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Abstract
The Manufacturing Execution System (MES) is a process-oriented IT solution collecting and managing information from the
shop floor manufacturing processes. Because of the programming and customization effort required for specific production
processes, the MES implementation is not widespread in the food and beverage industry, as most food and beverage manufac-
turers are small- and medium-sized enterprises with limited resources to invest in MES. For engineering the MES that should be
customized according to the target production processes, a model-driven approach has been presented in this paper with six
phases covering the entire lifecycle of the MES engineering process. By using this approach, MES can be automatically
generated and sustainably improved, which has the potential to reduce the complexity of implementation as well as the resources
required for the engineering of customizable MES. Based on two use cases in the processing and packaging areas in the food and
beverage industry, the feasibility and practicality of the presented approach have been proven.
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1 Introduction

The Manufacturing Execution System (MES) is a process-
oriented software system for managing and analyzing infor-
mation based on real-time data accrued from manufacturing
processes. It connects the automation and enterprise layers in
industrial manufacturing architecture. On one hand, MES
guides the implementation of rough production plans from
enterprise systems, such as the Enterprise Resource Planning
(ERP) systems, into detailed operations for technical systems
on the shop floor. On the other hand, it provides the enterprise
with production key performance indicators (KPIs), such as
energy consumption, saleable output, and machine efficiency,
which assist commercial decisions to be taken and improve
the performance of production processes. The Manufacturing
Enterprise Solution Association (MESA) has proposed a for-
mal definition describing the essential role of the MES in a
manufacturing enterprise: “TheMES delivers information that

enables the optimization of production activities from order
launch to finished goods. Using current and accurate data, the
MES guides, initiates, responds to, and reports on plant activ-
ities as they occur. The resulting rapid response to changing
conditions, coupled with a focus on reducing non-value-added
activities, drives effective plant operations and processes. The
MES improves the return on operational assets as well as on-
time delivery, inventory turns, gross margin, and cash flow
performance. The MES provides mission-critical information
about production activities across the enterprise and supply
chain via bi-directional communications” [1]. To cover all
activities in the production environment, a series of MES
functions have been defined in [1–3], such as production
tracking, fine scheduling, performance analysis, and energy
management. Implementing the MES can improve the trans-
parency of manufacturing processes so that the quality of
products and efficiency of workflow can be optimized [4].

1.1 The Food and beverage industry and MES

The largest manufacturing sector in the European Union (EU)
is the food and beverage sector, with a direct turnover of
€1192 billion and more than 4.7 million employees in 2019
[5]; it is also the largest energy consumer compared to other
sectors [6]. Food and beverage manufacturing enterprises are
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under pressure to control production costs and provide prod-
ucts at reasonable prices in the competitive market. Due to
rising energy prices [7], new environmental regulations with
associated costs for CO2 emissions [8, 9], and the growth of
awareness of environmental issues from customers [10], the
improvement of energy efficiency is therefore necessary for
the manufacturers in the food and beverage industry. To illu-
minate the relationship between environmental and economic
benefits and further evaluate the sustainability of manufactur-
ing processes, eco-efficiency indicators (EEIs) for the food
and beverage industry were developed, in which process pa-
rameters and shop floor production data must be taken into
consideration [11]. Since the MES is connected to the shop
floor and can directly monitor and control the production pro-
cesses, it supports productionmanagers and process owners in
better (i) understanding energy consumption in the process,
(ii) calculating their own energy indicators, and (iii) exploring
energy saving potentials. The ability of the MES managing
and reducing energy consumption in the manufacturing pro-
cess has been indicated in [12].

The food processing industry needs efficiency-improving
production methods to reduce production cost and to comply
with increased regulations [13]. Weinekotter [14] indicated
that the food packaging machinery remains severely under-
utilized, which can be attributed to shorter production runs
and frequent changeovers. For companies to be production
efficient, the development of more efficient production tech-
niques to increase the overall equipment effectiveness (OEE)
is required. Lean manufacturing is considered as a potential
methodology to improve productivity and further decrease
production cost in manufacturing organizations. Research by
Borges Lopes et al. [15] indicated that improved productivity
and production flexibility in food and beveragemanufacturing
could be realized by applying lean manufacturing principles
and tools. Based on the collection and analysis of production
data, Desai et al. [16] applied the Six Sigma methodology
on a pilot milk powder packaging line, which reduced the
rejection rate of the final products and improved the annual
financial benefits. The application of lean principles can be
supported by implementing the MES, as useful real-time
information can be provided by the MES to initiate, feed,
or validate the lean decision-making processes to improve
the efficiency [17]. Integrating the single minute exchange
of die (SMED) principle into MES has been established to
minimize time for machine changeover and enhance plan-
ning and production efficiency [18].

