation environment, where the simulation is performed, and the results of the
simulation are reported back. The only points of contact are the modeling editor and the
output data, which can be processed, e.g., with the help of the evaluation tool, and a deeper
knowledge of XML and the simulation method will not be required. If, in addition, the
production data is available in the presented data structure, the barrier of the data basis is
overcome, and the simulation parameters can be determined automatically. The overall
solution is intended to reduce the personnel and cost effort, and thus enable SMEs to test
optimization strategies and make possible sound investment decisions. The approach
provides an opportunity to improve energy efficiency and, as a result, product efficiency.
To extend the approach and to include, in this case, the material efficiency, the next logical
step is the mapping and simulation of a holistic production plant, such as a brewery. A
challenge here is the mapping of the batch-oriented operation of the process area and the
associated different energy consumption behaviors. A combination of both areas would,
for example, allow for the investigation of recuperative energy use as well as overall
consumption profiles. This represents an opportunity to save energy and media and to
reduce raw materials and waste accordingly, and is a step toward sustainable production.
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Appendix A

Table A1. Parameters for article 4; (1 container-specific parameter determination from the second measurement period; 2 specific parameters for transport equipment: length, transport
speed, capacity; 3 determined in the validation period).

Unit

Set
Performance

[b/h]

Capacity [bt] MTBF [s] 3 MTTR [s] 3 Availability
[%]

Electric Consumption [kW] Compressed Air Consumption [Nm3/h] 1

CL DL1 DL2 OL CL DL1 DL2 OL

MW 95% KI MW 95% KI MW 95% KI MW 95% KI MW 95% KI MW 95% KI MW 95% KI MW 95% KI

Depalletizer 40,039 108 396 44 89.9 3.36 0.012 1.38 0.012 1.41 0.025 1.13 0.04 7.99 0.024 1.98 0.025 3.25 0.053 0.12 0.062

Decorker 1 32,280 12 600 12 98.0 3.65 0.051 3.3 0.024 3.3 0.033 0 0 24.82 0.056 24.82 0.016 0.52 0.021 0 0

Decrating machine 31,147 96 821 34 96.0 2.13 0.006 1.39 0.006 0.97 0.019 0.9 0.019 12.73 0.026 1.52 0.019 0.7 0.116 0.27 0.167

Bottle cleaning machine 30,640 9425 471 104 81.9 50.42 0.058 40.03 0.11 40.4 0.21 2.00 2.33 4.91 0.012 5.51 0.053 5.59 0.042 4.34 0.794

Thermal energy consumption [kW] 33,403 2706 2227 4507 282.05 5.353 20.69 13.419

Water consumption [m3/h] 7.52 002 0.01 0004 0.03 0.006 0 0

Empty bottle inspector 1
28,998

1
433 68 86.4

0.93 0.005 0.61 0.006 0.61 0.009 0.64 0.075 20.73 0.022 14.84 0.025 14.59 0.038 14.18 0.271

Filling and Closing
machine

120 8.95 0.021 6.28 0.02 5.97 0.045 3.72 0.221 26.96 0.04 20.12 0.089 19.93 0.137 7.03 0.6

CO2 consumption [kg/h]
(article 1)

10,628 1765 6273 4378 60.97 4.599 1.37 1.692

Full bottle inspector 1 33,197 1 2465 18 99.3 0.49 0.001 0.40 0 0.4 0.001 0.4 0.001 9.21 0.003 9.14 0.003 9.14 0.007 9.17 0.002

Labelling machine 33,197 30 1423 40 97.3 4.39 0.017 2.28 0.014 1.71 0.053 0.49 0.07 41.33 0.049 10.88 0.228 8.33 0.665 0.261 0.267

Crating machine 34,354 96 270 44 86.1 2.35 0.009 1.31 0.01 1.24 0.012 0.96 0.02 33.57 0.066 17.22 0.074 13.06 0.262 0.65 0.368

Palletizer 34,165 108 170 36 82.4 3.2 0.013 1.65 0.015 1.73 0.033 1.24 0.015 9.1 0.041 2.61 0.029 3.33 0.110 0.15 0.092

Crate washer 40,000 1 247 6 97.7 10.64 0.005 4.78 0.048 5.11 0.123 0.26 0.06 0.08 0.003 0.08 0.002 0.08 0.012 0.01 0

Mixer 36,000 1 - - - 25.78 0.206 23.47 0.135 1.92 1.412 0.97 1.365 0.45 0.011 0.03 0.004 0.07 0.064 0.1 0.022

Product heating 1 36,000 1 - - - 1.83 0.015 0.995 0.024 0.995 0.024 0 0 0.7 0.128 0.7 0.128 0.7 0.128 1.23 0.197

Container transport 2 - - - - - 12.32 1.794 - - 1.95 1.385 1.24 0.066 - - - - - - - -

Crate transport 2 - - - - - 25.36 0.245 - - 19.749 0.707 2.97 0.515 - - - - - - - -

Pallet transport 2 - - - - - 3.30 0.091 - - 2.35 0.119 1.03 0.087 - - - - - - - -
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