Vogel-Heuser et al. [19] proposed the automation diabolo
as a global information architecture for industrial automation.
MES, the essential information processing and delivery layer
between business processes and control systems, is insepara-
ble from modern technologies. In 2013, to enhance its
country’s position in global manufacturing, the German
Government proposed Industry 4.0. Under this concept, the

entire factory environment would become connected and en-
able mass customization through the application of advanced
information and communication technologies in manufactur-
ing [20]. The utility of theMES to the developingmanufactur-
ing industry was confirmed in [21] by analyzing the technol-
ogies that will accompany Industry 4.0. Along with the tech-
nology development, a platform- and interface-independent
MES combined using service-oriented architecture and cloud
computing can be achieved [22, 23].

According to a survey in the brewing industry regarding
the implementation of MES [24], from the viewpoint of the
system provider, the main benefits that MES can bring to
manufacturers is the improvement of product tracking, in-
creased production efficiency, the optimization of quality con-
trol, and efficient energy management. From the viewpoint of
end-users, they indicated that their demands on MES are the
increase in production efficiency, the improvement of product
tracking, efficient energy management, and the optimization
of machine maintenance.

1.2 Model-driven engineering of the MES

Althoughmanufacturers in the food and beverage industry can
be supported by the MES to optimize their processes and gain
more transparency, and further improve the energy use and
production efficiency. However, small- and medium-sized en-
terprises (SMEs), which consist the majority of the food and
beverage industry (of the 285,000 companies in the EU, more
than 99% are deemed SMEs [5]), are in an awkward position.
Due to specific characteristics of the production process, low-
profit margins, and slow adaption of modern technologies,
SMEs in the food and beverage industry have restricted re-
sources invested in the conventional MES projects [25]. For
each specific manufacturing process, the MES should be cus-
tomized since it connected directly to the shop floor [26].
Consequently, the engineering costs of MES primarily arise
from the programming effort for the customization, for exam-
ple, the functionality of MES and the plants must be corre-
spondingly adapted, and the interfaces of MES and program-
mable logic controllers (PLC) must be established [27, 28].
Instead ofMES, many SMEs still use cheap but error-prone IT
systems to provide some of the functionality of MES, such as
KPI calculation and detailed production scheduling with
spreadsheet programs [28]. For both sides involved in an
MES project, namely the MES provider and manufacturer, a
methodwith low programming and customizing efforts for the
engineering of MES should be established. The use of the
model-driven concept discussed here could be a solution.

Models are created to serve particular purposes, such as
presenting a comprehensible description of some aspect of a
system [29]. Model-driven engineering is an approach to re-
duce the conceptual gap between problem domains and soft-
ware engineering [30]. The heterogeneity of the developed
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system and its concerns can be reflected by using models. In
the model-driven engineering version of software develop-
ment, models serve as the primary artifacts. The developers
rely on computer-based technologies to transform these in-
to running systems, which increase the reusability and re-
duce programming effort during the engineering process
[31, 32]. From the perspective of cost reduction and effi-
ciency improvement, MES engineering using the model-
driven concept can be considered as the dominant method
for SMEs [23]. However, little research has focused on the
model-driven development of MES covering the entire en-
gineering process, not to mention applying it to the food
and beverage industry. Mizuoka and Koga [33] have intro-
duced model-driven architecture into the development of
MES for the machine processing industry with models de-
scribed in XMLmetadata interchange, which is exported by
a modeling tool from the model in UML. However, Lara
et al. [34] have pointed out that the general-purpose model-
ing language used in model-driven engineering may not be
able to fulfill the requirements from different particular ap-
plication domains. Therefore, the domain-specific language
should be defined and related to the specific domain. Flad
et al. [35] introduced a model-driven concept for MES en-
gineering for the food and beverage industry. It includes
three steps: modeling the components in an MES solution,
specifying the model information into a software-readable
structure, and automatic generation of the MES solution
with a generator. However, the concrete approach of these
three steps to realizing the concept was not developed.
Based on this, the extended MES Modeling Language
(MES-ML) aiming at the automatic generation of MES
has been proposed in [28]. Chen et al. [36] defined the
domain-specific modeling elements as libraries for MES
functions for energy consumption management and pro-
duction efficiency analysis using the extended MES-ML.
The introduction of the predefined modeling elements has
reduced the modeling effort of the required MES solution
and the programming effort of the generator. However, a
completed approach covering the entire lifecycle of the
MES that can be applied to the food and beverage
manufacturing environment has not yet been proposed.

This paper presents an engineering approach for customiz-
able MES using the model-driven concept. With this ap-
proach, customizing the MES is no longer tied with high pro-
gramming effort but with modeling using predefined, specific
modeling elements for different application domains. In addi-
tion to that, the possibility for the improvement of the gener-
ated MES solution has also been considered. Based on the use
cases with real production data, the feasibility and practicality
of the presented approach have been proven. In the remainder
of this paper, Section 2 describes the model-driven approach
in detail. Section 3 presents two use cases for typical applica-
tion areas in the food and beverage industry. Section 4

evaluates the feasibility and applicability of the presented ap-
proach in Section 2. Section 5 concludes and outlines future
work.

2 A model-driven approach for engineering
customizable MES

Based on the features of food and beverage manufacturing
processes and research in the area of model-driven engineer-
ing presented in Sections 1.1 and 1.2, a model-driven ap-
proach for the engineering of a customizable MES in the food
and beverage industry has been developed. It consists of six
phases: primary analysis, MES modeling, MES specification,
MES generation, MES application, and MES improvement
(Fig. 1).

To ensure barrier-free data exchange, transformation, and
processing in this approach, the “Weihenstephan Standard”
communication standard is introduced. The Weihenstephaner
Standard is a standardized information model for communica-
tion between technical systems/production machines on the
shop floor and the MES at the process control level [37].
With the Weihenstephaner Standard, the data availability from
the machines and processes, as well as the processing of the
data, can be consistently defined for each MES function.

2.1 Primary analysis

The analysis of requirements serves as the primary study
before the implementation of MES. The actual state of the
production plant and process, the available datasets, the
required MES functions, and the demanded reports are
clarified in this phase. Through the cooperation of multiple
co-workers with different areas of focus and working back-
grounds within the enterprise, a practicable MES that can
fulfill the requirements from various viewpoints can be
discovered [38].

2.2 MES modeling

Based on the results from the requirements analysis, the re-
quired MES is modeled in this phase. The MES is connected
closely to the shop floor; moreover, the MES functions and
reports, as well as components on the shop floor that provide
data on the plant and production process to be processed,
cannot be ignored. Therefore, the production plant, production
process, MES function, and MES report should be modeled
together in this phase. Figure 2 shows the metamodel of the
extended MES-ML, which is able to model the MES
concerning the four components and is considered suitable
for automatic MES generation [28, 36]: the plant model in a
tree diagram illustrating the production plants, the process
model with three hierarchies describing the production
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processes, the MES function model representing the required
MES functions composed of the predefined basic functions,
and the report model linking the available data for processing
and presenting the results of the MES functions.

2.3 MES specification

In this phase, the information in the graphical models is trans-
formed into a software-utilizable format without losing any
details. As the focus of each enterprise in terms of MES can
be varied according to the manufacturing process, the MES
specificationmust generally be designed to be usable for mixed
functionalities in different implementation scenarios [39]. The
database tables were chosen as the platform of the specification

since it is a standard and widely used technology in the
manufacturing industry, and the information in different
models can be easily represented by tables with definite rela-
tionships. Figures 3, 4, and 5 present the entity-relationship
model (ER model) of the tables using Chen’s notation [40, 41].

Taking the two tables to specify the information of the plant
model as an example, the table named “Location” has six attri-
butes according to the hierarchy levels defined in the metamodel
of the extended graphical modeling language MES-ML. With
the attributes “DataPointType” and “DataPointDescription” in
the table named “LocationDataPoint,” detailed information
about the data points can be represented. Through the attribute
“location link,” we can identify the affiliation between the data
points and their assigned plant elements.

Fig. 1 Model-driven approach for engineering a customizable MES solution

Fig. 2 Metamodel of the extended MES-ML [28, 36]
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2.4 MES generation

In the generation phase, a user interface of the MES
without specific parameters can be automatically generat-
ed by the MES generator. The generator consists of a
toolbox and a connection finder. The basic functions are
programmed as procedures in the toolbox, which are the
fundamental elements composing different MES func-
tions and were defined in Chen’s research [36]. The use
of the predefined basic functions is the precondition for
automatic generation since the basic functions in the
model should be known to the generator. The connection
finder reads the specification that transformed from the
graphical model, invokes the procedures from the tool-
box, and regulates the value passing between them in
the correct order modeled. Figure 6 shows the generation
process in this phase.

2.5 MES application

The user interface of the MES produced in the generation
phase was not fed with any parameters in the input area,
which enable data processing by MES functions. This
means that the generated MES is still generally usable and
not specific to any concrete business process. In the appli-
cation phase, end-users can modify the MES to fulfill their
specific requirements by modifying the parameters in the
input area of the user interface of the MES. After that, the
MES functions behind the user interface can process the
data according to the input parameters and provide the de-
sired report in the output area.

2.6 MES improvement

The improvement phase is designed to deal with new require-
ments on the already generatedMES. Since these new require-
ments were clarified and the related model was adopted, the
MES can be improvedwithout additional programming effort.
This happens because the transformation from graphical
models into a software-utilizable specification and the further
generation of new MES is automatically executed. In this
sense, the sustainability of the MES generated by the model-
driven approach presented can be ensured.

3 Use cases in the processing and packaging
area of the food and beverage industry

Processing and packaging are two essential areas of operation
in the food and beverage industry [13]. In the processing area,
materials are mainly processed through batching and/or as
continuous processes. The discrete parts manufacturing pro-
cesses predominate in the packaging area. The presented ap-
proach was also applied to processing and packaging areas
with two use cases to evaluate its feasibility and practicality.
The first use case analyzes process-related energy consump-
tion in the operating room of a dairy plant as the application of
this approach to the processing area. In the second use case,
the approach is applied to the packaging area on the bottling
plant of a brewery to analyze the technical efficiency of a beer
bottling line for returnable glass. According to the literature
[28, 35, 36], the prototype of an editor for modeling and trans-
formation and a generator for automatic MES generation has
been developed and used in two use cases.

Fig. 3 ER model of the tables to represent the information in the plant model and process model
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Fig. 4 ER model of the tables to represent the information in the MES function model

Fig. 5 ER model of the tables to
represent the information in the
report model
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3.1 Use case 1: processing area of a dairy

The processing of milk is regulated by a number of laws, such
as European Commission (EC) Regulation Nos. 852/2004,
853/2004, 854/2004, and 882/2004, which came into force
on May 1, 2005. These laws describe the required operating
processes for hygienic raw milk, heat-treated milk, and other
milk-based products [42–45]. To avoid the formation of harm-
ful germs, milk and its related products must be heated cor-
rectly and rendered compliant with the entire cold chain dur-
ing processing. EC 853/2004 [43] requires that the raw milk
temperature should not exceed 10 °C on arrival at the dairy.
Before pasteurization, the raw milk must be cleaned by a
separator or filter. For sufficient pasteurization, a
temperature/time combination of 72 °C with a contact time
of 15 s must be achieved. In the operating room of a dairy,
after the delivery of the raw milk, it is separated into skimmed
milk and cream. The two components must be pasteurized and
then cooled to be stored in tanks or further processed. Figure 7
shows the processing of raw milk with a centrifuge and heat
exchanger in the operating room of a dairy plant.

3.1.1 Analyzing phase of requirements and data availability

In the operating room, the primary energy consumer is the
heat exchanger, which disinfects the skimmed milk with the
dosage of steam for heating and cooling the skimmed milk to
be stored in tanks with refrigerant [46]. Thus, the analysis of

process-related energy consumption is the main requirement
in this use case. Since the machines in the operating room of
the dairy are not equipped with an automated data acquisition
system, the data were acquired with temperature sensors and
flow meters for 1 week. Data on the milk flow rate and inlet/
outlet temperature of the heat exchanger for heating and
cooling were acquired as the basis for the analysis. These data
were preprocessed so that the milk flow rate and the average
temperature at the inlet and outlet of the heating exchanger can
be stored in a databank related to the day number with data
points defined in the Weihenstephaner Standard.

3.1.2 Modeling phase

Plant model As presented in Fig. 7, the technical systems that
attend to the processing of raw milk in the operating room are
the heat exchanger and centrifuge. Figure 8 illustrates the
plant model. According to the acquired data, the related data
points are also assigned to the related elements in the model,
namely the “WS_Vol_Flow” for the milk flow rate and the
“WS_Temp_Mean” for the temperature of milk at the heat
exchanger inlet and outlet.

Process model The processes in the operating room are
modeled with three process hierarchy levels. The general de-
scription, “Milk Operating,” is located on the process level.
This process has been described at the process stage level as
two parallel processes for separated cream and skimmed milk.
At the level of process operation, the processing of skimmed
milk is modeled in detail. The process model is presented in
Fig. 9.

MES function model According to the selected day number
and process name, the MES function can calculate the energy
consumption related to the sterilizing and cooling process of
skimmed milk. This MES function is composed of the basic
functions, “Inlet Temperature Identifying,” “Outlet
Temperature Identifying,” and mathematical operation for
subtraction “Sub(x_1, x_2)” and “Multi(x_1, x_2).”
Figure 10 presents the created MES function model.

The basic functions, “Inlet Temperature Identifying” and
“Outlet Temperature Identifying,” determine the temperature
values at the inlet and outlet of the process-related heat ex-
changer. The difference between the two values is calculated
by the basic function, “Sub(x_1, x_2).” The basic function
“Multi(x_1, x_2)” has been used twice to multiply the volume
flow and the constant milk heat capacity, together with the
temperature difference. The value of the second basic function
“Multi(x_1, x_2)” is the energy consumption of the related
process that should be calculated.

Report model Since the required MES can be realized by the
MES function, “Process Energy Consumption Calculation,”

Fig. 6 The toolbox and the connection finder in the MES generator to
realize the MES function
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according to the metamodel of the extended MES-ML, the
report model containing the element, “Process Energy
Consumption Report,” presents the result of this MES func-
tion. The report model is shown in Fig. 11.

3.1.3 Specifying phase

With the mapping function of the prototype of the editor, the
graphical information in the models was automatically trans-
formed into database tables. As an example, the contents in
the “Basic Function” and “Basic Function Input” are shown in
Tables 1 and 2, representing the used basic functions and their
input parameters.

3.1.4 Generating phase and operating phase

The basic functions were programmed as executable proce-
dures in the toolbox of the generator. With the help of the
connection finder, the sequence flow and information flow
between the basic functions can be reproduced. Figure 12 pre-
sents the automatically generated graphical user interface of

the generator before (left) and after (middle) the reading of the
specification. The Microsoft Visual Studio 2019 serves as the
developing environment for the prototype of the generator and
the generator was programmed in C# with WinForm.

The graphical user interface was generated in the generat-
ing phase with an input area to be parameterized for a specific
application scenario. The end-user can operate the MES solu-
tion to meet their demand. Figure 12 (right) presents the report
of the energy consumption of the heating process on the first
day of data acquisition.

3.1.5 Improvement of the MES

The generated MES contains the MES function to calculate
the energy consumption related to one of the selected process-
es. This can be improved to calculate the energy consumption
of two processes simultaneously and summarize the total en-
ergy consumption. As the technical systems in the operating
room and production process have not been changed, the plant
model and process model remain unchanged. Figures 13 and
14 present the improved MES model and report model.

Fig. 7 Processing of raw milk in the operating room

Fig. 8 Plant model of the technical systems in the operating room of a dairy plant in use case 1
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According to the model, new basic functions are not
required to compose the improved MES function.
Therefore, the toolbox of the generator must not be

updated. In this sense, the new MES can be generated au-
tomatically without any additional programming effort.
Figure 15 shows the generated graphical user interface of

Fig. 9 Process model of milk processing in the operating room in use case 1

Fig. 10 MES function model to analyze process-related energy consumption in use case 1
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t h e imp r ov e d MES be f o r e a nd a f t e r s p e c i f i c
parameterization.

3.2 Use case 2: packaging area of a brewery

The packaging process is the last highly automated step of
modern food and beverage production. It is performed in
high-performance packaging lines that involve various ma-
chines interlinked with buffering transport elements [47].
For the bottling of beer in returnable glass bottles, machines
for depalletizing, unpacking, cleaning, and controlling the
containers and bottles, bottle filling and capping machines,
bottle labeling machines, packing palletizing and transport,
are utilized [48]. The design of a typical beer bottling plant
for returnable glass bottles is shown in Fig. 16.

The second use case is an industrial beer bottling and pack-
aging plant for returnable glass bottles in a medium-sized
brewery. The target plant is designed for a nominal output of
15,000 bottles/h, and its main use is for filling returnable 0.33-
l glass bottles. As the two phases for specifying the model
information and generating the MES solution are executed
automatically, only the phases for analyzing requirements,

modeling, and application of the MES are presented in the
second use case.

3.2.1 Analyzing phase of requirements and data availability

Asmentioned in Section 1.1, to improve the production efficien-
cy, the MES function to analyze plant production efficiency is
the main focus of the packaging area in this use case. The tech-
nical efficiency (ES) defined in DIN 8743 was considered the
primary efficiency indicator [49]. The bottle filling and capping
machine is regarded as the central machine in the data acquisi-
tion phase since it has the lowest performance in the entire
bottling line and the key influence on the quality of the final
product. The data regarding the total duration of the data acqui-
sition (with the data tag “PE_Tot_Duration”), the sellable qual-
ity output of the entire bottling line (with the data tag
“WS_Good_Packages”), the set performance of the bottling
a n d c a p p i n g m a c h i n e ( w i t h t h e d a t a t a g
“WS_Set_Mach_Spd”), and the duration of its downtime (with
the data tag “PE_DownTime”) should be documented. The data
tags with a prefix of “WS” are tags that are defined in the
Weihenstephan Standard. Since there is no data tag defined in
this that record the event duration, the tag prefix “PE” which
stands for production efficiency was created for this use case.
The datawere acquired over 6 days, for 8 h each day. As a result,
the acquired data were stored in a databank that served as the
basis to be processed by the MES.

3.2.2 MES modeling

To analyze the production efficiency, according to DIN 8743,
no information about the process must be provided. Therefore,
the process model is not created in this use case. The technical
systems that participate in the beer bottling line are modeled in
the plant model. According to the type of acquired data, the
data points that indicate the data availability are assigned to
the line level (PE_Tot_Duration, WS_Good_packages) and
the bottle filling and capping machine on the machine level

Fig. 11 Report model to indicate the process energy consumption
calculated by the MES function in use case 1

Table 1 Specification in table “Basic Function” in use case 1

Key Name OutputType

1 Inlet Temperature Identifying Temperature

2 Outlet Temperature Identifying Temperature

3 Sub(x_1, x_2) x_Sub

4 Multi(x_1, x_2) x_Multi

Table 2 Specification in table “Basic Function Input” in use case 1

Key Name BasicFunctionLink Index InputType

1 Day Number 1 0 Number

2 Process Name 1 1 Process

3 Day Number 2 0 Number

4 Process Name 2 1 Process

5 x_1 3 0 1. Value

6 x_2 3 1 2. Value

7 x_1 4 0 1. Value

8 x_2 4 1 2. Value

2616 Int J Adv Manuf Technol (2021) 115:2607–2622



(WS_Set_Mach_Spd, PE_DownTime). Figure 17 shows the
plant model.

The basic functions for the mathematical subtraction, mul-
tiplication, division, and calculation of the operating time, as
well as the non-technical loss time, are necessary to analyze
the production efficiency. Figure 18 presents the MES func-
tion model.

As defined in the metamodel of the extended MES-ML,
the report model contains one report element to present the
result of the MES function “Technical Efficiency
Calculation” in text format. The report model includes the
input parameters necessary to execute the data processing
of this MES function and its result as an output parameter,
and is shown in Fig. 19.

Fig. 12 Graphical user interface before (left) and after (middle) the reading of the specification and final consumption report (right) in use case 1

Fig. 13 Improved MES function model for use case 1 to calculate the total energy consumption of two processes
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3.2.3 MES application

Related to the MES function model, there is one parameter in
the input area assigned by the end-user, namely the day num-
ber of the data acquisition. According to the day number, the
operating time, the quality output, the not technical loss time,
set performance, and the resulted technical performance are
shown in the output area (Fig. 20).

4 Evaluation

In Section 3, the desired MES was generated successfully by
using the presented approach. Based on the two use cases, the
feasibility of this model-driven approach for the engineering
of customizable MES has been confirmed. The procedures to
realize the basic functions and routine to establish the

connections of basic functions in the MES generator must be
programmed in advance. On the other hand, the following
steps for information transformation and MES generation
were executed automatically after the model had been created.
The programming and customization effort forMES engineer-
ing can be reduced through the implementation of this
approach.

The standard information model, the Weihenstephaner
Standard, ensures the compatibility of the information flow
and data exchange during the transformation from textual re-
quirements into a graphical model, and then into a software-
readable specification and operational MES. However, as
parts of the data points were not standardized, the compatibil-
ity of the basic functions, and from these the MES functions,
may not be satisfied. Along with the further development of
the Weihenstephan Standard that should contain data points
covering requirements on data exchange in different domains,
the data consistency and compatibility of the entire model-
driven approach can be improved.

The improvement of the MES was also considered in this
approach, in which further MES functions can be integrated
into the already existed MES to fulfill the new requirements.
To update the MES, only the models must be modified in the
modeling phase since the further phases can be executed au-
tomatically. In the first use case, the original MES was used to
calculate the energy consumption related to a definite process.
The MES function model and report model were expanded
with more basic functions and parameters in the input and
output areas, while the plant model and process model
remained unchanged. After the improvement, the MES was
able to calculate the energy consumption of two selected pro-
cesses simultaneously and return the consumption value of
each process, as well as the total energy consumption. As a
result, the presented approach ensures the sustainability of the
engineering process.

This model-driven approach was applied to the processing
and packaging areas in the food and beverage industry, which
have exact different requirements on MES: the analysis of the

Fig. 14 Report model after the improvement of use case 1

Fig. 15 MES report following the
improvement
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energy consumption for milk processing in the operating room
of a dairy and the analysis of production efficiency for beer
bottling in the filling room of a brewery. The successful ap-
plication and validation with real production data have dem-
onstrated the viability of the presented approach to the engi-
neering of MES that requires customization. However, the
engineering of an MES that can realize real-time MES func-
tions through this approach remains to be verified since both
MES are based on the processing of historical production data.
The real-time functions, such as operations scheduling, prod-
uct tracing, and quality management, are also the main focuses
of the MES. Thus, the application of the presented approach
should be extended to realize the real-time MES functions.
Furthermore, more basic functions should be defined and

implemented to apply this model-driven approach across a
broader range, not only in the food and beverage industry
but also in other industries, to evaluate the compatibility of
the presented approach.

5 Conclusions and outlook

This paper presented a model-driven approach for engineering
customizable MES in the food and beverage industry. It con-
sists of six phases: (i) a primary analysis of the MES require-
ments; (ii) MES modeling with graphical modeling language
of four model components; (iii) specification of the graphical
information into software-readable databank tables; (iv) the

Fig. 16 Design of a beer bottling
plant for returnable glass bottles

Fig. 17 Plant model of the beer bottling line for returnable glass in use case 2
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automatic generation of the MES based on the specification;
(v) the application of the MES to fulfill the specific scenarios;
(vi) the improvement of the adopted MES in light of the new
requirements. With this approach, the MES can be generated
automatically after the MES has been modeled. This approach

has reduced the complexity of MES implementations with
respect to programming and customization efforts. As the
food and beverage manufacturers are mostly SMEs, with lim-
ited resources to invest in MES implementation, this approach
is considered as a solution that promises to benefit manufac-
turers in this sector.

The main focus of this paper was on verifying the feasibil-
ity and practicality of the presented approach by its use cases,
one from the processing area and the other from the packaging
area, which are the two essential areas in the food and bever-
age industry. In the first use case, the MES was generated to
analyze the process-related energy consumption in the oper-
ating room of a dairy. TheMES in the second use case focused
on the analysis of the technical efficiency of a beer bottling
line in the filling room of a brewery. The requirements of the
two use cases were fulfilled with the generated MES by using
the presented approach. Moreover, the MES solution can be
improved to react to new requirements. As a result, it has been
shown that the model-driven approach presented can be used
to engineer MES to fulfill different requirements, to which the
generated MES should be customized.

In future work, in accordance with the results of this eval-
uation, collaboration with the working group of the
Weihenstephan Standard is planned to definemore data points
corresponding to different MES functions and to achieve bet-
ter integration of the Weihenstephan Standard into the model-

Fig. 18 MES function model to analyze the production efficiency in use case 2

Fig. 19 Report model to analyze production efficiency in use case 2
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driven approach. It is also planned to analyze the requirements
from other industries and define more basic functions to com-
pose MES functions that fulfill their requirements so that the
approach presented here can also be applied widely.
Furthermore, essential real-time MES functions will be a fo-
cus of further development to provide the model-driven ap-
proach with higher compatibility for the generation of MES.
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